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The woodchuck (Marmota monax) has proven to be a suitable animal model for studying hepatitis B virus
(HBV) infection owing to similarities in the course of infection between woodchuck hepatitis virus (WHV) in
woodchucks and HBV in humans. (2)-b-L-2*,3*-Dideoxy-3*-thiacytidine (3TC; lamivudine) is a nucleoside
analog which has demonstrated antiviral activity against HBV as well as human immunodeficiency virus (HIV).
The purpose of the present investigation was to characterize the pharmacokinetics of 3TC following intrave-
nous and oral administration of 20 mg of 3TC per kg of body weight to woodchucks. Following intravenous
administration, the concentrations of 3TC in plasma declined, with a terminal half-life of 2.84 6 0.85 h (mean
6 standard deviation). The systemic clearance and steady-state volume of distribution of 3TC were 0.22 6
0.078 liters/h/kg and 0.75 6 0.13 liters/kg, respectively. The renal clearance of the nucleoside analog was 0.063
6 0.016 liters/h/kg. The oral bioavailability of 3TC ranged from 18 to 54%. Allometric relationships between
pharmacokinetic parameters and body weight developed by Hussey et al. (E. K. Hussey, K. H. Donn, M. J.
Daniel, S. T. Hall, A. J. Harker, and G. L. Evans, J. Clin. Pharmacol. 34:975–977, 1994) were augmented by
including data from woodchucks, monkeys (S. M. Blaney, M. J. Daniel, A. J. Harker, K. Godwin, and F. M.
Balis, Antimicrob. Agents Chemother. 39:2779–2782, 1995), and additional data from rats (P. Rajagopalan, L.
Moore, C. K. Chu, R. F. Schinazi, and F. D. Boudinot, submitted for publication). Interspecies scaling of the
pharmacokinetic parameters of 3TC demonstrated a good correlation between clearance (0.74 z W0.76 [where
W is body weight]; r5 0.93; P< 0.025), apparent volume of distribution (1.62 z W0.81; r5 0.98; P< 0.005), and
steady-state volume of distribution (1.09 z W0.94; r 5 0.99; P < 0.05) and species body weight. The allometric
relationships for clearance and volume of distribution at steady state predicted the observed pharmacokinetic
parameters in humans quite well; however, the apparent volume of distribution was underestimated in
humans. Thus, the pharmacokinetic data obtained with the woodchuck HBV animal model should be useful for
designing clinical trials.

Hepatitis B virus (HBV) infection usually results in acute
and chronic hepatitis, which is closely associated with the de-
velopment of hepatocellular carcinoma. Although a vaccine is
available for the prevention of HBV, only a few antiviral agents
are effective for the treatment of chronic HBV infection. (2)-
b-L-29,39-Dideoxy-39-thiacytidine (3TC; lamivudine) and its
5-fluoro analog (FTC) have been found to exhibit antiviral
activity against HBV, as well as human immunodeficiency virus
(HIV), in vitro (6, 9) and in vivo (1, 29). Cellular metabolism
studies have shown that 3TC is converted to its mono-, di-, and
triphosphates in HIV type 1-infected (5) and HBV-transfected
2215 cell lines (6). 3TC-triphosphate has been shown to be the
active form of 3TC against viral DNA. 3TC is at least 50-fold
more potent in inhibiting HBV (6) and HIV (5) in vitro com-
pared with the (1)-b-D-enantiomer, which is probably due, in
part, to its resistance to deamination by deoxycytidine deami-
nase (6). The pharmacokinetics of 3TC in several laboratory
animal models (2, 15, 21), as well as in humans (28, 30), have
been reported previously.
Preclinical pharmacokinetic studies conducted in suitable

animal models provide the important information needed to

conduct efficacy studies in these animal models and clinical
investigations in humans. Woodchucks (Marmota monax) have
a high incidence of hepatocellular carcinoma (26). The virus
causing this condition in woodchucks has been identified as
woodchuck hepatitis virus (WHV) (27), and a close correlation
between WHV infection and hepatocellular carcinoma has
been observed (25). HBV and WHV have a closer phyloge-
netic relationship, as illustrated by nucleic acid homology (11)
and immunological cross-reactivity (19, 31), than that between
HBV and the duck hepatitis virus, which is also used as an
animal model for HBV (7). A comparison of the endogenous
DNA polymerase properties of HBV and WHV shows striking
similarities in terms of the conditions required for optimal
activity, and these enzymes are inhibited by certain nucleotide
triphosphates to the same extent in vitro (12). The woodchuck
model has also been shown to be a suitable animal model for
studying the efficacy of antiviral agents against HBV in vivo
(10, 17). However, there are no reports concerning drug dis-
position in this animal model. Thus, results from pharmacoki-
netic studies in woodchucks should provide useful information
for testing antiviral agents against HBV.
The purpose of the present study was to characterize the

pharmacokinetics of 3TC in woodchucks following intravenous
(i.v.) and oral (p.o.) administration of the compound. Further-
more, allometric equations relating the pharmacokinetic pa-
rameters total clearance (CL) and the apparent volume of

* Corresponding author. Mailing address: Department of Pharma-
ceutics, College of Pharmacy, University of Georgia, Athens, GA
30602-2353.

