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Abstract

Darbepoetin alfa (DA) is a hyperglycosylated analog of
recombinant human erythropoietin (tHuEPO) that stimu-
lates red blood cell production. The aim of this study is to
investigate the influence of formula concentration on the
absorption of DA after subcutaneous administration. Three
separate studies were performed to assess the
bioequivalence of four different formula concentrations
of DA, 100 pg/ml as reference concentration, comparing
with 10, 30, 200 pg/ml as test concentration, by the same
dosage (60 pg). The mean values of the pharmacokinetic
parameters were similar after subcutaneous administra-
tion in each study. The 90% confidence intervals for log-
transformed C__ and AUC_ , were within the
bioequivalence criteria (0.8-1.25) in each study. In previ-
ous studies, the effect in absorption process of insulin was
correlated to the formula concentration, the formula con-
centration of human growth hormone might not affected
its absorption. The molecular weight is thought to be caus-
ally related to these results. The absorption rate of DA is
not affected by its formula concentration because DA,
which has relatively higher molecular weight (36,000 Da),
is primarily absorbed slowly via lymph vessels regardless
of its concentration.
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Introduction

Darbepoetin alfa (DA) is the hyperglycosylated analog of re-
combinant human erythropoietin (rHUEPO) that stimulates red
blood cell production (erythropoiesis) by the same mechanism
as rHUEPO (Macdougall, 2000). DA is a 165-amino acid pro-
tein containing five N-linked oligosaccharide chains, whereas
rHuEPO has only three N-linked oligosaccharide chains (Egrie
etal., 2001). The additional oligosaccharide chains increase the
molecular mass of the glycoprotein from approximately 30,400
to 36,000 Da and the mean terminal half life of DA in non-dialy-
sis patients after a single subcutaneous administration was found
to be longer than that reported for subcutaneous administration
of rHUEPO (Padhi et al., 2006).

There are a number of factors that modify the subcutaneous

absorption profiles. A typical factor is the concentration of drug
at the absorption site. The rate of transfer by most transport pro-
cesses depends on the concentration difference between the two
sides of the membrane (Gram, 1990).

There have been a few studies that investigated the influence
of formula concentration on the absorption of insulin and hu-
man growth hormone (hGH) which are typical macromolecular
drugs (Chantelau et al., 1985; Hildebrandt et al., 1983; Laursen
etal., 1994; Blok et al., 1991; Vahl et al., 1996). Although DA is
one of the macromolecular drugs, it has not yet been investi-
gated from the same point of view. When subcutaneous admin-
istered, the formula concentration affects the absorption of insu-
lin while that of hGH has not affect after subcutaneous adminis-
tration. We think that these results are derived from the molecu-
lar weight differences (Insulin : 5,800 Da, hGH : 22,000 Da).
Therefore, we verified the effects of the formula concentrations
of DA, which has higher molecular weights (36,000 Da), on its
absorption rate after subcutaneous administration, using three
bioequivalence studies.

Materials and Methods
Subject

Healthy male adults, 20-45 years of age and body mass indi-
ces of 18-26 kg m?, were enrolled for three separate studies.
Each study was approved by the investigators’ institutional re-
view board and all the subjects gave their informed consents in
writing prior to the studies. Each subject was deemed to be healthy
on the basis of normal medical history, physical examination,
electrocardiogram and laboratory tests (routine hematologic test,
serum biochemistry, urinalysis, hepatitis B surface antigen, hepa-
titis C antigen, and human immunodeficiency virus antibody).
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The subjects were asymptomatic without known disease. Sub-
jects were instructed to restrict smoking, taking other medica-
tions or alcohol and to avoid strenuous exertion throughout the
study. These studies were conducted in compliance with the Good
Clinical Practice regulations/guidelines and in accordance with
the Declaration of Helsinki and subsequent amendments on ex-
perimentation in humans were obtained in all respects.

