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SUMMARY

Biodistribution and metabolism of oligonucleotides were deter-
mined using a *H-labeled 20-nucleotide phosphodiester and its
phosphorothioate analog. The oligonucleotides were radiola-
beled by H-methylation of an internal deoxyctidine with Hhal
methylase and S- [*H]adenosyimethionine. Biodistribution stud-
ies were conducted after intravenous injection of 6 mg/kg (5 xCi)
oligonucieotide. Metabolism of the oligonucleotides was deter-
mined by paired-ion high performance liquid chromatography.
After phosphodiester injections, radiolabel rapidly cleared the
blood. Relative initial concentrations were as follows: kidney >
blood > heart > liver > lung > spleen. Radiolabel in spleen
peaked at 1 hr and remained elevated for 24 hr. At 2 hr the
concentration in all organs, except spleen, was equal to that in
blood. High performance liquid chromatographic analysis of the

kidney, liver, and spleen extracts and urine indicated extremely
rapid metabolism to monomer. Results of studies after the
injection of phosphorothioate oligonucleotide differed from those
using the phosphodiester. Despite its rapid clearance from blood,
phosphorothioate accumulated rapidly in all tissues, especially
the kidney. Kidney uptake increased over time, remaining very
high for 24 hr. Ratios of organ to blood concentrations at 2 hr
for all organs were 5:1 or greater. Kidney and liver ratios were
84:1 and 20:1, respectively. Analysis of the kidney and liver
extracts and urine indicated that siow metabolism occurred.
These data suggest that phosphodiester oligonucleotides would
have limited therapeutic utility. The stability and organ distribution
of the phosphorothioate oligonucleotide imply that such oligo-
nucleotides may have therapeutic potential.

Antisense oligonucleotides designed to block the synthesis of
specific disease-related proteins have been hailed as the next
generation of drugs (1-3). The antisense concept has great
appeal and exhibited efficacy in vitro (4), but many issues
critical to drug development remain unresolved. For example,
rapid in vitro degradation of the phosphodiester oligonucleo-
tides by exo- and endonucleases (4) has lead to the search for
more enzyme resistant and stable molecules. Substitution of a
sulfur atom or methyl group for an oxygen atom in the phos-
phodiester linkages of conventional oligonucleotides generates
phosphorothioate and methylphosphonate oligonucleotides, re-
spectively, analogs that have much greater in vitro stability (5).
Although several reports have dealt with the biodistribution of
various types of radiolabeled nucleotides (6-10), no systematic
comparison of oligonucleotides analogs has been reported. Be-
cause oligonucleotides can be degraded by a variety of enzymes
(and reincorporated into macromolecules), the site and nature

! Present address: Lexin Pharmaceutical Co., 111 Rock Road, Horsham, PA
19044.

of the radiolabel potentially can have a profound influence on
the observed biodistribution and metabolism.

Several reports on the biodistribution and metabolism of
oligonucleotides have used oligonucleotides radiolabeled at a
problematic site, namely one end of the oligonucleotide. The
conventional way to label an oligonucleotide is to use T4
polynucleotide kinase to transfer a [*’P]phosphate group from
ATP to the 5’ end of the oligonucleotide. This radiolabeling
strategy was used in the biodistribution studies of de Smidt et
al. (6), Goodarzi et al. (7), and Inagaki et al. (8). Similarly,
Boutorine et al. (11) recommended 5’ enzymatic tagging with
[**Plphosphate or [*S]thiophosphate groups. Although 5’-
phosphate groups are removed relatively slowly by the enzy-
matic activities present in the media used for cell culture
experiments (frequently containing dilute, heat-inactivated, fe-
tal calf serum), the radiolabel could be removed more rapidly
in vivo. Whitesell et al. (12) used oligonucleotides enzymatically
labeled at the 5’ end with [*?P]phosphate or at the 3’ end with
32P-nucleotide using dideoxynucleotidyl terminal transferase.

ABBREVIATIONS: HPLC, high performance liquid chromatography; ID, injected dose; HEPES, 4-(2-hydroxyethyi)-1-piperazineethanesulfonic acid;
GIT, 4 m guanidine isothiocyanate, 25 mm sodium citrate, and 0.1 m g-mercaptoethanol; PAGE, potyacrylamide gel electrophoresis; SAM, S-adenosyl-

L{methyl-*H}methionine.
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Given numerous reports that the major pathway for degrada-
tion of oligonucleotides in serum involves 3’-exonucleases, a
3’-labeled nucleotide is least likely to accurately report on the
metabolism and biodistribution of the bulk of the oligonucleo-
tide. Finally, Chem et al. (9) chemically linked 5-[*H]thymidine
to the 5’ end of a methylphosphonate oligonucleotide by means
of a phosphodiester linkage. In this case, the linkage between
the bulk of the oligonucleotide and the radiolabel is clearly the
most labile linkage in the molecule.

In contrast to the aforementioned end-labeling methods,
internal radiolabeling should provide more reliable results.
Agrawal et al. (10) prepared oligonucleotides with all phospho-
rothioate linkages, which were uniformly labeled at all linkages
with %8S, but this radiolabeling strategy cannot be used with
other analogs. A single 3P label was incorporated by Zendegui
et al. (13) (by means of a kinase and a ligase) into a 3’-blocked
38-base oligonucleotide with all phosphodiester linkages. This
radiolabeling strategy has the same theoretical advantage as
the strategy used in our work (but it should be noted that the
metabolism of the aforementioned oligonucleotide was studied
by 5’-labeling nonradioactive oligonucleotide recovered from
tissue samples).

Using the aforementioned differing radiolabeling strategies
and differing analytical methodologies, a variety of conclusions
about the biodistribution of unmodified and modified oligonu-
cleotides have been reported. de Smidt et al. (6) studied the
biodistribution in rats of a *P-end-labeled phosphodiester oli-
gonucleotide, as a control for a cholesterol-oligonucleotide com-
plex. 3?P-Oligonucleotide cleared rapidly from the blood, accu-
mulated, and was degraded in the kidney and excreted in the
urine. A study using a 3?P-end-radiolabeled phosphorothioate
oligonucleotide was reported by Goodarzi et al. (7). Oligonucle-
otide accumulated in the liver of mice, where it was degraded.
Similar results, i.e., rapid liver uptake and degradation, have
been reported by Inagaki et al. (8). The biodistribution and
degradation of methylphosphonates radiolabeled at position 2
with a [*H)methyl group were studied in mice by Chem et al.
(9). Rapid plasma clearance of the *H and low levels of accu-
mulation were seen in most organs. Degradation of the 12-mer
to the 11-mer occurred in kidney, lung, and spleen but not in
plasma.

