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The Absorption of Darbepoetin Alfa Occurs Predominantly via the Lymphatics
Following Subcutaneous Administration to Sheep
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Purpose. To determine the contribution of the lymphatics to the systemic availability of darbepoetin alfa

(DA) using an established sheep model.

Materials and Methods. DA was administered either by intravenous (IV) injection (0.2, 0.5 or 2 mg/kg)

or by subcutaneous (SC) administration (2 mg/kg) into the interdigital space of the hind leg. A SC control

group was used to determine the absolute bioavailability (Fsys). Cannulation of the peripheral lymphatics

in a parallel SC group allowed the continuous collection of lymph draining the injection site and

determination of the cumulative amount of DA absorbed via the lymphatics. Serum and lymph

concentrations of DA were determined by ELISA. The fraction of the dose absorbed into the lymphatics

(Flymph) relative to the fraction absorbed directly into the blood (Fblood) was determined using a com-

partmental approach.

Results. Dose-linear pharmacokinetics was observed within the dose range investigated. The

bioavailability was virtually complete following SC injection into the interdigital space (88.4 T 15.7%).

A high proportion of the administered dose was recovered in peripheral lymph (90.2 T 4.4%) resulting in

a substantial reduction in the systemic availability in lymph cannulated animals (3.7%).

Conclusion. The high recovery of DA in the peripheral lymph demonstrated near complete absorption

of this recombinant protein via the lymphatics in a lymph cannulated sheep model.

KEY WORDS: darbepoetin alfa; lymph; protein delivery; protein pharmacokinetics; subcutaneous
injection.

INTRODUCTION

Darbepoetin alfa (Aranesp\, novel erythropoiesis stimu-
lating protein) is a hyperglycosylated analogue of recombinant
human epoetin alfa (rHuEPO). Darbepoetin alfa (DA) stim-
ulates red cell production and proliferation via the same
mechanism as rHuEPO (1) and is approved for the treatment
of anaemia associated with chronic renal failure and chemo-
therapy-induced anaemia in patients with non-myeloid malig-
nancies. DA provides an advantage over rHuEPO in that it
displays an extended serum half-life allowing dosing at a less

frequent interval compared with rHuEPO (2). DA is produced
in Chinese hamster ovary (CHO) cells and contains amino
acid modifications at five positions to allow the attachment of
two additional N-linked sialic acid carbohydrate chains in
comparison to rHuEPO (1,2). The increased carbohydrate
content in the hyperglycosylated analogue increases the
molecular weight of darbepoetin alfa (37.0 kDa compared to
30.4 kDa for rHuEPO) and the overall anionic charge which
modulates the systemic pharmacokinetics (1,2) resulting in an
approximately three-fold longer serum terminal half-life
compared to rHuEPO (25.3 versus 8.5 h) after intravenous
(IV) administration in dialysis patients (3).

The increased circulating half-life of the DA relative to
rHuEPO is a consequence of a reduction in serum clearance as
opposed to changes in the volume of distribution which can be
approximated to plasma volume for both proteins (2,3). While
the clearance of rHuEPO in humans and other species has
shown marked dose-dependence (4 Y7), DA has apparent
dose-linear pharmacokinetics in humans (8). Pharmacokinetic
assessment of DA in different animal species (mice, rats, dogs
and humans) has demonstrated that allometric scaling pro-
vides adequate predictions of human IV clearance and volume
of distribution (9).

Following subcutaneous (SC) administration, absorption
of DA is significantly slower than that of rHuEPO across a
range of SC injection sites with the time to maximal concentra-
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tion occurring between 36 and 49 h in humans for the hyper-
glycosylated analogue (3,10) compared with 10 Y18 h for
rHuEPO (11,12). The bioavailability of DA after SC injection
in humans is incomplete (36.9 T 3.0%) (3). DA demonstrates
Bflip-flop^ pharmacokinetics with a longer half-life after SC
administration relative to IV administration (approximately
70 h (10) and 25.3 h (3), respectively) which is also consistent
with slow absorption. The slower absorption of the hypergly-
cosylated analogue has been attributed to the larger molecular
size of the protein (3), however, the increased negative charge
of DA (pI õ3.3) compared to rHuEPO (pI õ4.0) may also
influence the SC absorption rate and bioavailability (2,13).