Study design

Three separate studies were performed to assess the
bioequivalence of four different formula concentrations of DA:
the reference formulation was 100 pg/ml and test formulations
were 10 ug/mL (Study 1), 30 pg/mL (Study 2) and 200 ug/mL
(Study 3), respectively. Each study was a single-centre, open-
label, randomized, two-treatment, two-period, crossover study.
Using a 1:1 allocation ratio, subjects were randomized to one of
the two treatment-sequence groups to receive either reference
formulation or test formulation of DA to a dose of 60 g as their
first subcutaneous administration (Period 1). In Period 2, the
subjects subcutaneously received the alternate treatment after
washout period. The choice of the dose for the studies was based
upon the following criteria. To obtain adequate pharmacokinetic
profiles and to minimize the influence of changes in the produc-
tion of endogenous erythropoietin, a higher dose is preferable
for a bioequivalence study. On the other hand, a higher dose of
erythropoietin results in an increase in haematocrit and raises
safety concerns and the carry-over effect on pharmacokinetics.
Therefore we chose 60 pg per subject as the most appropriate
dose. It was planned that a total of up to 30 (Study 3) or 32
(Study 1 and 2) subjects, 15 (Study 3) or 16 (Study 1 and 2)
subjects in each period, received DA in each study. Sample size
was settled based on the results of the previous bioequivalence
study using the different formulations of the same concentra-
tion. Subjects who withdrew from the study before completion
were not to be replaced.

Each eligible subject was subcutaneously administered single
dose of the reference and the test formulation over 41-day wash-
out period which was inserted between each study period. The
injections of 10 pg/mL formulation were carried out subcutane-
ously in six sites of both upper arms. Those of 30 pg/mL, 100
pg/mL and 200 pg/mL formulations were administered subcuta-
neously in two sites, one site each of upper arm, respectively.
This over 41-day time frame was to allow for the red blood cell
counts to return to baseline and the elimination of DA. Blood
samples (2 mL) for the determination of serum concentration of
DA were obtained before and after administration at exactly the
following time points; 1, 2, 5, 8, 12, 24, 36, 48, 72, 96, 120, 168,
240 and 336 hr. Serum samples obtained by centrifugation were
stored frozen until analysis.

Serum darbepoetin alfa measurements

Serum samples were analyzed with the use of the Quantikine
in vitro diagnostics rTHUEPO enzyme-linked immunosorbent as-
say (ELISA) kit (R&D Systems, Minneapolis, MN, USA). The
standard curve was constructed using DA, and quality control
samples ensured individual assay quality. In validation tests, the
intra- and inter-assay precision for spiked samples ranged from
5.1% to 11.0% and 4.4% to 6.1%, respectively, and the intra-
and inter-assay accuracy ranged from -11.0% to -4.8% and from

-10.7% to 8.4%, respectively. The inter-assay precision and ac-
curacy criterion for clinical serum samples were within 15% and
+ 15%, respectively. The range of detectable concentration for
DA in serum was from 0.078 ng/mLto 5.00 ng/mL. The ELISA
for the pharmacokinetic investigation was performed at SRL Inc.
(Tokyo and Kanagawa, Japan).

Pharmacokinetic analysis

For pharmacokinetic analyses, the predose serum concentra-
tion of endogenous erythropoietin for each treatment period was
subtracted from all the postdose DA concentrations for each sub-
ject to adjust for the baseline erythropoietin level (DA and en-
dogenous erythropoietin show a cross-reaction in the ELISA).
The predose mean serum concentrations of endogenous level
for each treatment period were 0.169 - 0.195 ng/mL and sub-
tracted from all the postdose DA concentrations for each sub-
ject.

WinNonlin version 5.2 (Pharsight Corp., Mountain View, CA,
USA) was used throughout the pharmacokinetic analyses. For
the maximum serum drug concentration (C_ ) and the time to
maximum serum drug concentration (T, ), weused the observed
values. The area under the serum concentration-time curve from
zero to the time of the last quantifiable concentration (AUC, )
was calculated according to the linear/log trapezoidal method
using the actual times of measurements.

Statistical analysis

Statistical analysis was performed using the SAS System for
Windows, Version 8.2 (SAS Institute, Inc., Cary, NC, USA). The
point estimates and the 90% confidence intervals (CI) for the
ratios of the geometric mean values of C __and AUC  and the
difference of the arithmetic mean values of T _for the test and
reference formulation were calculated.

Results

Healthy male adults (20 - 39 years) were enrolled for each
study.

The serum concentration-time profiles of test formulation were
similar to those of reference formulation in all studies (Figure
1). After the administration, the mean serum concentration in-
creased slowly, and reached the maximum concentration at 36
hr postdose.

The pharmacokinetic parameters of each formulation are sum-
marized in Table 1. The mean value of Cmax, AUCO_t and T .
were similar in all studies.

X

The point estimates and 90% CI of the ratios for log-trans-
formed AUC, log-transformed C__,and T, are shown in Table
2. All the ratios for log-transformed AUC  and C__were within
the bioequivalence criteria (0.80-1.25).