More meaningful data can be generated by the study of
uniformly labeled oligonucleotides. In contrast to the results
reported with the use of a 3?P-end-radiolabeled phosphoro-
thioate oligonucleotide, the biodistribution and metabolism
studies by Agrawal et al. (10) used uniformly **S-labeled phos-
phorothioate oligonucleotides. Those authors detected the slow
degradation of oligonucleotide in the liver of mice and also
found rapid blood clearance, high levels in the kidneys, and
excretion through the urine. In addition to degradation, they
found chain extension in the liver. Degradation products were
seen in the liver and urine.

For antisense technology to succeed, a thorough understand-
ing of the physiology and metabolism of these macromolecules
is essential. It is difficult to make comparisons and draw
conclusions from the studies cited above because of the use of
different labeling methods, sizes of oligonucleotides, backbone
modifications, and animal species. The placement of the radio-
label within the oligonucleotide has dramatic effects on the
observed biodistribution and metabolism. We have completed
a direct comparison, under identical conditions (using a novel
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radiolabeling procedure and paired-ion chromatography), of the
biodistribution and metabolism in mice of a phosphodiester
and a phosphorothioate oligonucleotide (of the same length
and sequence) with an internal radiolabel (*H) carried at the
same position. Because the sequence was chosen based on the
specificity of the radiolabeling technology, these oligonucleo-
tides are not directed at a specific mouse sequence or function.
The data generated suggest that the phosphodiester oligonucle-
otide would have limited therapeutic utility due to its low organ
accretion and rapid metabolism. In contrast, the stability and
organ distribution of the phosphorothioate oligonucleotide im-
ply that oligonucleotides bearing this modification may have
therapeutic potential.

Materials and Methods
Preparation of Oligonucieotides

Synthesis. Phosphodiester oligodeoxyribonucleotides were pre-
pared on the 10-umol scale using commercially available phosphoram-
idites and a model 394 DNA synthesizer (Applied Biosystems, Forest
City, CA), following the manufacturer’s instructions. Phosphorothioate
oligodeoxyribonucleotides were prepared in a similar manner, using
tetraethylthiuram disulfide as the sulfurizing reagent. After cleavage
and deprotection with concentrated ammonia (4-16 hr, 55°), crude 5’-
dimethoxytritylated oligonucleotides were purified by nondenaturing
HPLC (14) and desalted on NAP-10 columns (Bio-Rad, Rockville
Center, NY). The oligonucleotide was converted to its sodium salt by
passing the solution of the resulting triethylammonium salt in distilled
water through a ~1-g column of Dowex-50 (sodium form). Solutions of
both types of oligonucleotides in distilled water were quantitated by
UV absorbance, using extinction coefficients estimated after account-
ing for nearest-neighbor interactions (171,000 liters/mol/cm for the
20-nucleotide oligonucleotide and 97,000 liters/mol/cm for the 10-
nucleotide oligonucleotide) (15).

3H-Labeling of the 20-nucleotide phosphodiester oligodeox-
yribonucleotide. The 20-nucleotide phosphodiester to be labeled (5’-
TCATGCTCATGCGCTCATGC-3’) (27.5 nmol), a complementary 10-
nucleotide oligonucleotide [5'-TGAGC(Me)GCATG-3’] (27.5 nmol),
Tris-HCI (125 mMm, pH 7.5), EDTA (25 mM, pH 7.5), and 8-mercap-
toethanol (12.5 mM) in 100 ul of solution were heated to 95° and
allowed to cool. Six aliquots of [methyl-*H]SAM (totaling 1 mCi, 13.6
nmol; DuPont, Boston, MA), in aqueous sulfuric acid, pH 2, were
lyophilized, neutralized, combined with 150 ul of aqueous HEPES
sodium salt (0.15 M), and transferred to the duplex stock. Hhal meth-
ylase (25 ul of 125 units/ul; New England Biolabs, Beverly, MA) was
added and the reaction was incubated at 37° for 3 hr. After heating at
95° for 10 min, nucleic acids were isolated by ethanol precipitation (1/
5 volume of 5 M NaCl and 2 volumes of ethanol). The desired 20-
nucleotide oligonucleotide was separated from the 10-nucleotide tem-
plate by preparative denaturing PAGE with detection by UV shadow-
ing. The tritiated 20-nucleotide oligonucleotide was isolated from the
gel by repeated soaking with ammonium acetate (0.3 M), lyophilization,
and ethanol precipitation. The final product contained 442 xCi (6.0
nmol) of tritiated methyl group on the underlined cytosine residue
(31.8 uCi/nmol) and 13.9 nmol of oligonucleotide (a yield of 51%).

3H-Labeling of the 20-nucleotide phosphorothioate oligo-
deoxyribonucleotide. The 20-nucleotide phosphorothioate to be la-
beled (5'-TCATGCTCATGCGCTCATGC-3’) (556 nmol), a comple-
mentary phosphodiester  10-nucleotide  oligonucleotide  (5’-
TGAGC(Me)GCATG-3’) (55 nmol), Tris-HCl (126 mM, pH 7.5),
EDTA (25 mM, pH 7.5), and $-mercaptoethanol (12.5 mM) in 100 ul of
solution were heated to 95° and allowed to cool. Six aliquots of [methyl-
SH]SAM (totaling 1 mCi = 13.6 nmol; DuPont), in aqueous sulfuric
acid, pH 2, were lyophilized, neutralized, combined with 150 ul of
aqueous HEPES sodium salt (0.15 M), and transferred to the duplex
stock. Hhal methylase (50 ul of 125 units/ul; New England Biolabs)
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was added and the reaction was incubated at 37° for 18 hr. After heating
at 95° for 10 min, nucleic acids were isolated by desalting on a NAP-
25 column (Bio-Rad). The desired 20-nucleotide oligonucleotide was
separated from the 10-nucleotide template by preparative denaturing
PAGE with detection by UV shadowing. The tritiated 20-nucleotide
oligonucleotide was isolated from the gel by repeated soaking with
ammonium acetate (0.3 M). The oligonucleotide was isolated from the
soak solutions by absorbing the solutions onto a SEP-PAK (Waters,
Milford, MA) equilibrated with aqueous ammonium acetate (50 mM),
washing with 10 ml of aqueous ammonium acetate, elution with 3 ml
of 1:1 methanol/aqueous ammonium acetate, and lyophilization. The
final product contained 235 uCi (3.2 nmol) of tritiated methyl group
on the underlined cytosine residue (10.8 xCi/nmol) and 21.8 nmol of
oligonucleotide (a yield of 40%).