642



distribution (V) of 3TC to body weight were augmented by
using data obtained from the present study and interspecies
scale-up data available in the literature (2, 15, 21).

MATERIALS AND METHODS

Chemicals. 3TC was synthesized as described previously (8, 14). 3TC was
greater than 98.5% enantionmerically enriched, as determined by chiral chro-
matography. 29,39-Didehydro-29-deoxythymidine (D4T), which was used as an
internal standard, was provided by the Developmental Therapeutic Branch,
AIDS Program, National Institutes of Health (Rockville, Md.). Acetonitrile
(high-performance liquid chromatography [HPLC] grade) and other chemicals
(analytical grade) were purchased from J. T. Baker (Phillipsburg, N.J.).
Experimental design. Adult male woodchucks (M. monax) weighing 3.73 6

0.58 kg (mean 6 standard deviation) were used for the pharmacokinetic study.
The study was conducted between 27 October and 10 November 1994. The
animals were housed in standard stainless steel cages in a cycle of 12 h of light
and 12 h of dark. The animal studies were approved by the Cornell University
Animal Care and Use Committee and were conducted in accordance with the
guidelines established by the Animal Welfare Act and the Guide for the Care and
Use of Laboratory Animals of the National Institutes of Health (19a).
Three woodchucks (animals 3259, 4257, and 4279) were used for characteriz-

ing the pharmacokinetics of 3TC following p.o. and i.v. administration of 20 mg
of the nucleoside analog per kg of body weight. An additional woodchuck
administered saline served as a control. Woodchucks were administered 20 mg of
3TC per kg of body weight p.o., and after a washout period of 2 weeks, the same
dose was administered i.v. in a femoral vein. Blood samples were collected prior
to drug administration and at 0.25, 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 24 h after dosing
through an i.v. catheter placed in the opposite femoral vein. The blood samples
were centrifuged immediately, and serum was stored at 2808C until analysis.
Complete urine samples were collected either by housing the woodchuck in
metabolic cages or via a tomcat urinary catheter (woodchuck 4257). The urine
samples were also stored at 2808C until analysis.
Analytical methodology. Serum and urine samples obtained from woodchucks

after administration of the nucleoside were analyzed by HPLC (21). Briefly, a
50-ml serum sample was placed in a 1.5-ml polypropylene microcentrifuge tube.
To this, 100 ml of the internal standard (2 mg/ml of D4T) and 50 ml of 2 M
perchloric acid were added. The tubes were vortexed and centrifuged at 9,500
rpm (Fisher Microcentrifuge model 59A) for 10 min. The supernatant (40 to 125
ml) was injected onto the HPLC column. The urine samples were diluted 100-
fold with water. An aliquot (100 ml) was mixed with an equal volume of internal
standard (10 mg/ml), and 40 ml was injected onto the column.
Chromatographic separation was achieved with an octyldecyl silane (ODS)

column (4.6 mm [inner diameter] by 25 cm; 5-mm particle size; Jones Chroma-
tography, Lakewood, Colo.). The mobile phase consisted of 4% acetonitrile in 5
mM potassium phosphate and 5 or 2 mM triethylamine for serum or urine
analysis, respectively. The flow rate of the mobile phase was 1.5 ml/min, the UV
detection wavelength was 270 nm, and the detector was set at 0.005 absorbance
units, full scale. The retention times of 3TC and D4T were 7.2 and 12.1 min,
respectively.
The concentration range for the standard curves for 3TC in serum and urine

ranged from 0.25 to 25 mg/ml (1.1 to 109 mM) and 0.50 to 125 mg/ml (2.2 to 545
mM), respectively. Standard curve slopes were generated by weighted (1/x2)
linear least-squares regression (17). The standard curves were linear over the
ranges of 0.25 to 25 mg/ml in plasma and 0.5 to 125 mg/ml in urine. Intraday
relative standard deviations were assessed at 0.25, 5.0, and 25.0 mg/ml, and the
interday relative standard deviation was studied over the entire concentration
range of the standard curve on 3 different days. The inter- and intraday relative
standard deviations were less than 6.7% at all concentrations except 0.25 mg/ml
in serum, in which they were 14%.
Pharmacokinetics. Area-moment analysis was used to calculate pharmacoki-