Given the pharmacokinetic differences between DA and
rHuEPO, and the understanding that these differences are
related both to differences in clearance and absorption rate, the
current study was initiated to explore the influence of hyper-
glycosylation on the rate and extent of SC absorption of DA in a
sheep model. Previous studies which have quantified the relative
roles of the lymphatics and vasculature in the absorption of SC
administered recombinant proteins have demonstrated an
increasing contribution of the lymphatics to overall absorption
with increasing molecular weight (14 Y17). A recent mechanistic
assessment of rHuEPO absorption in sheep revealed preferen-
tial absorption via the lymphatics (83.9% of the administered

dose) with a minimal contribution of direct vascular absorption
after SC administration (18). Furthermore, these studies
indicated no loss of rHuEPO upon transport through the
lymphatics. On the basis of these previously published findings,
it was predicted that the lymphatics would also play a major
role in the overall SC bioavailability of DA, however given the
current information, it was not possible to predict the effect of
hyperglycosylation and increased net negative charge on the
rate and extent of lymphatic absorption, and the potential for
retention at the injection site and/or lymphatic clearance.

MATERIALS AND METHODS

Materials

Recombinant DA solution and placebo formulation were
provided by Amgen Inc. (Thousand Oaks, CA, USA). Adult
male merino sheep (40Y60 kg) were obtained from the
Victorian Institute of Animal Science (Werribee, Australia).
Intravenous 16-gauge catheters (133 mm, Angiocathi, Becton
Dickinson, Australia) were used to facilitate blood sampling.
Peripheral lymphatic ducts were cannulated using sterilized
medical grade polyvinyl cannulae of 0.58 mm internal diameter
and 0.96 mm external diameter (W.F Scientific, Victoria,
Australia). Blood samples and peripheral lymph were collected
into glass collection tubes containing no anticoagulant
(Vacutainer\, Becton Dickinson). Commercial Quantikine\ In

Vitro Diagnostic\ human erythropoietin ELISA kits were
from R&D Systems (Minneapolis, USA). Horse serum was
purchased from Life Technologies (GibcoBRL\, Auckland,
New Zealand).

Study Design and Surgical Procedures

The animal studies were approved by The University of
Melbourne Animal Experimentation Ethics Sub-Committee
and were conducted in accordance with the BPrinciples of

Table I. Treatment Groups and Administered Doses

Treatment

Group

Number of

Animals

Route of

Administration

Dose

(mg/kg)

Samples

Collected

IV control 2 IV 0.2 Serum

IV control 4 IV 0.5 Serum

IV control 2 IV 2 Serum

SC control 4 SC 2 Serum

Lymph

cannulated

4 SC 2 Serum and

peripheral

lymph

k10 

klymph 

Peripheral lymph 

pathway 

Cumulative amount in  
peripheral lymph 

kblood 

Blood pathway 

k12 

k21 

Central 
compartment 

(Cs,Vc) 

Extravascular 
compartment (Ae) 
 

Serum sample 

Peripheral  
lymph  
(Apl) 

IV dose SC dose 

SC injection  
site  
(Asc) 

kloss 

Central  
lymph 

Fig. 1. Proposed pharmacokinetic model for DA administered by IV or SC bolus injection. For the IV

treatment groups, the blood and lymph absorption pathways are not relevant. For the non-lymph

cannulated SC group, DA was absorbed via the blood pathway (kblood) or via the peripheral and central

lymph (klymph) into the systemic circulation. For the peripheral lymph cannulated group, the proportion

of the dose absorbed from the SC injection site into the lymph was quantitatively collected prior to

transferral into central lymph.
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Laboratory Animal Care^ (NIH publication #85-23, revised
1985). Doses were administered to three parallel groups of
sheep according to Table I. DA stock solution (494 mg/ml)
was diluted with placebo formulation to provide a nominal
dose volume of between 1.0 and 1.5 ml for all animals. A
range of intravenous (IV) bolus doses (0.2, 0.5 and 2 mg/kg)
were administered by venipuncture into the jugular vein of
animals in the IV control groups to assist in characterising
pharmacokinetic linearity. Subcutaneous (SC) doses (2 mg/kg)
were administered into the interdigital space of the hindleg
for non-lymph cannulated SC control and lymph cannulated
animals.