Mice

Either radiolabeled oligonucleotide or inulin was injected at a dose
of 6 mg/kg (approximately 5 uCi), via the tail vein, into male CF1 mice
weighing approximately 28 g. Animals were sacrificed by CO, asphyxia-
tion at the indicated times. A minimum of five mice were used at each
time point. Blood was drawn from the heart and the indicated organs
were removed for determination of radioactivity. Twenty-four-hour
urine samples were collected in metabolic cages, frozen, stored at —4°,
centrifuged through 0.2-um filters, diluted appropriately in phosphate
buffer, and analyzed using the paired-ion chromatography protocol
described below.

Biodistribution

Whole organs were weighed, and then approximately 100 mg of the
tissue were added to glass scintillation vials containing 1 ml of tissue
solubilizer (Beckman, Fullerton, CA). Samples were digested at 55°
overnight. Decolorization of samples was accomplished by adding 100
ul of H,0,. After incubation for an additional 30 min at 55°, chemilu-
minescence was reduced by the addition of 50 ul of glacial acetic acid.
ReadyOrganic liquid scintillation cocktail (Beckman) was added to all
samples, which were then counted with a Beckman 5000 CE liquid
scintillation counter. All counts were quench corrected using the Beck-
man H# method and are reported as dpm. Data were calculated as both
the percentage of ID/organ and percentage of ID/g and are reported as
the mean + standard error of the percentage of ID/g of five or more
determinations. For the percentage of ID/organ calculation the follow-
ing assumptions were made: total blood volume was 5% of body weight
and total muscle content was 45% of body weight.

Tissue Extractions

Upon removal, the major metabolic organs (kidney, liver, and spleen)
were frozen on dry ice and kept at —70 ° until oligonucleotide extrac-
tions were performed. Approximately 200 mg of tissue were placed in
a microfuge tube containing 500 ul of GIT, to terminate metabolism
and denature proteins. The sample was sonicated for approximately 1
min with a miniature ultrasonic probe (Conoco Specialty Instruments,
Wilmington, DE). The GIT lysate was diluted with 2.5 ml of water,
and 2.5 ml of phenol/chloroform (1:1, v/v) were added. The sample was
vortexed and centrifuged at 10,000 X g for 30 min. The aqueous layer
was carefully removed and the remaining organic layer was re-extracted
with an additional 2.5 ml of water. Aqueous layers from the two
extractions were pooled, dried down, and resuspended in 1 ml of water.
In some cases, to increase the number of counts available for HPLC
analysis, three samples of tissue were extracted and combined. Prelim-
inary experiments indicated that >70% of the radioactive nucleic acids
in the tissue were recovered and observed by HPLC.

HPLC Analysis

The radioactive nucleic acids found in the tissue extracts were
analyzed by paired-ion chromatography on a Microsorb MV-C4 column
(Rainin Instruments, Woburn, MA), using an Isco (Lincoln, NE) pump
and gradient maker. Buffer A was 5§ mM PIC-A reagent (Millipore

Corp., Bedford, MA) in water and buffer B was 4:1 acetonitrile/water.
The following gradient was used, with a flow rate of 1 ml/min: (a) 0-5
min, 0% buffer B; (b) 5-20 min, 0-35% buffer B; (c) 20-80 min, 35—
65% buffer B. (The column was equilibrated with 100% buffer A for 12
min between runs.) The eluate from the column (1 ml/min) was mixed
with ReadyFlow scintillation cocktail (Beckman) (delivered at a flow
rate of 4 ml/min) and analyzed using a Betram on-line §-radiation
detector (IN/US Systems, Inc., Fairfield, NJ) with a counting efficiency
of 50%.

Serum Stability Studies

Approximately 1 uCi of *H-labeled oligonucleotide was added to 2
ml containing 1 uM oligonucleotide and incubated in 100% non-heat-
inactivated mouse serum (Sigma Chemical Co., St. Louis, MO) at 37°.
At the indicated time one tenth of the incubation solution was removed
and added to 500 ul of GIT. Extraction of the *H-labeled oligonucleo-
tides and metabolites was carried out according to the procedure
described above.

Autoradiography

Mice were injected and sacrificed at designated times as described
above. The kidneys were removed, flash frozen on dry ice, and stored
at —70°. Frozen kidneys were cut into 15-um slices on a cryostat and
placed on glass slides. The slices were dried and fixed in a desiccator
with powdered paraformaldehyde. After being defatted by a series of
washes with increasing alcohol concentrations, the slides were placed
on *H-Hyperfilm (RPN12; Amersham, Arlington Heights, IL) and
exposed for 8 weeks. The film was then developed by standard proce-
dures.

Serum Albumin Binding

To assess the ability of the oligonucleotides to bind to serum albumin,
each drug or oligonucleotide (10~ M total concentration, containing
approximately 1 uCi of radiolabel) was added to 1 ml of 0.42% (w/v)
human serum albumin (Sigma) in the upper chamber of an UltraFree-
Cl filter unit with a 30,000 nominal molecular weight cut-off (Milli-
pore). A 50-ul aliquot was taken for liquid scintillation counting. After
incubation for 30 min at room temperature, the filter unit was centri-
fuged at 3000 rpm for 10 min and a 50-ul aliquot of the filtrate in the
lower chamber was counted. Nonspecific binding was determined by
parallel determinations in tubes lacking the addition of serum albumin.
Specific binding was determined by subtracting the nonspecific binding
value from the albumin binding value. All assays were done in duplicate.
[*H]Digitoxin and [*H]digoxin, obtained from DuPont, were used as
standards for comparison. Nonradiolabeled digitoxin and digoxin were
obtained from Sigma.

