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Abstract

The pharmacokinetics of ISIS 1082, a 21-base heterosequence phosphorothioate oligodeoxynucleotide, were characterized within rodent
whole liver, and cellular and subcellular compartments. Cross-species comparisons were performed using Sprague–Dawley rat and CD-1
mouse strains. Although whole liver oligonucleotide deposition and the proportion of drug found within parenchymal and nonparenchymal
cells were similar between the two rodent species as a function of both time and dose, dramatic differences in subcellular pharmacokinetics
were observed. Specifically, within murine hepatocyte nuclei, drug was observed at the 10 mg/kg dose, whereas in the rat nuclear-associated
levels required the administration of 25 mg/kg. Under all experimental regimens, murine hepatic nuclear-associated drug concentrations
were at least 2-fold higher than those found in rat liver cells. More detailed metabolic analysis was also performed using high performance
liquid chromatography/electrospray-mass spectrometry (HPLC/ES-MS) and demonstrated that although the extent of metabolism was
similar for rat and mouse, the pattern of n-1 metabolites varied as a function of both species and cell type. While rat and mouse hepatocytes
and rat nonparenchymal cellular metabolites were predominantly products of 39-exonuclease degradation, mouse nonparenchymal cells
contained a majority of n-1 metabolites produced by 59-exonucleolytic activity. Based upon these data, it would appear that subcellular
oligonucleotide disposition and metabolism among rodent species are more divergent than whole organ pharmacokinetics might predict.
© 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

Antisense oligonucleotides represent a new class of ther-
apeutic agents that are widely used, bothin vitro andin vivo,
to determine the roles of gene products in a variety of
disease states [1,2]. The pharmacokinetics of phosphor-
othioate oligodeoxynucleotides have been characterized in
multiple species and, in fact, these compounds have been
administered to several thousands of patients. They are
rapidly and efficiently absorbed from all parenteral sites

studied [1,3–5], and display dose-dependent pharmacoki-
netics for the following reasons: (a) at high doses they
saturate albumin binding sites; (b) as doses are increased,
primary tissues of distribution are saturated and other tis-
sues accumulate greater amounts of drug; and (c) at higher
doses, exo- and endonucleases are inhibited, lengthening
elimination half-lives [1,2,6,7]. Additionally, there is no
evidence that their pharmacokinetic properties are affected
by the presence or absence of their target RNAs in tissues.
This is not surprising since most target RNAs are present at
only 1–10 copies of RNA per cell [8].

A number of recentin vivo experiments have begun to
address cellular distribution and intracellular localization of
phosphorothioate oligodeoxynucleotides in a variety of or-
gans and tumor isolates following systemic administration
[6,9–11]. These studies indicated that the majority of cel-
lular uptake occurred within renal proximal convoluted tu-
bular cells, skin fibroblasts, and dendritic cells, and within
hepatocytes, Kupffer cells, and endothelial cells of the liver.
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While the previously cited studies relied on indirect
detection, radiolabeling, or fluorescent oligonucletide con-
jugates, we directly measured subcellular concentrations
and the metabolic stability of a 21-mer phosphorothioate
oligodeoxynucleotide (ISIS 1082) in rat liver following in-
travenous administration, utilizing previously described cel-
lular isolation, fractionation, and analytical techniques [12–
15]. Our data showed that rat nonparenchymal cells retained
approximately 80% of the oligonucleotide present within all
hepatic cell types. This level was equally distributed be-
tween Kupffer and endothelial cells, while the remaining
20% was localized within hepatocytes. Differences in the
dose at which saturation was observed varied as a function
of cell type. Specifically, nonparenchymal cells appeared to
be saturated after intravenous doses in excess of 25 mg/kg,
whereas in hepatocytes no saturation was evident even at
the highest dose administered (50 mg/kg). We also per-
formed subcellular fractionation to derive nuclear, cytosol-
ic, and membrane distribution patterns as a function of cell
type. Our studies demonstrated that doses above 10 mg/kg
were required to observe nuclear-associated oligonucleotide
within rat hepatocytes, whereas nonparenchymal cell nuclei
contained oligonucleotide even at the lowest dose adminis-
tered (5 mg/kg).

Because many current pharmacological studies with an-
tisense drugs are performed in mice rather than in rats
[16–19], we believed it was important to determine the
similarities and differences in pharmacokinetic parameters
between rodent species. The findings reported in this study
reveal that although general distribution trends were con-
served as a function of whole organ and cell type, the level
of phosphorothioate oligodeoxynucleotide internalized
within subcellular compartments was highly divergent.