Serum was sampled from all animals via a catheter inserted
in the jugular vein. Peripheral lymph was continuously and
quantitatively collected from the lymph cannulated group via a
cannula inserted in the efferent popliteal lymph duct. Lymphat-
ic cannulations were performed according to published methods
(19) and peripheral lymph flow rates greater than 3 ml/h were
used as an indication of the absence of collateral lymphatic
vessels which would have prohibited quantitative lymph
collection. Animals were housed in metabolism cages during
the experimental period and food and water were available ad

libitum.

Sample Collection

Blood samples were withdrawn prior to dosing and 1, 5,
10, 15, 30 min, 1, 2, 4, 6, 8, 10, 12, 18, 24, 30, 48, 54, 72, 78, 96 and
102 h post-dosing for the IV treatment groups. Additional
blood samples were withdrawn at 168 and 174 h post-dosing
for the 2 mg/kg IV control group. Blood samples were
withdrawn prior to dosing and 0.5, 1, 4, 8, 12, 24, 30, 48, 54,
72, 96, 120 and 168 h post-dosing for the SC control and lymph
cannulated groups. Lymph samples for the lymph cannulated
group were collected at hourly intervals for the first 12 h and
then at 12-hourly intervals up to 36 h post-dosing.

All blood samples were withdrawn via the IV catheter
inserted in the jugular vein. One millilitre of blood was initially
withdrawn and discarded to flush the catheter and to ensure
collection of circulating blood. Five millilitres of blood was
subsequently withdrawn and transferred into serum collection
tubes. The jugular vein catheter was flushed with a small
volume of heparinized saline (10 IU/ml) immediately follow-
ing blood withdrawal to ensure patency. Blood and lymph
samples were allowed to clot for 60 min at ambient temper-
ature prior to centrifugation at 2,576 � g for 10 min. Aliquots
of the supernatant were taken and frozen at j80-C until
analysis.

Assay Methodology

DA concentrations in serum and lymph samples were
determined using a commercial human erythropoietin ELISA
kit. All the reagents from the kit were used according to the
prescribed instructions. Reference standards and three quality
control samples (QCs) were prepared using DA solution
provided by Amgen Inc. (Thousand Oaks, CA, USA). Calibra-
tion curves consisted of seven standards and provided an
analytical range of 0.13Y6.25 ng/ml. The lower limit of quan-
titation for the DA assay was 0.25 ng/ml. QCs were prepared at
three final concentrations (0.99, 2.74 and 5.49 ng/ml) and were

stored along with the study samples to monitor sample stability
and routine assay performance. Serum samples were diluted
with pooled sheep serum if necessary to fall within the assay
range and concentrations were determined relative to calibra-
tion curves prepared using pooled sheep serum. Lymph samples
were diluted with horse serum due to the large dilution factors
required and the commercial availability of horse serum.
Lymph concentrations were determined against calibration
curves prepared using horse serum and a minimum dilution
factor of 1:10 was adopted to minimise matrix interference. QCs
prepared in peripheral lymph were diluted 1:10 with horse
serum prior to assaying to reflect and validate sample prepara-
tion. The precision of the assays was <15% and the accuracy of
measured QC concentrations were consistently within T15% of
the nominal concentrations. There were no cross-reacting
species (including endogenous erythropoietin) present in the
pre-dose samples or in the pooled sheep or horse serum used for
sample dilution.
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Fig. 2. Serum DA concentration versus time profiles (Panel A) and

cumulative recovery of DA in peripheral lymph versus time profile

(Panel B) following IV administration of 0.5 mg/kg to the non-lymph

cannulated IV control sheep (filled square, Panel A only), and SC

administration of 2 mg/kg to the non-lymph cannulated SC control

(filled triangle, Panel A only) and SC lymph cannulated (filled circle)

groups (mean T SD, n = 4). Symbols represent the experimental data

and the model predicted fits for the mean observed data are shown

by the solid lines. The dashed line in Panel B represents the mean

absolute dose (mg) administered to lymph cannulated animals.
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Pharmacokinetic Analysis