Results

Radiolabeling. Oligonucleotides for biodistribution studies
were labeled with Hhal methylase by the method outlined in
Fig. 1. To be substrates for Hhal methylase, the 20-nucleotide
oligonucleotides were hybridized to a complementary 10-nu-
cleotide phosphodiester. To prevent the complement from also
being labeled, this 10-nucleotide oligonucleotide was synthe-
sized with a methylated GCGC site. Using Hhal methylase and
the conditions described above, roughly 80% of the tritium in
1 mCi of [*H]SAM was transferred to the all-phosphodiester
duplex. When the strand to be labeled contained all phospho-
rothioate linkages, the mixed-backbone duplex was a somewhat
poorer substrate. Modified methylation conditions, however,
transferred more than half of the radioactivity to the phospho-
rothioate strand. Most of the unincorporated [*H]SAM was
removed by ethanol precipitation or gel filtration (the phos-
phorothioate strand did not precipitate well) and then the
labeled 20-nucleotide oligonucleotide was separated from the
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20-nt ODN or S-ODN:
10-nt ODN:

5'= TCATGCTCATGCGCTCATGC -3'
3'- GTACGCGAGT -5'
|
Ne

Hha 1 methylase
3B-SAM*

Me*
|
5'- TCATGCTCATGCGCTCATGC -3'
3'- G'I‘ACG(FM -5
Me

Fig. 1. Scheme for radiolabeling oligonucieotides. A tritiated methyl (Me)
group was enzymatically attached to the 5-position of the indicated
deoxycytidine in the 20-nucleotide phosphodiester (ODN) or phospho-
rothioate (S-ODN). The complementary 10-nucleotide oligonucieotide
was synthesized with a 5-methyldeoxycytidine residue to block tritiation
of this strand. nt, nucleotide.

10-nucleotide template by preparative PAGE. The overall pu-
rification process returned about half of the input oligonucleo-
tide (by UV quantitation) and therefore several hundred micro-
curies of the tritiated oligonucleotide. The specific activity of
the oligonucleotides ranged from 10 to 30 uCi/nmol. As ex-
pected, the purified labeled oligonucleotides were homogeneous
when analyzed by PAGE (with detection by fluorography) and
by several HPLC systems (see Figs. 3a and 4a; other data not
shown). Experiments with Hhal endonuclease demonstrated
that incorporation of a single tritiated methyl group prevented
cutting and that all of the tritium label was incorporated at the
GCGC récognition site (data not shown).

HPLC analysis and serum stability. The resolution ca-
pabilities of the paired-ion chromatography method developed
for the study of tissue metabolism and serum stability of
radiolabeled oligonucleotides can be seen in Fig. 2. Fig. 2a
shows the separation seen with the two possible fragments
formed after cutting the 20-nucleotide phosphodiester on either
side of the methylated deoxycytidine. Fig. 2b illustrates the
resolution seen with 15-, 18-, and 20-nucleotide phosphoro-
thioate oligonucleotides. The elution times of the ultimate
monomer metabolites and of the radiolabeled 20-nucleotide
phosphodiester are shown in Fig. 2c. Clearly this method was
able to resolve the starting material from the expected meta-
bolic products produced by the removal of two or more bases,
as well as from terminal monomers. In all of the studies
described above the elution times for the 20-mers were approx-
imately 70 min.

Incubation of the *H-phosphodiester oligonucleotide (reten-
tion time, 72 min) with undiluted mouse serum eventually
produced two major radiolabeled products (Fig. 3). Coinjection
with a variety of nucleic acid standards established that these
products were 5-[*H]methyl-2’-deoxycytidine (5 min) and
[*H]thymidine (7 min). Further incubation resulted in in-
creased conversion of 5’-methyl-2’-deoxydeoxyctidine to thy-
midine. Neither of these metabolites was present at the same
time as intact oligonucleotide, so degradation was not highly
processive. The apparent half-life of the intact oligonucleotide
was about 30 min. From about 0.5 to 2 hr, a significant popu-
lation of intermediate-sized oligonucleotides was observed that
shortened with continued exposure to serum. Labeled mono-
nucleotide(s) began to be released from these intermediates
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Fig. 2. Paired-ion chromatography of oligonucleotides and their metab-
olites. a, UV phosphodiester markers: b, UV phosphorothioate markers;
¢, *H-labeled 20-nucleotide phosphodiester oligonucieotide and *H-me-
tabolites.

when the average degradation product was about 10 bases in
size. This pattern is consistent with previous reports stating
that 3’-exonucleases are predominantly responsible for oligo-
nucleotide degradation in serum.

The HPLC elution profile of the 3H-phosphorothioate oli-

2102 ‘2 Jaqwiadaq uo Alisianiun pesewwey ] Je Bio'sjeuinohadse wreydjow wolj papeojumoq


http://molpharm.aspetjournals.org/

aspet.’

936 Sands et al.

25007  a. Zero time
§ 20001
&
1]
g 15007
§
5, 10001
£
=]
a 5007
0 10 20 30 40 50 60 70 80
Elution Time (min)
10007 ¢.One hour
- 800"
.E J
1]
S 6001
g
§ 4007
£
g 2001
0 10 20 30 40 50 60 70 80
Elution Time (min)
12007 ©- Three hours
] 10007
=
g
E 8001
-
L]
§ 6007
é 4007
£
2
=] 2001

0 10 20 30 40 50 60 70 80
Elution Time (min)

10007 b. 30 minutes

Disintegrations per minute

0 10 20 30 40 50 60 70 80
ElutionTime (min)
1000q d- Two hours

Disintegrations per minute

0 10 20 30 40 50 60 70 80

Elution Time (min)
1600 f. Four hours
14001
8
]
g 12007
T
-8
g 8001
=
§ 6001
g 400
2001

0 10 20 30 40 50 60 70 80
Elution Time (min)

Fig. 3. Paired-ion chromatographic analysis of mouse serum incubated with 1 um *H-phosphodiester oligonucieotide for the times indicated.

gonucleotide incubated in mouse serum remained unchanged
for up to 5 hr (Fig. 4, a-c), indicating the lack of metabolism.
After a 24-hr incubation, a slight broadening of the peak
suggested that a minor degree of metabolism occurred via
removal of one to three bases (Fig. 4d). No evidence could be
found for complete metabolism (i.e., presence of monomer), as
represented by the appearance of either the 5- or 7-min peak.