In this study, we employed ISIS 1082, a 21-mer phos-
phorothioate oligodeoxynucleotide that is complementary to
a mRNA sequence in the human HSV type 2 gene. Com-
puter analysis revealed no significant homology to se-
quences present in mouse or rat liver. As ISIS 1082 has been
administered extensively in both rats and monkeys, it is a
useful drug to compare suborgan pharmacokinetics in the
two rodent species.

2. Materials and methods

2.1. Oligonucleotide synthesis

ISIS 1082 (GCCGAGGTCCATGTCGTACGC), a uni-
form 21-base phosphorothioate oligodeoxynucleotide, was
synthesized at ISIS Pharmaceuticals on a Milligen 8800
DNA synthesizer by the phosphoramidite method. The thia-
tion reagent was synthesized as described previously [20].
The oligomer was purified using reversed-phase HPLC and
determined to be greater than 85% full length by CGE. ISIS
1082 is targeted to a sequence in HSV type 2. A BLAST

search revealed no mouse gene sequences containing sig-
nificant homology.

2.2. Animals

Male Sprague–Dawley rats (200–300 g) were obtained
from Harlan Sprague–Dawley. The mouse strain used for
comparison was CD-1 (Charles River Laboratories) with
animal weights ranging from 25 to 35 g. The animals were
housed in polycarbonate cages with food and water avail-
ablead lib. Care was in compliance with guidelines of the
Institutional Animal Care and Use Committee of ISIS Phar-
macueticals. Doses of 5, 10, 25, 50, or 100 mg/kg were
administered by intravenous injection (tail vein), and ani-
mals were killed after 24 hr. Time–course experiments were
conducted using a 10 mg/kg dose.

2.3. Liver perfusion

The liver was perfused, with minor modification, as
described previously [11,20,21]. Rats were anesthetized
with an intraperitoneal injection of sodium pentobarbital,
while for mouse studies tribromoethanol (Avertin®) was
used. Following collagenase treatment, the livers were re-
moved and placed in 100 mL of ice-cold 1X PBS. After
gentle shaking, the suspension was poured through sterile
260 mm nylon mesh (Tetko).

2.4. Purification of parenchymal and nonparenchymal
cells

Hepatocytes and Kupffer and endothelial cells were iso-
lated from whole liver as described previously [12,21–23].
Hepatocytes were isolated from the liver perfusate as refer-
enced above, by centrifugation at 50g for 5 min at 4° in a
Beckman tabletop centrifuge. Nonparenchymal cells were
further separated into endothelial and Kupffer cell popula-
tions by brief adherence to plastic at 37° followed by
trypsinization and cell scraping to take advantage of the
differential adherence characteristics of the two cell types
[12,24]. Cellular enrichment, as assessed using immunohis-
tochemical markers described previously [12], was approx-
imately 90% for hepatocytes and 80% for Kupffer and
endothelial cell isolates.

2.5. Subcellular fractionation

The fractionation procedure used to isolate nuclear,
membrane, and cytosolic constituents was performed as
described previously, with minor modification [12,13]. Cell
lysis was accomplished using an isotonic buffer consisting
of 0.5% NP-40, 10 mM Tris–Cl (pH 7.4), 140 mM KCl, 5
mM MgCl2, and 1 mM dithiothreitol [25]. Following lysis,
nuclei were maintained at 4° and isolated by centrifugation
for 5 min at 1310g. Membrane constituents were separated
from cytosol by transfer to thick-walled polycarbonate tubes
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and centrifugation (200,000g) for 30 min at 4° in a Beck-
man TLA 100.2 fixed angle rotor using a Beckman TL-100
benchtop ultracentrifuge. Following centrifugation, the su-
pernatant represented purified cytosol, while the pellet con-
tained plasma membrane and various subcellular organelles
including endosomes and lysosomes. Previous control ex-
periments using this technique indicated minimal cross-
contamination between the various isolated fractions [13].