Non-compartmental analysis was performed using Win-
Nonlin (v. 3.2, Pharsight Corporation, Mountain View, CA,
USA) for individual serum profiles. The terminal elimination
half life (t1/2), area under the serum concentrationYtime curve
extrapolated to infinity (AUC0�1 ), steady-state volume of
distribution (Vss) and serum clearance (CL) were calculated
using standard pharmacokinetic approaches for the IV
treatment groups (20). For the SC treatment groups, the
peak serum concentrations (Cmax) and time to reach the peak
concentration (Tmax) were taken directly from experimental
data. The terminal t1/2 for the SC treatment groups and
bioavailability (Fsys) calculated relative to the 2 mg/kg IV
treatment group, were determined using standard pharmaco-
kinetic approaches. For the lymph cannulated group, non-
compartmental analysis was conducted on mean serum
concentrations due to variability and low serum concentra-
tions. The mass of DA collected in each lymph sampling
interval was calculated by taking the product of the measured
sample concentration and the lymph sample volume. Lymph
recovery was calculated as a percentage of the administered
dose. The total fraction of the dose absorbed (Fabs) for the
SC lymph-cannulated group was calculated through summa-
tion of Fsys and the lymph recovery.

Compartmental analysis was performed using SAAM II
(v. 1.2, SAAM Institute, University of Washington, Seattle,
USA). Compartmental modelling was undertaken using a
simplified adaptation of a model recently described for
rHuEPO (18). The non-linear clearance process required to
describe rHuEPO disposition was not necessary for the
modelling of DA due to the apparent linear pharmacokinet-
ics across the dose and plasma concentration range investi-
gated. A two compartmental model incorporating first order
absorption via the lymph and blood pathways (Fig. 1) was
utilised to simultaneously describe mean serum concentra-
tions for the 0.5 mg/kg IV and 2 mg/kg SC groups, and the
mean cumulative recovery in the peripheral lymph SC group
(equations outlined in Appendix). Modeling was conducted

using mean treatment group data and was optimised using the
fractional standard deviation (FSD) based on the coefficient
of variance corresponding to each mean data point. The
goodness of fit was assessed by the absence of systematic
deviations in the weighted residuals and the precision of
parameter estimates was demonstrated by the coefficient of
variation. Data for the 0.2 and 2 mg/kg IV dose levels (n = 2 for
each) was utilised for the non-compartmental assessment of
linear pharmacokinetics for DA although were not included
in the compartmental model due to low animal numbers.

RESULTS

Serum concentrations of DA declined biexponentially
following IV administration (Fig. 2A). There were no
apparent differences between the terminal t1/2, Vss or CL
for the three IV doses (0.2, 0.5 and 2 mg/kg) suggesting linear
pharmacokinetics within this dose and concentration range
(Table II). The mean serum profiles for the SC control and
lymph cannulated groups are shown in Fig. 2A. Absorption
following SC administration was slow with Tmax in serum for
the SC control and lymph cannulated groups occurring at 6
and 8 h, respectively (Table II). The terminal t1/2 for the SC
control (30.2 T 4.4 h) and lymph cannulated (29.4 h) groups
were comparable to the terminal t1/2 observed after IV
administration (õ33 h across the dose range).

The collection of peripheral lymph resulted in substan-
tial reductions in serum Cmax and AUC0�1 for the lymph
cannulated group compared to the SC control group
(Table II). Non-compartmental analysis was conducted using
individual serum profiles for the SC control group and mean
serum concentrations for the lymph cannulated group given
the very low serum concentrations. The systemic bioavail-
ability (Fsys) for the SC control group, calculated relative to
the mean IV data at 2 mg/kg, was 88.4 T 15.7% and was
reduced to approximately 3.7% for the lymph cannulated
group. The cumulative recovery of DA in peripheral lymph
was 90.2 T 4.4% of the administered dose. The total fraction
of the dose absorbed (Fabs) for the lymph cannulated group

Table II. Non-Compartmental Pharmacokinetic Parameter Estimates for DA Following Intravenous and Subcutaneous Administration