Biodistribution. The biodistribution data generated after
intravenous injection of either of the two tritiated oligonucle-
otides are shown in Tables 1 and 2 and in Fig. 5. Tritium from
both oligonucleotides cleared rapidly from the blood, with the
phosphorothioate oligonucleotide clearing slightly faster than
the phosphodiester oligonucleotide. Twenty-four hours after
injection, <0.4% of ID/g for the phosphodiester oligonucleotide
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Fig. 4. Paired-ion chromatographic analysis of mouse serum incubated with 1 um H-phosphorothioate oligonucieotide for the times indicated.

TABLE 1

Biodistribution of *H-phosphodiester oligonucieotide
Values are mean + standard error (five mice).

Organ .
1 min §min 10 min 20 min ihr 2h U
% of Dfg
Blood 18.05 + 0.45 2.06 £ 0.29 1.84 £ 0.15 1.67 £ 0.19 0.78 + 0.11 104+ 009 0.36 +£0.05
Heart 487 +£0.20 213+0.27 1.88 £ 0.17 169+ 0.14 0.84 + 0.08 1.02+ 008 0.32+0.04
Lung 6.98 +£ 0.34 1.90 £ 0.26 1.76 £ 0.13 1.67 £ 0.17 0.76 + 0.06 109+ 0.10 0.42 +0.05
Liver 4.55 + 0.35 245+ 0.33 243 +0.16 2.66 + 0.29 1.18 £ 0.12 126+ 0.10 0.52 + 0.05
Kidney 13.32 + 1.96 6.61 + 0.64 791 + 1.42 520+ 0.15 2.18 +0.21 143+ 006 056+ 0.07
Muscle 0.67 + 0.08 1.63+0.25 157 £ 0.17 1.58 £ 0.15 0.55 + 0.06 0.85+0.07 0.26 + 0.05
Spleen 1.66 £ 0.19 2.59 + 0.30 3.05+0.16 7.59 + 0.16 8.04 + 0.38 898+085 6.34+0.87
Amount recovered®  49.06 £ 3.20 3260+4.27 31.29+318 3201+327 1267+131 1561+1.08 597+0.97

¢ Calculated from percentage of ID/organ values.

could be found in the blood (Fig. 5a). Tritium from the phos-
phodiester oligonucleotide cleared rapidly from most tissues
but accumulated rapidly in spleen. Splenic accretion reached a
maximum of 8.98% of ID/g 2 hr after injection. The percentage
of ID recovered was calculated by adding the percentage of ID/
organ values and is shown in Table 1. The total recovery 1 min
after injection (as calculated using the assumptions given in
Materials and Methods) was approximately 49% of the ID. The
total amount of *H from the phosphodiester oligonucleotide
found in the mice decreased sharply with time, until only 6%

of the ID (or 12% of the 1-min recovered doses) could be found
in the animal at 24 hr. The large and rapid splenic accumulation
seen after the injection of the phosphodiester oligonucleotide
was probably due to the accretion by the spleen of terminal
(mononucleoside) metabolites of the phosphodiester. After in-
travenous injection, [*H]thymidine and 5-methyl-2’-[*H]de-
oxycytidine were rapidly accumulated by the spleen (13.256 +
1.93 and 7.20 + 0.90% of ID/g, respectively, at 1 hr). Estimates
of volume of distribution and blood half-life for whole-body
elimination of the phosphodiester oligonucleotide are 80.7 ml
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TABLE 2

Biodistribution of *H-phosphorothioate oligonucieotide
Values are mean + standard error (five mice).

Distribution
Orgen 1min 5min 10 min 20 mn 1hr 2hr 24
% of Dfg
Blood 26.41 £ 2.18 8.24 +1.03 6.04 + 0.91 2.59 + 0.30 0.59 £ 0.12 0.29 + 0.03 0.31 £ 0.02
Heart 6.08 + 0.51 2.64 + 0.45 3.29 £ 0.37 2.60 £ 0.24 2.01 £0.36 1.73 £ 0.30 1.11 £ 0.05
Lung 9.01 £ 1.18 3.29 £ 0.48 3.86 + 0.91 2.39£0.20 2.56 + 0.58 1.78 £ 0.43 0.79 £ 0.08
Liver 7.19 £ 0.58 455+ 044 499 + 0.48 4.79 £ 0.65 5.08 + 0.58 5.33 £ 0.63 4.07 £ 0.27
Kidney 1231+£099 11.17+178 1634+066 1844 +108 2215+199 2203+338 21.10+1.19
Muscle 0.97 £ 0.16 0.81 +£0.19 1.48 £ 0.24 1.94 £ 0.20 1.84 +£0.38 1.78 £ 0.44 112+ 0.09
Spieen 3.19+ 0.69 3.97 £ 0.50 6.30 £ 0.75 4.52 + 0.32 4.59 + 0.83 3.13+0.45 419+ 0.20
Amount recovered® 61.87 £+ 501 47.77+356 5354+579 4795+445 51.17+593 37.68+287 3502+2.11
¢ Caiculated from percentage of ID/organ values.
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Fig. 5. Biodistribution of 6 mg/kg *H-phosphodiester and *H-phosphorothioate oligonucieotides in mice.

and 15.9 hr, respectively. These values are questionable, how-
ever, because of the rapid metabolism.