The safety profile was described by summarizing the nature,
frequency, severity, and relationship to treatment of all adverse
events; changes from baseline in laboratory hematology and bio-
chemistry variables and in vital signs (blood pressure, heart rate
and temperature), use of concomitant medications, and forma-
tion of antibodies to darbepoetin alfa and epoetin alfa. The over-
all incidence of adverse events was evenly distributed across all
treatment groups, and no serious adverse events were reported.
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The predose mean serum concentrations of endgenous erythropoietin for

100 pg/mL and 200 ug/mL were 0.191 ng/mL and 0.195 ng/mL, respectively.
Figure 1: Mean observed serum DA concentration after subcutaneous admin-
istration in healthy male adults. Healthy male adults subjects received adminis-
trations of (Study 1) 10 pg/mL or 100 pg/mL, (Study 2) 30 pg/mL or 100 pg/
mL, (Study 3) 200 pg/mL or 100 pg/mL (60 pg per subject). Standard devia-
tions are indicated by error bars.

The overall safety data were consistent with those expected in a
healthy study population, and did not present any concerns that
suggests adverse effects due to formulation concentrations. Mean
values for laboratory hematology and biochemistry variables (in-
cluding hemoglobin) and vital signs were stable throughout the
study. No antibodies were observed in any subject during the
study.

Discussion

In three separate studies, the mean values of C_ , AUC  and
T_, of reference and test formulation were similar after subcu-
taneous administration. The 90% CI of the ratios of the log-trans-
formed for AUC  and C_ were within 0.80-1.25. These results
suggest that the formula concentration of DA does not affect its
absorption after subcutaneous administration. Incidentally, it was
difficult to investigate the potential impact of demographic char-
acteristics in this study since demographic characteristics of
healthy young volunteers in these studies were very similar. It
was reported that the absorption rate constant of DA declined
with age in a study using 20 - 80 years old subjects (Agoram et
al., 2006). Also, it would appear that there was little influence of
injection sites and injection times on absorption kinetics of sub-
cutaneously administered DA in this study. Tolerable volume
for subcutaneous administration is limited, therefore, we used
multiple dosing in some dosing groups. In addition, it was re-
ported that there was little influence of injection sites on the
absorption of rHUEPO (30,400 Da), which is similar as DA in

molecular weight (Jensen et al., 1994).

Some studies investigated the influence of formula concentra-
tion on the absorption of insulin and hGH which are typical
macromolecular drugs (Chantelau et al., 1985; Hildebrandt et
al., 1983; Laursen et al., 1994; Blok et al., 1991; Vahl et al.,
1996).

In this previous study (Chantelau et al., 1985), the comparison
of insulin pharmacokinetics was performed after its subcutane-
ous administration of several formula concentrations, 15, 40 and
100 units/ml, given in the same amount (10 units). This study
suggested that insulin of low concentration was absorbed faster
from the subcutaneous tissues than insulin of high concentra-
tion. Also, another study showed that the absorption of U40 in-
sulin (40 units/mL) was significantly faster than of that of U100
insulin (100 units/mL), when given in the same amount (8 units)
(Hildebrandt et al., 1983).

In the study of hGH (Laursen et al., 1994), the comparison of
its pharmacokinetics was performed after subcutaneous admin-
istration of two formula concentrations, 12 and 56 IU/mL. The
patients received in random order a subcutaneous injection of 3
1U/m? of hGH. This study suggested that the absorption kinetics
of the formulations of hGH containing 12 IU/mL and 56 IU/mL
were similar. Another study also showed that hGH bioavailability
with pen injection (4 IU/mL) was equals to that of injection by
syringe (12 IU/mL) (Blok et al., 1991). The patients received in
random order a subcutaneous injection of 3 [lU/m? of hGH. When
given in the same amount (3 [U/m?), the changes observed in the
pharmacokinetics of hGH among three different preparations,
Norditropin 4IU/mL, 5.9 IU/mL and 11.7 IU/mL, were moder-
ate (Vahl et al., 1996).

The molecular weight is thought to be causally related to these
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Parameter Study 1 (n=32) Study 2(n=32) Study 3 (n=30)
10 pg/mL 100 pg/mL 30 pg/mL 100 pg/mL 200 pg/mL 100 pg/mL
Mean + SD Mean + SD Mean + SD Mean+ SD Mean + SD Mean + SD
Chax(ng/mL) 2.142+0.560 2.365+0.693 2.120+£0.734 2.284+40.738 1.982+0.529 2.010+0.660
AUCy,(ng-hr/mL) | 203.5+52.3"7 | 220.2 +62.9 196.7+59.7 193.2 +49.0 196.3+49.6 ™ 188.9+ 56.1
Thax (hr) 31.5+8.5 31.9+94 33.8+7.7 35.3+£6.0 37.6£4.2 39.2+8.3

SD=standard deviation, C_ = the maximum serum drug concentration, AUC, = the area under the serum concentration-time curve from time zero to the time

max

of the last quantifiable concentration, T,

max

= the time to maximum serum drug concentration.