Parameter

IV Control 0.2 2g/kg IV Control 0.5 2g/kg IV Control 2 2g/kg SC Control 2 2g/kg

SC Lymph

Cannulated

2 2g/kg

Individuals n = 2 Mean T SD n = 4 Individuals n = 2 Mean T SD n = 4 Meana n = 4

Cmax (ng/ml) Y Y Y 26.6 T 1.3 1.3

Tmax (h)b Y Y Y 6.0 [4.0 Y12.0] 8.0 [8.0Y32.5]

Terminal t1/2 (h) 29.1, 47.5 29.9 T 9.6 31.5, 38.9 30.2 T 4.4 29.4

AUC0�1 (ng h/ml) 114, 121 299 T 85.4 1,290, 1,936 1,426 T 253 59.5

Vss (ml/kg) 63.4, 96.0 63.5 T 14.6 53.0, 63.4 Y Y
CL (ml/h/kg) 1.60, 1.70 1.74 T 0.56 1.02, 1.52 Y Y
Fsys (percent of dose)c Y Y Y 88.4 T 15.7 3.7

Lymph recovery

(percent of dose)

Y Y Y Y 90.2 T 4.4d

Fabs (percent of dose) Y Y Y Y 93.9 T 4.4e

a Parameters estimated using mean serum concentrations for the treatment group.
b Values reported as median [range].
c Calculated relative to the mean AUC0�1 for the 2 2g/kg IV group.
d Cumulative recovery in peripheral lymph draining the SC injection site, meanTSD.
e Calculated as the summation of Fsys and lymph recovery, meanTSD.
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was 93.9 T 4.4% which was not statistically different to Fsys

for the SC control group (88.4 T 15.7%).
The two compartmental model incorporating first order

absorption via blood and lymph pathways adequately pre-
dicted serum concentrations for the 0.5 mg/kg IV and 2 mg/kg
SC treatment groups, and the cumulative recovery in
peripheral lymph for the SC lymph cannulated group. The
model predicted fits for the serum concentrations are shown
in Fig. 2A and the model predicted fit for cumulative
recovery in lymph is shown in Fig. 2B. The distribution
parameters k12 and k21 were constrained to be equivalent for
each of the different treatment groups, however improved
fits were observed for the SC groups when the parameter k10

was not constrained to the corresponding rate constant in the
mean IV control group. Variability was more evident in the
terminal serum concentrations of the SC control profiles and
constraining k10 led to a systematic underestimation in the
elimination portion of the profile. Nonetheless, the parame-
ter estimates for k10 for the IV and SC groups were
comparable. The validity of the compartmental estimates is
supported by the low coefficient of variation (Table III) and
consistency between estimates for CL and Fabs obtained
using compartmental and non-compartmental approaches
(Table II).

DISCUSSION

In contrast to previous results for rHuEPO (18), there was
no evidence of nonlinear kinetics for DA in sheep within the
dose range studied as demonstrated by dose-proportional
AUC0�1 and similar estimates for the other non-compart-
mental parameters (t1/2, Vss and CL). The resulting serum
concentrations of DA after IV administration (0.2, 0.5 and 2
mg/kg) were within the same range of serum concentrations
after SC administration (2 mg/kg). The Vss in sheep (mean 73.6
ml/kg) indicated that like rHuEPO, DA does not distribute
extensively outside the vasculature (estimated plasma volume
of sheep is 39 ml/kg (21)). Serum CL was observed to be low
(mean 1.60 ml/h/kg) and independent of dose.

The serum CL of DA at 0.5 mg/kg was significantly lower
than that for rHuEPO at an equivalent 100 IU/kg dose resulting
in an approximately four-fold longer serum t1/2 (Table IV). The
Vc for the two proteins was comparable in sheep which was

consistent with observations in other species which have
demonstrated that hyperglycosylation modulates the circulat-
ing t1/2 via a reduction in CL without altering the volume of
distribution (2,3). Clearance of DA was also observed to be
independent of dose in contrast to marked dose-dependency
for rHuEPO in sheep (18). The mechanistic basis for this
pharmacokinetic difference is not currently understood.