The biodistribution of *H-phosphodiester oligonucleotide
suggests that little of this molecule is taken up by tissues. Inulin
is a noncharged polysaccharide about the size of an oligonucle-
otide (5 kDa) that is freely diffusible in body water and is
cleared rapidly by glomerular filtration (16). After intravenous
injection, [*H}inulin was rapidly cleared from the blood and
the rest of the body, with accretion only by the kidney. Being

a freely diffusible compound, inulin had an organ to blood ratio
of 1:1 for all organs (except kidney) (Fig. 6) 2 hr after injection.
The elevated kidney to blood ratio reflects the mode of elimi-
nation of inulin (renal clearance). After the injection of *H-
phosphodiester oligonucleotide, organ to blood ratios for all
organs, except spleen, were essentially 1:1, indicating that the
oligonucleotide, like inulin, diffused freely without either bind-
ing to tissue or accumulating within tissues. Splenic values of
approximately 8:1 suggest that this organ may be a site of
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kidney muscle spleen

Fig. 6. Organ to blood ratio calculated from the biodistribution data
collected 2 hr after injection.

heart lung liver

accretion of either the oligonucleotide or, more likely, its me-
tabolites.

Despite the rapid clearance of *H from the blood after an
intravenous injection of phosphorothioate oligonucleotide, high
levels were found in the liver, kidney, and most other tissues
at all time points studied (Fig. 5; Table 2). The spleen did not
appear to accumulate *H after the injection of *H-phosphoro-
thioate oligonucleotide (Fig. 5d). The accretion of *H from the
injected phosphorothioate oligonucleotide occurred in all tis-
sues and resulted in the retention of substantial amounts of
the ID. Thirty-five percent of the ID (or 70% of the 1-min
recovered dose) could be found in the mice 24 hr after injection
(Table 2). The organ to blood ratios found after the injection
of *H-phosphorothioate oligonucleotide were elevated in every
organ studied, indicating accumulation of either the oligonucle-
otide or its metabolites. The organ to blood ratio was most
striking for liver (23.3:1) and kidney (84:1). Estimates of volume
of distribution and blood half-life for total-body elimination of
the phosphorothiate oligonucleotide are 218.9 ml and 66.0 hr,
respectively.

HPLC analysis of liver, kidney, and spleen. To deter-
mine the molecular nature of the tritiated species present,
livers, spleens, and kidneys were homogenized in the presence
of GIT and extracted with phenol/chloroform. The aqueous
material remaining in the aqueous fraction was analyzed by
paired-ion chromatography. In tissue samples taken from ani-
mals sacrificed 1 min after injection of *H-phosphodiester
oligonucleotide, *H was found only in peaks that coeluted with
either 5-methyl-2’-deoxydeoxyctidine or thymidine (Fig. 7).
There was no evidence for the presence of intact oligonucleo-
tide, thus indicating its rapid and complete metabolism.

In contrast to these results were those from the HPLC
analysis of kidneys and livers taken from animals injected with
SH-phosphorothioate oligonucleotide (Fig. 8). (Radioactivity in
the spleen could not be analyzed due to the very small amount
accumulated.) Immediately after injection, *H could be seen
only in the intact oligonucleotide peak. With time this peak
broadened and shifted to the left. At no time could peaks that
coeluted with either 5-methyl-2’-deoxydeoxyctidine or thymi-
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dine be seen, indicating the lack of metabolism to the monomer.
Twenty-four hours after injection, approximately 20% of the
counts were associated with the full length material, whereas
the bulk of the radioactivity was associated with shorter oligo-
nucleotides. These results are consistent with the expected
metabolism of an oligonucleotide labeled in the middle, in
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Fig. 8. Paired-ion chromatographic analysis of organ extracts taken from
mice injected with *H-phosphorothioate oligonucieotides.

which the bases have been slowly removed from the 3’ and/or
5’ ends.

HPLC analysis of urine. HPLC analysis of the urine
collected during the 24 hr after intravenous injection of oligo-
nucleotides is shown in Fig. 9. After injection of phosphodiester
essentially all of the *H found in urine eluted with the mono-
mers, indicating complete breakdown of the oligonucleotide
(Fig. 9a). This result was not surprising, given the analysis of
organ content described above. No metabolites were seen after
in vitro incubation of oligonucleotide in mouse urine for 24 hr.
This indicates that the metabolic products were produced in
vivo (data not shown) and not during the collection process.
The lack of intact oligonucleotide in urine suggests that glo-
merular filtration did not occur to any significant extent before
the oligonucleotide was completely broken down.

A different pattern was seen when the 24-hr urine samples
from animals injected with phosphorothioate oligonucleotide
were analyzed (Fig. 9b). As with the phosphodiester oligonucle-
otide, the urine contained 5-methyl-2’-deoxyctidine (Fig. 9b,
peak A) and thymidine (Fig. 9b, peak B) and no full length
oligonucleotide. In the case of the phosphorothioate oligonucle-
otide, however, many other metabolites were also present.
Comparison of the metabolites with various nucleotide stand-
ards by HPLC suggests that the major urinary metabolites are
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Fig. 9. Paired-ion chromatographic analysis of 24-hr pooled urine col-
lected from animals injected with phosphodiester (a) or phosphorothioate

(b) oligonucieotides. Peaks A and B coelute with 5-methyldeoxycytidine
and thymidine, respectively. Peaks C, D, and E have retention time
appropriate for nucleosides, mononucieotide phosphorothioates, dinucle-
otide phosphorothioates, and trinucleotide phosphorothioates, respec-
tively.

nucleosides, mononucleotide phosphorothioates, dinucleotide
phosphorothioates, and trinucleotide phosphorothioates (Fig.
9b, peaks C, D, and E, respectively).

These results indicated that, despite the substitutions in the
backbone, complete breakdown of the oligonucleotide did occur
to some extent. Again, the lack of any intact oligonucleotide in
the urine suggests that glomerular filtration did not occur,
possibly due to binding to serum proteins. Incubation of phos-
phorothioate oligonucleotide with mouse urine for 24 hr at
room temperature did not result in oligonucleotide metabolism
(data not shown). Because the radiolabel was placed on a single
base within the oligonucleotide, the finding of monomers, di-
mers, and trimers in the urine is consistent with the slow but
eventually complete degradation of the phosphorothioate oli-
gonucleotide.