2.6. Cellular digestion and organic extraction for CGE
analysis

Whole cells and cellular fractions were digested using
proteinase K extraction solution, as described previously
[12,13]. Samples were incubated for 2 hr at 55° to digest
proteins after the addition of 30 pmol of an internal standard
(polyT 27-mer phosphorothioate oligodeoxynucleotide).
After digestion, 200mL of 30% ammonium hydroxide was
added to each sample prior to organic extraction using 1 mL
of phenol:isoamyl alcohol:chloroform (24:1:24, by vol.)
[12,14].

2.7. Solid phase extraction and CGE analysis

To purify samples sufficiently for CGE, two solid phase
extraction columns were required [14]. Briefly, removal of
residual contaminants was accomplished using a strong an-
ion exchange solid phase extraction column (J & W Scien-
tific) followed by desalting using a reversed-phase solid
phase extraction column (Isolute endcapped C18). A final
desalting step was employed prior to CGE analysis to fur-
ther reduce the amount of competitive anions that would be
loaded during electrokinetic injections. Samples were
placed on 0.025mm dialysis membranes (Millipore) and
floated over 60-mm culture dishes containing 10 mL of 18.3
MV-cm dH2O for 30 min prior to analysis.

Following dialysis, samples were placed into microvials
and analyzed using a Beckman PA/CE 5010 capillary elec-
trophoresis system with UV-detection at A260 nm as de-
scribed previously [12]. Samples were electrokinetically
applied using 5–10 kV for 5–10 sec, while separations were
achieved operating at 20 kV constant voltage in approxi-
mately 5 min at 50°. Samples were injected and quantified
within the linear range of the detector, which spanned ap-
proximately 0.01 to 0.001 measured absorbance units.

Comparison of the absorbance and migration time of the
internal standard (T27) with the absorbance and migration
time of oligonucleotide metabolites allowed for sample
quantification. All whole cell and fractionation results are
expressed as the number of molecules detected per cell.

2.8. HPLC/ES-MS analysis

Oligonucleotide samples were desalted prior to analysis
using a 23 150 mm HPLC Luna C18 column. Buffer A
contained 2 mM tripentylammonium actetate in 30% ace-

tonitrile. Buffer B consisted of 2 mM tripentylammonium
acetate in 70% acetonitrile. A linear gradient from 100% A
to 199% B was achieved after 25 min with a flow rate of 200
mL/min. Mass spectra were acquired using Hewlett-Packard
MSD 1100 or Finnigan LCQ instruments. The -4 charge
state was used for identification and quantification of ISIS
1082 and metabolites present within cellular isolates.

3. Results

3.1. Rodent liver distribution as a function of time

For comparison of whole organ pharmacokinetics in
Sprague–Dawley rats versus CD-1 mice, animals were
dosed by i.v. bolus injection and killed at 1, 4, 8, and 24 hr
following a drug dose of 10 mg/kg. The concentration of
intact drug and metabolites as a function of time was de-
termined by CGE analysis using 100 mg of whole liver
tissue (Table 1). After 1 hr, total drug levels were approx-
imately 4 mM for both species, with maximum liver con-
centrations observed by 8 hr. In general, CD-1 mice dis-
played slightly higher drug levels than Sprague–Dawley rats
at all the time points measured, with the greatest difference
seen at 8 hr after dosing (7mM for mouse and 5mM for the
rat). At 24 hr, the concentration of drug had decreased in
both mice and rats to approximately 4 and 3mM, respec-
tively.

3.2. Effect of dose on distribution to rodent liver

ISIS 1082 was administered by i.v. bolus at 5, 25, 50, and
100 mg/kg, and tissue was collected 24 hr after dosing
(Table 2). In both species, the level of ISIS 1082 increased
in a dose-dependent manner from approximately 4 to 13
mM at the 5 to 50 mg/kg dose levels, respectively. At doses
above 50 mg/kg, both rat and mouse livers appeared to be
saturated, with no significant increase in drug accumulation
evident. At doses above 5 mg/kg, mice displayed greater
average drug concentrations than those observed in rats.
These differences were statistically significant at doses of
25 and 100 mg/kg withP values of 0.01 and 0.03, respec-
tively.