*1: One subject was excluded, because the AUC could not be estimated accurately due to the lack of 336 hr data.

*2: One subject was excluded, because the AUC was overestimated due to the deviations of the last sampling point.

Table 1: Pharmacokinetic parameters of DA after subcutaneous administration.

Point Estimates 90% Confidence Intervals
Lower | Upper

Study 1 (10 pg/mL /100 pg/mL)
Cnax 0.907 0.837 0.982
AUC,, 0.930 0.878 0.986
T nax -0.38 -3.36 2.61
Study 2 (30 pg/mL/ 100 pg/mL)
Cinax 0.922 0.861 0.988
AUC,, 1.004 0.939 1.073
T nax -1.50 -3.92 0.92
Study 3 (200 pg/mL / 100 pg/mL)
Cinax 0.971 0.890 1.060
AUC,, 0.993 0.834 1.183
T nax 4.00 1.71 6.29

C, .= the maximum drug concentration, AUC_ = the area under the serum concentration-time curve from time zero to the time of the last quantifiable concentra-

tion, T. .= the time to maximum serum drug concentration.

Table 2: Bioequivalence analysis for pharmacokinetic parameter among 4 formulations.

results. In a diffusion-controlled process, large molecular is ex-
pected to have a slower penetration rates than smaller ones. A
primary factor in the relatively-fast absorption rate of insulin is
presumed to be its molecular weight of 5,800 Da, which is close
to the upper limit for transcapillary absorption (Kraegen et al.,
1985; Schou, 1961). hGH with a molecular weight of 22,000 Da
is absorbed more slowly than insulin after subcutaneous admin-
istration (Russo and Moore, 1982). In rat muscle, there was a
10-fold difference in clearance rates of labeled carbohydrates,
with molecular weight ranging from 182 to 90,000. However,
for small molecules, the absorption rate is similar and is limited
by blood flow (Sund and Schou, 1964; Bederka et al., 1971). It
appears that molecules of low molecular weight are primarily
absorbed via the capillaries, while molecules having relatively
higher molecular weight are absorbed primarily via lymph ves-
sels (Barnes and Trueta, 1941). In sheep model, the lymphatic
absorption of group compounds with increasing molecular
weights (5-fluoro-2’-deoxyridine, 2,500 Da; inulin, 5,200 Da;
cytochrome C, 12,300 Da; IFN-a, 19,000 Da) showed a direct
correlation between molecular weight and the extent of popliteal
lymph recovery (Supersaxo et al., 1990; Supersaxo et al., 1991).
Furthermore in sheep model, 48% of the systemic bioavailability
of insulin following subcutaneous administration was contrib-
uted by the lymphatic system (Charman et al., 2001). Likewise,
erythropoietin with a molecular weight of 30,400 Da demon-

strated lymphatic uptake of 83.9% of the injected dose
(McLennan et al., 2005). This different absorption pathway may
be related to structural differences between blood and lymphatic
endothelial cell lining. The endothelia lining of the blood capil-
laries have a continuous and uninterrupted subendothelial base-
ment. In contrast, terminal lymphatics does not possess this mem-
brane. The lack of a basal lamia around lymphatic capillaries
may be the major functional importance in facilitating access of
interstitial macromolecules to the lymphatic system (O’ Morchoe
and O’Morchoe, 1987). In addition, adjacent endothelial cells
of terminal lymphatics may have gaps which makes it possible
for macromolecules that goes up to 1 um diameter to enter the
lymphatics (Leak, 1971).

As described above, we presented following hypothesis; ab-
sorption profiles of small molecular are affected by the drug
concentration because both drug and medium goes through blood
capillaries at the same time. Macromolecule is primarily absorbed
via lymph vessels slowly and does not go through the blood cap-
illaries as medium does. In other words, absorption rate of mac-
romolecule is not affected by the formula concentration since it
is primarily absorbed slowly via lymph vessels regardless of its
concentration. The data shown in this study was limited to DA
and there has been few studies investigated as similar point of
view in other macromolecular drugs. However, the data which
can confirm the presented hypothesis, will be available in the
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near future because many macromolecular drugs will are under
development. The conclusion of this study is that the formula
concentration of DA, which is one of the macromolecular drugs,
does not affect its absorption rate after subcutaneous adminis-
tration as hypothesis above.
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