Serum binding. To assess the role played by binding to
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serum albumin, the binding of oligonucleotides to human al-
bumin was determined. For comparison, parallel binding stud-
ies were carried out with a drug known to have a high percentage
of albumin binding (digitoxin) and one with a known low
percentage of albumin binding (digoxin). To conserve unlabeled
oligonucleotide, the concentrations of both human serum al-
bumin and drug were reduced by a factor of 10 from those
usually used (17). As can be seen in Table 3, the relative binding
of digitoxin and digoxin was high and low, respectively, as
expected (18). The phosphorothioate oligonucleotide demon-
strated a level of binding essentially equal to that of digitoxin,
whereas the phosphodiester oligonucleotide showed less specific
binding. Similar results have been reported by Ghosh et al.
(19). The serum albumin binding of the phosphorothioate can
partially account for the lack of intact oligonucleotide found in
urine.

Kidney autoradiography. Autoradiographs of kidneys
taken from mice injected with *H-oligonucleotides are shown
in Fig. 10. Five minutes after injection of phosphodiester,
radioactivity could be seen throughout the kidney, with maxi-
mal concentrations in the medulla (Fig. 10A). The pattern
suggests distribution in the cortical blood pool, accompanied
by rapid urinary excretion (medulla). As was seen in the bio-
distribution studies (Fig. 5c), 2 hr after injection there was a
major reduction in the amount of radiolabel left in the kidney.
Urinary clearance appears to be complete at this time, as
indicated by the lack of radiolabel found in the medulla.

This general blood pool pattern was not detected after injec-
tion of *H-phosphorothioate (Fig. 10B). At times of maximum
radiolabel content (2 hr and 24 hr), as determined by the
biodistribution studies (Fig. 5c), a discrete binding pattern was
seen in the cortex, with complete lack of radioactivity in the
medulla. There is little evidence of clearance from the kidney
over time, and the lack of medullary activity suggests that renal
clearance was markedly less than that seen with the phospho-
diester.

Discussion

The potential specificity and degree of informational content
are the major attractions of oligonucleotide-based antisense
drugs (1-3). For these entities to become efficacious drugs, first
they must be stable to degrading enzymes present in the blood,
in the interstitium, and within cells. Second, they must accu-
mulate in sufficient quantity within their target organs and
cells to elicit a pharmacological response. Of the available
modified oligonucleotides, only a few have been studied in vivo
(6-10). The use of different lengths, sequences, labeling meth-
odologies, and species, as well as the lack of comparisons with
unmodified oligonucleotides, has made it difficult to draw any
conclusions as to their relative merit for drug development.
This study presents a comparison of the pharmacokinetics and
metabolism of two oligonucleotides of the same length and

TABLE 3
Binding to human serum albumin
Drug (10~ w) Specific binding
%
Digitoxin 56
Digoxin 4
Phosphodiester oligonucleotide 30
Phosphorothioate oligonucieotide 65
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sequence, radiolabeled at the same base and differing only in
their backbone modification.

Use of radiolabeled oligonucleotide allowed the rapid analysis
of organ content and secondary analysis of radiolabeled metab-
olites. Previous studies that used 3*P-end-labeled oligonucleo-
tides were affected by the rapid release of label by exonucleases
and phosphatases, resulting in conflicting and potentially mis-
leading results (6-8). In addition, the existing methods for
tagging oligonucleotides with radionuclides suffer other disad-
vantages, e.g., short half-life of the radioisotope, the presence
of label at multiple sites, the danger of high energy S-emissions,
and a requirement for waiting 10 half-lives before disposing of
waste. A method for tagging oligonucleotides with tritium at a
single internal cytosine was developed that eliminates or min-
imizes these problems. In this method, Hhal methylase is used
to deliver a tritiated methyl group from [*H]SAM specifically
to the first cytosine in the recognition site of this methylase,
GCGC. Oligodeoxyribonucleotides labeled by this method have
the following advantageous properties for biodistribution stud-
ies. (a) They are stable for several months at —20°. (b) Analysis
of metabolites is simplified because only a single site in the
oligonucleotide is labeled. (¢) Use of tritium as the radioactive
label is safer and simplifies waste disposal. (d) Phosphodiesters
and phosphorothioates can be labeled by the same strategy.
(This strategy is also compatible with end-modifications in-
tended to block degradation or stimulate uptake.) (e) Most
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importantly, metabolic processes do not release the radioactive
label from the oligonucleotide until it has been extensively
degraded and is unlikely to be capable of exerting an antisense
effect. Although there are several potential drawbacks to the
method, they did not prove to be significant limitations. First,
the oligonucleotide was required to contain a GCGC site for
recognition by Hhal methylase. Because the purpose of this
study was to examine the pharmacokinetics of oligonucleotides
in general (and not a specific antisense oligonucleotide), this
requirement was not considered a limitation. For future needs,
use of other nucleic acid methylases could permit tagging at
other sites. Second, oligonucleotides are conventionally ana-
lyzed by gel electrophoresis, a separation medium that makes
detection of low energy emission from tritium difficult to detect.
(After gel electrophoresis, about 100,000 dpm of tritiated oli-
gonucleotide could be detected by fluorography.) This problem
was negated by the development of a paired-ion HPLC system,
which can substitute for gel electrophoresis.

To complement the biodistribution studies, which follow only
the radiolabel, tissue samples were extracted and analyzed by
paired-ion HPLC to determine the molecular nature of the
radiolabel. Fortunately, ion-paired HPLC proved capable of
providing separations similar to those normally obtained from
gel electrophoresis. These techniques were able to resolve un-
metabolized oligonucleotides from their shortened metabolic
products. Resolution varied somewhat with the sample being
analyzed. Under optimal conditions the 20-nucleotide phospho-
diester and a 19-nucleotide degradation product eluted with
nearly base-line separation. When smaller samples were ana-
lyzed, separation could diminish to the point where the 19-
nucleotide degradation product was detected only by an in-
creased width of the 20-nucleotide oligonucleotide peak. The
phosphorothioate oligonucleotide gave a slightly broader peak
than did the phosphodiester oligonucleotide. Because both 19-
nucleotide and 20-nucleotide oligonucleotides should be capable
of exerting similar antisense effects, this degree of resolution
was judged adequate. The rapid degradation (probably by ex-
onucleases) of the phosphodiester oligonucleotide and the
slower metabolism of the phosphorothioate oligonucleotide
were easily monitored.