netic parameters for 3TC. The area under the serum concentration-versus-time
curve (AUC) and the area under the first moment curve (AUMC) were deter-
mined by Lagrange polynomial interpolation and integration from time zero to
the last measured sample time (23), with extrapolation to infinity by using the
terminal slope (lz) generated by weighted (1/y) NONLIN least-squares regres-
sion (18). CL was calculated from dosei.v./AUCi.v.. Renal clearance (CLR) was
calculated as Au,t/AUC0–t, where Au,t is the amount of 3TC excreted to time t and
AUC0–t is the AUC from time zero to time t. Nonrenal clearance (CLNR) was
determined as the difference between CL and CLR. The steady-state volume of
distribution (VSS) was calculated from (dosei.v. 3 AUMCi.v.)/(AUCi.v.)2, and V
was calculated from CL/lz. The half-life (t1/2) was calculated from 0.693/lz. Oral
bioavailability (F) was calculated from (AUCp.o. 3 dosei.v.)/(AUCi.v. 3 dosep.o.).
Interspecies scaling. The mean values for CL and V in woodchucks obtained

from the study along with data from rats (15, 21), dogs (15), and monkeys (2)
were plotted against the mean body weight on a log-log scale. In addition, an
allometric relationship between VSS for rats (21), woodchucks, and monkeys (2)
was developed. Neither VSS values nor 3TC concentration-versus-time data were
reported for dogs (15). Linear regression (22) was performed with the laboratory
animal data, and a correlation between the pharmacokinetic parameters and
body weight was generated (3). The resulting allometric relationships were used

to predict pharmacokinetic parameters for humans, and the predicted values
were compared with the observed values (30). The values for VSS in humans were
calculated from reported plasma 3TC concentration-versus-time data (30).

RESULTS AND DISCUSSION

The pyrimidine analog 3TC is a potent inhibitor of HBV in
vitro (6). The polymerase involved in the replication cycle of
hepadnaviruses shares a significant sequence homology with
reverse transcriptase from HIV, including a conserved YMDD
motif (24). Therefore, several compounds that inhibit HBV
replication in vitro also inhibit HIV replication. However,
pharmacokinetic studies of antiviral compounds possessing ac-
tivity against HBV in animal models suitable for efficacy stud-
ies, such as woodchucks, have not been reported previously.
Hence, the present investigation was conducted to characterize
the disposition of 3TC in the woodchuck model as a prelude to
therapeutic studies with this drug.
The concentrations of 3TC in serum following i.v. and p.o.

administration of 20 mg of 3TC per kg to woodchucks are
illustrated in Fig. 1. Following i.v. administration, 3TC concen-
trations declined in a mono- or biexponential manner, with an
average terminal-phase t1/2 of 2.84 6 0.85 h (mean 6 standard
deviation). The concentrations of 3TC in serum following p.o.
administration of the nucleoside were generally lower than
those after i.v. administration. In two woodchucks (animals
4279 and 3259), peak serum 3TC concentrations were ob-
served at 2 h after drug administration. Absorption of 3TC
appeared to be much slower in woodchuck 4257, in which the

FIG. 1. Concentrations of 3TC in serum following i.v. (F) and p.o. (E)
administration of 20 mg of 3TC per kg to woodchucks.
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first measurable 3TC concentration occurred at 4 h. Serum
3TC concentrations were below the limit of quantitation for
the assay at 24 h following i.v. and p.o. administration.
The values of the pharmacokinetic parameters of 3TC fol-

lowing i.v. and p.o. administration of 20 mg of 3TC per kg to
woodchucks are presented in Table 1. The CL, CLR, and CLNR
of 3TC following i.v. administration averaged 0.22 6 0.078,
0.063 6 0.016, and 0.16 6 0.063 liters/h/kg, respectively. CLR
accounted for approximately 25% of the CL of 3TC. The VSS
of 0.75 6 0.13 liters/kg is slightly greater than the total body
water of woodchucks, indicating an intracellular distribution of
3TC. Once it is distributed intracellularly, the compound may
be trapped, in part, as the anabolite 3TC-triphosphate. The
average AUC value following the i.v. administration of 3TC
was 96.65 6 30.77 mg z h/liter, and that following p.o. admin-
istration was 28.29 mg z h/liter. Integrated areas (AUC0–t) ac-
counted for approximately 85% of the total AUC values. Ab-
sorption of 3TC after oral administration was variable (Fig. 1),
with F values of 18 and 54% in two woodchucks, respectively
(Table 1). In another woodchuck (animal 4257), nucleoside
concentrations after p.o. administration were above the limit of
quantitation of the assay at only a few sample collection times
(Fig. 1); thus, it was not possible to calculate AUC, t1/2, or F for
this woodchuck.
These pharmacokinetic studies were conducted between 27