The bioavailability of DA was nearly complete after SC
administration to sheep with an estimated Fsys of 88.4 T
15.7% for the SC control group. Mass balance was achieved
for the lymph cannulated group as demonstrated by Fabs of
93.9 T 4.4%. The systemic availability of DA was consider-
ably higher in sheep (88.4 T 15.7%) when compared to the
reported bioavailability in humans (36.9 T 3.0%) (3). The SC
absorption of DA was also significantly faster in sheep (Tmax

4Y12 h) than in humans (Tmax 36Y49 h) (3,10) and the
apparent differences in Tmax for DA and rHuEPO seen in
humans was not evident in sheep (Tmax for rHuEPO was
4Y12 h in sheep (18)). In humans, Bflip-flop^ kinetics after SC
injection of DA has been described (3) but this was not
evident in sheep as demonstrated by the similar terminal t1/2

values after IV and SC administration, presumably due to
the more rapid absorption rate. These differences may reflect
the use of different SC injection sites (interdigital space of

Table IV. Comparison of Compartmental Pharmacokinetic Param-

eter Estimates for DA and rHuEPO following Intravenous and

Subcutaneous Administration to Sheep

Parameter (units)

Darbepoetin alfa

Parameter Estimates

Epoetin alfa

Parameter Estimatesa

Vc (ml/kg) 38 40

CL (ml/h/kg) 1.6 5.8b

k12 (hj1) 0.13 1.2

k21 (hj1) 0.22 1.4

kblood (hj1) 0.014 0.007

klymph (hj1) 0.29 0.17

Fabs 0.92 0.87

Flymph 0.95 0.96

Fblood 0.05 0.04

a Data taken from (18).
b CL estimated using a non-compartmental approach at an equivalent

100 IU/kg dose of rHuEPO due to non-linear disposition.

Table III. Compartmental Pharmacokinetic Parameter Estimates for DA Following Intravenous and Subcutaneous Administration

Parameter (units) Definition Parameter Estimates Coefficient of Variation (%)

Vc (ml/kg) Volume of central compartment 38 3.3

CL (ml/h/kg)a Serum clearance 1.6 2.4

k12 (hj1) Distribution rate constant 0.13 15

k21 (hj1) Distribution rate constant 0.22 9.5

k10
IV (hj1) Elimination rate constant (IV) 0.042 4.0

k10
SC (hj1)b Elimination rate constant (SC) 0.033 3.7

k10
SC_lymph (hj1)b Elimination rate constant (SC lymph cannulated) 0.038 6.9

kblood (hj1) Transfer rate constant into blood 0.014 7.8

klymph (hj1) Transfer rate constant into lymph 0.29 2.5

Fabs Total fraction of the dose absorbed 0.92 0.81

Flymph Fraction of the absorbed dose taken up via the lymph pathway 0.95 0.35

Fblood Fraction of the absorbed dose taken up via the blood pathway 0.045 7.3

a Secondary parameter calculated using k10 from IV group.
b Parameter was not constrained to be equal to the IV group.
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the hind leg in sheep and upper thigh, abdomen or arm in
humans) or potential differences in the absorption mecha-
nisms in sheep and humans. The influence of the injection
site on the rate and extent of lymphatic uptake for DA and
other proteins remains largely undefined.

DA was preferentially absorbed via the lymphatics
following SC administration to sheep as demonstrated by
90.2 T 4.4% of the administered dose being recovered in the
peripheral lymph from the lymph cannulated group. Preferen-
tial absorption of DA via the lymphatics in the lymph
cannulated group was also independently verified by the
reduced Fsys (3.7%) compared with the SC control group
(88.4 T 15.7%). Similarity between Fabs for the peripheral
lymph cannulated group (93.9 T 4.4%) and Fsys in the non-
lymph cannulated SC control group (88.4 T 15.7%) suggested
that there was minimal clearance during transfer of DA within
the lymphatics. The recovery of 90.2 T 4.4% of the SC
administered dose of DA in peripheral lymph was comparable
to 83.9 T 6.6% recovery of rHuEPO in peripheral lymph (18).

For both DA and rHuEPO, the lymphatics would appear
to be the predominant absorption pathway after SC adminis-
tration in the cannulated sheep model. In these studies, the
interdigital injection site of the hindleg was chosen due to the
technical feasibility of quantitatively collecting the peripheral
lymph draining the administration site. To date, little has been
reported regarding the similarity between the interdigital
space and other SC injection sites, especially with regard to
the absorption of macromolecules. Variations in topology and
blood/lymph flow characteristics at different injection sites are
likely to influence the absorption rate of macromolecules and
proteins administered via the SC route ((22) and references
within). Future studies to investigate the rate and extent of
lymphatic uptake from different anatomical sites may assist
in explaining the difference in the apparent absorption rates
for DA in sheep and humans as well as differences between
the rates of absorption for DA and rHuEPO.