3.3. Suborgan distribution of ISIS 1082

3.3.1. Kinetics
At specified intervals following 10 mg/kg i.v. adminis-

tration, parenchymal and nonparenchymal cells were iso-
lated to determine species-specific oligonucleotide distribu-
tion patterns (Fig. 1). At all time points and in both rodent
species, Kupffer and endothelial cells contained a majority
of the cell-associated drug. Nonparenchymal cells had ap-
proximately twice the amount of ISIS 1082 that accumu-
lated in hepatocytes. Within rat hepatocytes, the proportion
of ISIS 1082 and metabolites was maximal after 1 hr and
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decreased in a linear fashion over 24 hr. In contrast, peak
drug levels in mouse hepatocytes were achieved after 4 hr
and decreased thereafter. Within Kupffer cells the propor-
tion of drug remained relatively constant over 24 hr. The
greatest differences were observed when endothelial cells
were compared. Specifically, in rat endothelial cells Cmax

occurred after 4 hr and declined thereafter, whereas within
mouse endothelial cells the proportion of ISIS 1082 and
metabolites continued to increase over 24 hr.

3.3.2. Dose response
As the dose administered to animals was increased from

5 to 50 mg/kg, the proportion of ISIS 1082 and metabolites
detected after 24 hr increased in a dose-dependent manner
within both rat and mouse hepatocytes (Fig. 2). In non-
parenchymal cells, saturation was evident at doses between
5 and 10 mg/kg depending on the cell type, with no satu-
ration apparent for hepatocytes in either species.

3.4. Subcellular localization

3.4.1. Kinetics
Within rat hepatocytes no nuclear-associated drug was

detected at any time, whereas in murine hepatocyte nuclei
ISIS 1082 and metabolites were observed over the entire
time course (Fig. 3A). The highest nuclear, cytosolic, and
membrane drug levels were attained 4 hr post dose in mice,

whereas in the rat peak oligonucleotide levels in the mem-
brane and cytosolic fractions were observed after 8 hr.

Significant differences in subcellular pharmacokinetics
were also evident in Kupffer cells (Fig. 3B). Mouse Kupffer
cytosol and membrane appeared to accumulate drug more
readily than these same tissues in the rat, and peak concen-
trations of drug were greater in mouse Kupffer cell mem-
branes. Similar kinetics were observed within endothelial
cellular fractions (Fig. 3C). Regardless of the apparent dif-
ferences in the rate of cytosolic and membrane drug clear-
ance, by 24 hr, murine endothelial and Kupffer cell nuclear-
associated drug levels remained 3- and 8-fold greater,
respectively, than those measured in rat nonparenchymal
cell nuclei.

3.4.2. Dose response
In both species, dose-dependent increases in ISIS 1082

and metabolites were detected, with pronounced differences
observed in hepatocyte subcellular fractions (Fig. 4A). At
the 5 mg/kg dose level, nuclear-associated drug was not
evident in either rat or mouse hepatocytes. However, at 10
mg/kg, murine hepatocytes had readily detectable nuclear-
associated drug. In contrast, in order to detect ISIS 1082 and
metabolites in the nucleus of rat hepatocytes, a minimum
dose of 25 mg/kg was required. Within both species and all
three cellular fractions, there was no evidence of saturation
up to the 50 mg/kg dosage. Consistent with our previous
observations, murine hepatocyte cellular fractions exhibited

Fig. 1. Effect of time on the proportion of ISIS 1082 and metabolites found
in whole rat and mouse liver cells after a 10 mg/kg i.v. bolus dose.
Sprague–Dawley rat hepatic cells are shown on the left and CD-1 mouse
liver cells on the right. Values for each bar represent the mean of intact
drug and metabolites and are expressed as a percentage of the total liver
cell dose. The identity of each cell type is displayed on the lower right side
of the plot. Replicates are as follows: hepatocytes (N5 9, SEM6 10%),
Kupffer cells (N5 3, SEM6 20%), and endothelial cells (N5 4, SEM6
12%).

Table 1
Effect of time on the level of ISIS 1082 and metabolites within 100 mg
of homogenized whole Sprague–Dawley rat or CD-1 mouse liver after
10 mg/kg i.v. administration

Time after
dose (hr)

Drug level (mM)

Sprague-Dawley rat CD-1 mouse

1 4.26 0.6 4.46 0.4
4 3.86 0.1 5.86 0.5
8 4.76 0.4 7.06 0.6

24 2.76 0.1 3.86 0.1

The drug level is expressed in a micromolar amount of intact drug and
metabolites detected, and each point represents the mean6 SEM of three
animals.