October and 10 November 1994, which is approximately when
indigenous woodchucks would begin winter hibernation. Al-
though the animals used in the present study were not hiber-
nating, the physiological functions of these woodchucks may
have been altered from those in the euthermic state (4, 13).
Hibernation typically results in a decrease in cardiac output
(4); however, values for renal and hepatic blood flow in hiber-
nating woodchucks are not available in the literature. A de-
creased urine output, an indicator of hibernation, was noted in
these woodchucks. Furthermore, the percent of 3TC excreted
unchanged in the urine in woodchucks (26%) was lower than
that reported for rats (75%) (21), monkeys (32 to 59%) (2),
and humans (60 to 80%) (30). Thus, the CLR of 3TC may have
been decreased in the woodchucks owing to seasonal variations
in the physiological functions of the hibernating species. In
addition, the low and variable F of 3TC compared with that in
humans (82%) (30) may also be due to seasonal variations in
physiological functions.
Interspecies scaling is the use of allometric equations to

relate physiological parameters or, in general, any biological
function to body weight. This technique has been used success-
fully for various classes of compounds to obtain useful infor-
mation from preclinical pharmacokinetic investigations for de-
signing dosage regimens for clinical trials, and it gives a
rationale for the selection of an appropriate dose (3). Allomet-
ric relationships have been established between pharmacoki-
netic parameters and body weight for several other nucleoside
analogs (16, 20). Indeed, a recent report compared clinical
pharmacokinetic parameter values for 3TC with the parame-
ters estimated from data obtained from rats and dogs (15). In
the present study, the interspecies scaling was expanded to
include additional data from rats (21), monkeys (2), and wood-
chucks.
The relationships between CL, V, and VSS and species body

weight (W) are illustrated in Fig. 2. The allometric equation
that was generated for CL was CL 5 0.74 z W0.76 (r 5 0.93; P
, 0.025), and that for V was V 5 1.62 z W0.81 (r 5 0.98; P ,
0.005). The allometric relationship for VSS was VSS 5
1.09 z W0.94 (r5 0.99; P, 0.05). Interspecies scaling of CL and
V of 3TC in rats, woodchucks, dogs, and monkeys indicates a
good correlation, with correlation coefficient values of greater
than 0.93. The predicted CL, V, and VSS for humans obtained
by using the allometric relationships were 20 liters/h, 53 liters,
and 62 liters, respectively. The estimates for CL and VSS were
similar to the observed values of 24 liters/h for CL and 59 liters
for VSS in humans (30). However, similar to the findings of
Hussey et al. (15), the predicted V underestimated V in hu-
mans (96 liters). Thus, VSS yielded a more germane allometric
relationship than V.
In summary, the values for the pharmacokinetic parameters

of 3TC in woodchucks obtained in the present study are similar
to the values for the pharmacokinetic parameters obtained for
the compound in other species. The pharmacokinetic data
obtained with the woodchuck HBV animal model should be
insightful for designing clinical trials. Therefore, the wood-
chuck model is a suitable animal model for further investiga-
tions on the pharmacokinetics and in vivo efficacy of 3TC. On
the basis of a median effective concentration of 0.05 mM for
HBV in 2.2.15-transfected cells (6), it is estimated that a dos-
age regimen of 2 mg/kg every 12 h should be adequate to
maintain an antiviral effect (10 times the median effective con-
centration) in woodchucks.

TABLE 1. Pharmacokinetic parameters of 3TC following i.v. and p.o. administration of 20 mg of 3TC per kg to woodchucks

Woodchuck (route of
administration)

AUC
(mg z h/liter) CL (liters/h/kg) CLR (liters/h/kg)

CLNR
(liters/h/kg)

VSS
(liters/kg) t1/2 (h) fe

a F
(%)

3259
i.v. 63.87 0.31 0.081 0.23 0.80 2.12 0.26
p.o. 34.47 2.36 53.9

4257
i.v. 101.19 0.20 0.055b 0.14 0.85 3.78 0.20
p.o. NDc ND ND

4279
i.v. 124.90 0.16 0.053 0.11 0.60 2.63 0.33
p.o. 22.11 6.17 17.7

Mean (i.v.) 96.65 0.22 0.063 0.16 0.75 2.84 0.26
(SD) (30.77) (0.078) (0.016) (0.063) (0.13) (0.85) (0.065)

a fe, fraction excreted unchanged in urine.
b Urine collection interval to 5.5 h.
c ND, AUC, t1/2, and F could not be calculated because serum 3TC concentrations were detected at only three time points.
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FIG. 2. Allometric relationship between CL, V, and VSS of 3TC and species
body weight. Symbols: å, rat (15, 21); ç, woodchuck; }, dog (15); ■, monkeys
(2); E, humans (15, 30). Regression lines depict the relationship between the
pharmacokinetic parameter and the laboratory animal’s body weight.
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