One unique feature of these studies was the inclusion of [*H]
inulin as a control “drug” of similar molecular weight that is
not taken up or bound by tissues and the use of the percentage
of ID/organ values to calculate the percentage of ID recovered.
Inulin is an uncharged polysaccharide of approximately 5 kDa,
whose biodistribution and pharmacokinetics are well known.
As expected, it was rapidly cleared from the blood and the rest
of the body, with accretion only in the kidney. A second unique
feature was calculation of the total recovered dose of radiolabel,
thus allowing for a greater understanding of the fraction of the
oligonucleotide dose remaining in the mice during the study.

The results indicated that the phosphodiester oligonucleotide
was cleared rapidly from the blood, in a manner similar to that
of inulin. The organ to blood ratio values of 1:1 indicated that
both molecules diffused rapidly into all organs. Using paired-
ion HPLC, very little intact oligonucleotide was found in any
organ 1 min after injection into the mice, indicating that the
oligonucleotide was rapidly metabolized to its mononucleotides.
(Elapsed time from injection to removal and freezing of the
organ was approximately 5 min.) Degradation in vivo was
considerably faster than that seen in mouse serum. Autoradi-

ography of the kidney indicated distribution in the blood pool,
rapid accumulation in urine, and rapid clearance from the
organ. The speed and extent of the splenic uptake of radiolabel
from the phosphodiester oligonucleotide were similar to those
of uptake of thymidine and 5-methyl-2’-deoxycytidine, sug-
gesting that splenic uptake from the oligonucleotides was most
likely due to the ability of the spleen to scavenge the radiola-
beled metabolites. Radiolabel cleared the body, leaving only a
small percentage of the dose in the animal after 24 hr. HPLC
studies indicated that few, if any, of the counts present in the
mouse at any time point were attached to oligonucleotides
capable of exerting an antisense effect. As expected from these
findings, essentially all of the radiolabel found in the urine was
in the form of small metabolites.

The data generated using the phosphorothioate oligonucleo-
tide contrast sharply with those for the phosphodiester. Despite
the higher degree of serum albumin binding, the phosphoro-
thioate oligonucleotide clearance rate from the blood was
slightly more rapid than that of the phosphodiester. All organs,
except blood, showed a rapid and prolonged accretion of the
radiolabel. Organ to blood ratios were at least 5:1 in the tissues
examined, indicating that the radiolabel was accumulated by
various organs. Absolute organ uptakes were elevated for the
duration of the experiment. (The mechanisms underlying this
rapid accretion of a highly protein-bound compound are now
under study.) The greatest uptake was by the kidney and liver.
Two hours after injection, the radiolabel in these organs was
mostly associated with the intact oligonucleotide. By 24 hr after
injection, the fraction of the intact oligonucleotide was mark-
edly reduced (with a concomitant increase in shorter oligonu-
cleotides). The size distribution of these shorter oligonucleo-
tides is consistent with metabolism predominantly by exonu-
cleases. Metabolism appeared to occur at a faster rate in the
liver than in the kidney. Autoradiographs of kidney slices
suggested that binding within the kidney was to discrete ana-
tomical moieties within the kidney cortex, perhaps those asso-
ciated with the glomerulus and the loop of Henle, rather then
to the collecting ducts. Mononucleotides and very short oligo-
nucleotides were never detected in any organ, but they were
present in urine. Because the radiolabel was located in the
middle of the molecule, these small labeled degradation prod-
ucts would not be observed until the oligonucleotide was almost
completely degraded. These small metabolites were probably
removed so rapidly from the organs that no accumulation was
seen. The slow in vivo metabolism reflected the slow degrada-
tion seen in mouse serum. This evidence for very slow metab-
olism plus slow clearance from the mouse suggests that large
portions of the dose of phosphorothioate oligonucleotide remain
intact throughout the animal for an extended time period.

de Smidt et al. (6) have reported on the plasma half-life and
organ distribution, after intravenous injection into rats, of a
16-nucleotide phosphodiester oligonucleotide terminally la-
beled with **P. Information on this oligonucleotide was limited
because this was the control moiety for the study of an oligo-
nucleotide-cholesterol conjugate. Those authors reported rapid
plasma clearance (calculated to be very similar to what we saw
in the mouse), with radioactivity being rapidly processed by the
kidney to the urine.

Three published reports deal with the biodistribution and
fate of phosphorothioate oligonucleotides (7, 8, 10). Agrawal et
al. (10) injected into mice, intravenously, a 20-nucleotide oli-
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gonucleotide uniformly labeled in the backbone with **S. Those
studies lacked a comparison with the unmodified oligonucleo-
tide and relied on data from a single mouse at each time point.
Their results were very similar to those reported here. S
rapidly cleared from the blood and accumulated in most organs,
with the greatest accumulation being found in the kidney.
Breakdown was slow in plasma but more rapid in liver and
kidney. Only 10-15% degradation was seen in most organs.
Thirty percent of the ID was excreted via the kidney in 24 hr
and degradation was attributed to exonuclease activity. The
data in this report and that of Agrawal et al. (10) conflict with
data reported by both Goodarzi et al. (7) and Inagaki et al (8).
Using either 15- or 20-mers terminally labeled with P, injected
intravenously into mice, they reported that the largest organ
accumulation was in the liver and that rapid degradation (50%
reduction in length in 30 min) occurred. Because their data
were reported only as cpm, further comparisons were not pos-
sible. Some of the differences could be explained by the rapid
removal of the terminal label, rather then extensive breakdown
of the oligonucleotide.

The studies presented here are the first in vivo direct com-
parison of a phosphodiester oligonucleotide with a phosphoro-
thioate oligonucleotide, of the same length, sequence, and label-
ing technique. Use of [*H]}inulin and paired-ion HPLC analysis
allows for a more complete evaluation of the therapeutic poten-
tial of each backbone modification. The data generated suggest
that the phosphodiester oligonucleotide would have limited
therapeutic utility due to its low organ accretion and rapid
metabolism. In contrast, the stability and organ distribution of
the phosphorothioate oligonucleotide imply that oligonucleo-
tides bearing this modification may have therapeutic potential.
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