Table 2
Effect of dose on the accumulation of ISIS 1082 and metabolites in 100
mg of homogenized whole Sprague–Dawley rat or CD-1 mouse liver
after an i.v. bolus of 5, 25, 50 and 100 mg/kg, respectively

Dose (mg/kg) Drug level (mM)

Sprague–Dawley rat CD-1 mouse

5 4.06 0.9 3.46 0.4
25 5.96 0.5 9.26 0.7
50 126 2.0 146 1.5

100 136 0.4 186 3.5

The drug level is expressed in a micromolar amount of intact drug and
metabolites detected, and each point represents the mean6 SEM of three
animals.
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2-fold higher drug concentrations relative to rat hepato-
cytes, at doses above 5 mg/kg, with the greatest differences
found in nuclear and membrane fractions.

Data derived from nonparenchymal cell fractions dem-
onstrated even greater differences in intracellular distribu-
tion patterns. In rat Kupffer cell isolates, the majority of
ISIS 1082 and metabolites were found in the cytosolic
fraction, with saturation at doses higher than 10 mg/kg (Fig.
4B). In contrast, murine Kupffer cell fractions contained
similar amounts of drug, with saturation occurring above 25
mg/kg. As seen before, the murine nuclear and membrane
fractions contained, on average, substantially higher drug
levels measured relative to those within rat Kupffer cell
fractions, respectively. Similar differences were observed
between rat and mouse endothelial subcellular fractions
(Fig. 4C).

3.5. Metabolism

A major advantage of CGE analysis is that it provides a
means for directly measuring oligonucleotide concentra-
tions while simultaneously facilitating detailed metabolic
assessment. In an earlier publication [12], we observed that

a majority of ISIS 1082 metabolism occurred within the first
hour after systemic administration of drug. No significant
differences in metabolism were evident when whole organ
and cellular and subcellular fractions were compared. At 24
hr following a 10 mg/kg i.v. bolus dose, there was only a
10% reduction in percent full-length oligonucleotide rela-
tive to the level observed after 1 hr, suggesting that a
majority of the hepatic metabolites were produced extracel-
lularly. Results from dose–response experiments suggested

Table 3
Pattern of ISIS 1082 n-1 metabolites generated as a function of rodent
liver cell type 24 hr after 100 mg/kg i.v. administration

Liver cell type 39/(59 1 39) ISIS 1082 n-1 metabolites

Sprague-Dawley rat CD-1 mouse

Hepatocyte 746 2.2 786 6.6
Kupffer 726 3.0 226 2.9
Endothelial 756 1.9 426 0.9

The mean ratios of 39/(59 1 39) n-1 degradation species are shown for
hepatocytes (N5 9), Kupffer cells (N5 3), and endothelial cells (N5 3).
The SEM is indicated for each set of replicates.

Fig. 2. Effect of dose on the proportion of ISIS 1082 and metabolites in whole rat and mouse liver cells after an i.v. bolus of 5, 10, 25, or 50 mg/kg,
respectively. Sprague–Dawley rat hepatic cells are shown on the left and CD-1 mouse liver cells on the right. Values for each bar represent the mean of intact
drug and metabolites and are expressed as a percentage of the total liver cell dose. The identity of each cell type is shown on the lower right side of the plot.
Replicates are as follows: hepatocytes (N5 9, SEM6 8%), Kupffer cells (N5 3, SEM6 15%), and endothelial cells (N5 4, SEM6 10%).
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a moderate decrease in the rate of metabolism of ISIS 1082
in rat whole liver as the dosage was increased.

The metabolic trends within mouse whole liver, hepatic
cells, and subcellular fractions were consistent with those
first observed in the rat (data not shown) [12]. Specifically,
24 hr after dosing, intact ISIS 1082 represented 35–40% of
the total oligonucleotide present in both rodent species.

These results suggest that the relative abundance and local-
ization of the nucleases, both endo and exo, responsible for
phosphorothioate oligodeoxynucleotide metabolismin vivo,
are similar within rodent species.