Summation of compartmental estimates of transfer rate
constants into the blood (kblood) and lymph (klymph) for DA
and rHuEPO in sheep (Table IV) indicated a slightly faster
absorption rate for DA than rHuEPO (0.30 and 0.18 hj1,
respectively) despite the higher molecular weight for the
hyperglycosylated analogue. Faster absorption of DA in the
sheep model may, in part, reflect greater diffusivity within the
aqueous regions of the SC injection site due to presence of
additional hydrophilic negatively charged carbohydrate chains
which could potentially reduce electrostatic interactions with
negatively charged glycosaminoglycans within the interstitium
(22). The contribution of species variability and differences in
injection sites, however, cannot be excluded and additional
studies are required to further explore the effect of protein
glycosylation on SC absorption mechanisms.

In summary, the structurally related proteins, DA and
rHuEPO demonstrated marked differences in pharmacokinet-
ic disposition in sheep, consistent with previous observations in
humans and other species. The hyperglycosylated analogue
exhibited dose-linear pharmacokinetics across a ten-fold dose
range in comparison to dose-dependency observed previously
for rHuEPO in this animal model (18). The increased
molecular weight and overall negative charge imparted by
hyperglycosylation increased the circulating t1/2 of DA by a
reduction in serum CL but did not affect the extent of SC

absorption and there was no evidence of retention of DA at
the injection site. As for rHuEPO, the lymphatics was the
predominant absorption route for DA and the relative
distribution between the blood and lymphatic absorptive
pathways in the sheep model did not appear to be affected
by hyperglycosylation. While compartmental modelling pre-
dicted a marginally faster rate of absorption rate for DA in the
sheep model, additional studies are required to confirm this
trend and examine the role of the SC injection site which will
provide additional mechanistic insight into the factors affecting
the SC absorption of this important protein.

NOTATIONS

AUC0�1 Area under the serum concentrationYtime curve
extrapolated to infinity

CL Serum clearance
Cmax Maximum serum concentration
Cs Serum concentration
Fabs Total fraction of the dose absorbed in the lymph

cannulated animals
Fblood Fraction of the absorbed dose taken up via the

blood pathway
Flymph Fraction of the absorbed dose taken up via the

lymph pathway
Fsys Fraction of the dose absorbed into systemic

circulation
IV Intravenous
kblood Transfer rate constant into blood
klymph Transfer rate constant into lymph
rHuEPO Recombinant human erythropoietin
SC Subcutaneous
t1/2 Terminal half-life
Tmax Time at which maximum serum concentration

occurs
Vc Volume of distribution of central compartment
Vss Volume of distribution at steady state
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APPENDIX

dCsðIVÞ
dt

¼ k21� Ae

Vc
� k12 þ k10ð Þ�Cs ð1Þ

dCsðSCÞ
dt

¼ kblood þ klymph

� ��Asc

Vc
þ k21�Ae

Vc

� k12 þ k10ð Þ�Cs

ð2Þ

dCsðSC lymphÞ
dt

¼ kblood�Asc

Vc
þ k21�Ae

Vc
� k12 þ k10ð Þ�Cs ð3Þ

dAe

dt
¼ k12�Cs�Vc � k21�Ae ð4Þ
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dAsc

dt
¼ � kblood þ klymph þ kloss

� ��Asc

where: Asc 0ð Þ ¼ Dose

ð5Þ

dApl

dt
¼ klymph�Asc where: Asc 0ð Þ ¼ Dose ð6Þ

Secondary parameters estimated:

CL ¼ k10�Vc ð7Þ

Fabs ¼
kblood þ klymph

kblood þ klymph þ kloss
ð8Þ

Flymph ¼
klymph

kblood þ klymph
ð9Þ

Fblood ¼
kblood

kblood þ klymph
ð10Þ
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where Cs Serum concentration

Asc Amount at the SC injection site

Apl Amount in peripheral lymph

Ae Amount in the extravascular compartment
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