Although CGE is capable of measuring metabolism of
oligonucleotides with single-base resolution, it cannot re-
solve whether metabolites are the product of 59 or 39 trun-

Fig. 3. Subcellular localization of ISIS 1082 and metabolites over a 24-hr period within rodent hepatocytes (panel A), Kupffer cells (panel B), and endothelial
cells (panel C). Sprague–Dawley rat liver cells are shown on the left and CD-1 mouse cells on the right. Each bar represents the mean of intact drug and
metabolites expressed in molecules (x 106)/cell. The identity of each nuclear cytosolic and membrane fraction is indicated on the lower right side of the plot.
Each bar represents the average of 9 replicate isolations for hepatocytes (SEM6 5%), 3 replicates for Kupffer cells (SEM6 18%), and 4 replicates for
endothelial cells (SEM6 13%).
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cation of the molecule. For this reason, we performed
HPLC/ES-MS analysis of rodent liver cell isolates to defin-
itively identify degradation pathways. Using previously de-
scribed techniques [26,27], the results derived from rodent
liver cells 24 hr after i.v. administration of 100 mg/kg of
ISIS 1082 are expressed as the ratio of 39/(59 1 39) n-1
metabolites of ISIS 1082 (Table 3). We chose to analyze

this dose group because it represented the highest drug level
attained within hepatocytes and, thus, the best signal-to-
noise ratio for comparing metabolic profiles among the
various liver cell types. While both rat and mouse hepato-
cytes contained roughly equivalent metabolic ratios (i.e.
70–75% n-1 species due to 39-exonuclease activity), sub-
stantial differences were observed in nonparenchymal cells

Fig. 4. Subcellular distribution of ISIS 1082 and metabolites 24 hr after 5, 10, 25, and 50 mg/kg i.v. within rodent hepatocytes (panel A), Kupffer cells (panel
B), and endothelial cells (panel C). Sprague–Dawley rat liver cells are shown on the left and CD-1 mouse hepatocyte values on the right. Each bar represents
the mean of intact drug and metabolites expressed in molecules (x 106)/cell. The identity of each nuclear, cytosolic, and membrane fraction is indicated on
the lower right side of the plot. Each bar represents the average of 9 hepatocyte isolations (SEM6 8%), 3 Kupffer replicates (SEM6 23%), and 4 endothelial
replicates (SEM6 20%). Note that at the 5 mg/kg dosage, no drug could be measured in either rat or mouse hepatocyte nuclei. This was also the case for
rat isolates at the 10 mg/kg dose level.
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(Fig. 5), where mouse cell degradation products were pre-
dominantly the result of 59-exonucleolytic cleavage.

4. Discussion

Our laboratory recently published the first complete anal-
ysis of phosphorothioate oligodeoxynucleotide disposition
and metabolism within the whole rat liver, hepatic cell
types, and subcellular compartments [12]. Since an ever-
increasing number of antisense pharmacological studies are
performed in a variety of mouse models [16,19,28,29], our
principal goal for the current study was to determine
whether the hepatic distribution and metabolism in CD-1
mice are comparable to those in Sprague–Dawley rats [12].

Data fromin vivoexperiments in mouse, rat, and monkey
after systemic administration of phosphorothioate oligode-
oxynucleotides suggest that gross tissue distribution and
other pharmacokinetic parameters are independent of route
of administration, sequence, and, most importantly, species

[5]. In this study, when whole liver distribution was com-
pared after systemic administration of ISIS 1082, subtle, but
detectable, differences between the two species became
evident. Kinetic experiments performed over a 24-hr period
following a 10 mg/kg i.v. bolus dose indicated that slightly
higher concentrations of ISIS 1082 and metabolites were
observed in mice (1.5-fold) relative to rats. These trends
were also observed when dose–response studies were con-
ducted.

Experiments using purified rodent whole parenchymal
and nonparenchymal cells demonstrated many similarities,
but also several important differences. In both rat and
mouse, nonparenchymal cells accumulated significantly
more drug than their corresponding hepatocytes. However,
while the overall proportion and rate of clearance of ISIS
1082 and metabolites distributed within these various cells
were similar, the time at which Cmax occurred varied. For
example, in murine hepatocytes, peak oligonucleotide levels
occurred at 4 hr versus 8 hr for rat hepatocytes. Consistent
with the whole organ observations of greater oligonucleo-

Fig. 5. HPLC/ES-MS histograms of ISIS 1082 n-1 metabolites generated from mouse (panel A) and rat (panel B) endothelial cells 24 hr after 100 mg/kg
intravenous administration. Both the –4 and –5 charge states of the respective 39 (A) and 59 (B) n-1 degradation products are indicated. Note that the 59 n-1
metabolite (B-4H4–) is the major species in the mouse endothelial cells, whereas in rat endothelial cells the 39 n-1 metabolite (A-4H4–) is more predominant.
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tide accumulation in mouse, absolute drug levels were 2- to
8-fold higher in murine versus rat hepatic cellular fractions
under all conditions.

The most significant species-specific variations in phar-
macokinetics were noted when the subcellular localization
of ISIS 1082 was compared. These differences primarily
related to: (a) the amount of compound present in hepato-
cyte and nonparenchymal cell nuclear and membrane frac-
tions, and (b) the rate of clearance in all subcellular com-
partments. At lower doses of drug (5–10 mg/kg), no
detectable oligonucleotide was observed in rat hepatocyte
nuclei over a 24-hr period. In contrast, in mouse nuclear
fractions, ISIS 1082 and metabolites were readily detected
after a 10 mg/kg dose. Membranes in mice also contained
higher amounts of drug compared with those in rats, ranging
from 1.5- to 3-fold in hepatocytes, to 2- to 10-fold greater
levels, on average, in Kupffer and endothelial cell isolates.
Furthermore, mice eliminated drug faster and to a greater
extent than rats (Fig. 3). Based upon studies comparing the
tissue distribution of phosphorothioate oligodeoxynucle-
otide among multiple species, mice clear the oligonucleo-
tide 2- to 3-fold faster from target tissue, including liver,
than rats, monkeys, and humans and, therefore, would be
less likely to accumulate drug compared with these species
[5].

The overall extent of metabolism of ISIS 1082 in whole
liver, hepatic cells, and subcellular fractions was similar, so
that by 24 hr, the percentage of intact drug was 35–40% in
both species. Also consistent between species was the rapid
and extensive nucleolytic degradation of oligonucleotide in
serum within the first hour after dosing.

However, HPLC/ES-MS analyses demonstrated that 39-
exonucleases are responsible for the majority (70–75%) of
oligonucleotide degradation in rat hepatocytes, Kupffer
cells, and endothelial cells. This predominance of 39-exo-
nuclease activity was also observed in murine hepatocytes,
but not in mouse nonparenchymal cells where, in contrast,
the majority of metabolites resulted from 59-nucleotide
elimination. These results demonstrated that, although the
extent of metabolism is similar, there are significant inter-
species differences involving the importance of 39- versus
59-exonucleases in the metabolism of ISIS 1082. The mech-
anisms responsible for the differences in suborgan distribu-
tion and metabolism are unknown. However, this study
identifies for the first time such differences and lays the
physiological foundation for determining the specific mech-
anisms of distribution and metabolism that are responsible
for such species-specific variation.

In summary, although whole organ distribution of phos-
phorothioate oligodeoxynucleotides appears to be con-
served in rodents, our experiments suggest that there are
significant differences between mouse and rat on the sub-
organ and subcellular levels. The observation that there are
pharmacokinetic differences between Sprague–Dawley rats
and CD-1 mice is not without precedent. Other laboratories
have also observed major differences in metabolism,Vmax,

and the rate of elimination in those two species following
administration of a variety of compounds, including meth-
anol [30] and ethylene glycol [31]. In addition, when other
strains of mice and rats were compared, variations in the
rate of drug clearance, carcinogenicity, and metabolism
have also been reported by others [32–35]. Our studies are
unique, however, because we have quantified inter-species
differences in disposition, clearance, and nuclease activities
responsible for the metabolism of phosphorothioate oli-
godeoxynucleotides within hepatic cells and subcellular
compartments.

The pharmacokinetic differences described above, most
importantly, may help explain pharmacological results ob-
tained in various studies. Based onin vitro experiments that
have demonstrated that nuclear accumulation of phosphor-
othioate oligodeoxynucleotides was required for target
mRNA inhibition [36], greater efficacy should be expected
in mice due to significantly greater nuclear-associated drug
concentrations. In fact, oligonucleotides designed to inhibit
rodent C-raf in vivo consistently display greater antisense
potency in mice compared with rats [1].

We also believe that distribution and metabolism of
phosphorothioate oligonucleotides within the liver vary
somewhat more substantially between species than might be
predicted from previous whole organ pharmacokinetic stud-
ies. This may serve to explain some of the differences
observed in the pharmacological activity among species. In
addition, as only liver has been characterized in such detail
thus far, it is possible that differences in pharmacokinetics
are present within other organs as well. Importantly, while
these studies with antisense drugs represent some of the first
efforts to examine suborgan pharmacokinetics, other drug
classes may display similar characteristics. Clearly, these
types of studies have broad applicability for pharmaceutical
research.
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