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Abstract

Recombinant human erythropoietin (Epo) is frequently administered by intravenous (i.v.) injection for the clinical
treatment of renal anemia. Oral (per os; p.o.) administration is desired as an alternative route to i.v. administration,
and liposomes have been chosen as a drug carrier. We found previously that after a p.o. administration to rats of Epo
entrapped in liposomes before gel filtration, the Epo was absorbed, but variability in the number of days of
appearance and in the levels of pharmacological effects, i.e., the peak of circulating reticulocyte counts (RTC), was
observed. The purpose of the present study was to examine the distribution characteristics of Epo in liposomes and
intestinal absorption of liposomal Epo in rats by using purified Epo entrapped in liposomes after gel filtration
(Epo/liposomes). The distribution characteristics of Epo/liposomes were determined by measuring the Epo in
liposomes by a radioimmunoassay, high-performance liquid chromatography and zeta potential measurements. We
observed that the protein part of Epo was mostly entrapped in liposomes, and was not adsorbed by the liposomal
membrane at middle and high Epo p.o. doses, but the zeta potential of the Epo/liposomes increased negatively with
the increase in the Epo p.o. doses. These results suggest that the sialic acid part of Epo entrapped in liposomes may
project out from liposomes, depending on the entrapped Epo concentration. Little Epo was adsorbed or penetrated
into liposomes when it was added to empty liposomes. After the p. o. administration of Epo/liposomes, the peak of
RTC appeared at a 2-day delay on day 6, without variation and without dose dependency in comparison with that
after i.v. administration. These results suggest that one of the reasons for the variability may be because the
non-entrapped Epo and/or Epo/liposomes itself affected the intestinal absorption of Epo/liposomes. In conclusion,
Epo/liposomes without nonentrapped Epo may be clinically useful for the oral administration of Epo. © 1999
Elsevier Science B.V. All rights reserved.
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1. Introduction

Human erythropoietin is a glycoprotein pro-
duced primarily in the kidneys and to a lesser
extent in the liver. Human erythropoietin is a
single-chain polypeptide with a molecular weight
of about 30 000, about 40% of which is ascribed
to its sugar moiety (Imai et al., 1990). The physio-
logical function of Epo is to regulate the prolifer-
ation and differentiation of erythroid precursor
cells to red blood cells (RBC). Recombinant hu-
man erythropoietin (Epo) is now produced on a
large scale by using recombinant DNA technol-
ogy, and has been proven effective for the treat-
ment of renal anemia (Eschbach et al., 1987).
Treatment with Epo as a peptide medicinal drug
is currently limited to intravenous (i.v.) and sub-
cutaneous (s.c.) administrations; it is clinically
administered via an i.v. or s.c. injections two to
three times a week. However, these injections are
painful and an altemative route of administration
is thus desirable. Although nasal route has been
examined (Shimoda et al., 1995), the oral (per os;
p.o.) route seems a suitable altemative because it
offers improved convenience and patient compli-
ance. However, proteins and peptides are usually
enzymatically degraded in the gastrointestinal
tract after p.o. administration. Liposomes have
therefore been chosen as one of drug carriers, for
intestinal absorption since liposomes may protect
peptide drug from degradation by the acidic pH
of the stomach and from metabolism by luminal,
brush border and cytosolic peptidases, and may
improve poor permeability of drug across the
intestinal epithelium.

The use of liposomes as carriers of cytokines,
i.e. interleukin (IL)-2 (Kedar et al., 1994), IL-7
(Bui et al., 1994), interferon (IFN) (Killion et al.,
1994), insulin (Choudhari et al., 1994) has been
reported. Insulin entrapped in liposomes (Mura-
matsu et al., 1996; Takeuchi et al., 1996) and
ovalbumin entrapped in liposomes (Tsume et al.,
1996) have been orally administered, but Epo in
liposomes has not yet been administered clinically,
to our knowledge.

We (Maitani et al., 1996) recently reported that
Epo was absorbed after a p.o. administration to
rats of Epo entrapped in liposomes before gel

filtration (Epo/liposomes-b), i.e. as a mixture of
Epo and liposomal Epo, but the variability in the
number of days of appearance and in the levels of
the pharmacological effects was observed. Such
variability was not observed after i.v. and s.c.
administrations of Epo/liposomes-b in rats
(Moriya et al., 1997). Therefore, the purpose of
the present study was to examine the distribution
characteristics of Epo in liposomes and intestinal
absorption of liposomal Epo in rats by using
purified Epo entrapped in liposomes after gel
filtration (Epo/liposomes). The degree of adsorp-
tion of Epo to the liposomal membrane was
quantified and the Epo concentration in serum
after a p.o. administration of Epo/liposomes was
also measured.

2. Materials and methods

2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC) was
purchased from NOF (Tokyo, Japan). The soy-
bean-derived sterol (SS) used in this study was a
mixture of b-sitosterol (49.9%), campesterol
(29.1%), stigmasterol (13.8%), and brassicasterol
(7.2%), which were kindly provided by Ryukaku-
san (Tokyo). Epo (epoetinb, 180 000 IU/ml,
180 000 mg polypeptide equivalent/ml) was a gift
from Chugai Pharmaceutical (Tokyo). All other
chemicals used were of reagent grade. Male Wis-
tar rats were purchased from Saitama Experimen-
tal Animal Supply (Saitama, Japan).

2.2. Preparation of Epo/liposomes

Liposomes were prepared according to the re-
verse-phase evaporation vesicle method (Maitani
et al., 1996; Moriya et al., 1997). DPPC (70 mmol)
and SS (20 mmol) in chloroform were deposited in
a flask, and the organic solvent was removed. The
Epo preparation was serially diluted with 1/10
dilution of phosphate-buffered saline in distilled
water (1/10 PBS, pH 7.4) to make 10 800, 32 400
and 54 000 IU/ml solutions (low, middle, and high
doses), respectively. The lipid film was redissolved
in chloroform and isopropyl ether. To the result-
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ing organic phase, the aqueous phase including 3
ml of each Epo was added. Empty liposomes
were prepared using 1/10 PBS without Epo. The
mixture was sonicated, and the organic solvent
was then removed. The preparation was extruded
successively through polycarbonate membranes
with pore sizes of 0.2 and 0.1 mm at about 50°C
by an Extruder (Lipex Biomembrane, Vancouver,
Canada). After extrusion, 0.5 ml of the prepara-
tion was passed through a Sephadex G-25
column (1.8×35 cm, Pharmacia, Uppsala, Swe-
den) with 1/10 PBS to remove non-entrapped
Epo.

2.3. Adsorption of Epo to empty liposomes

Empty liposomes (30 mmol DPPC/ml and 8.6
mmol SS/ml) were incubated with Epo solution
(0, 5400, 10 800, 32 400, 54 000 IU/ml) in 1/10
PBS for 1 h at 25°C. After incubation, the sample
was subjected to gel filtration, and liposomes
which had adsorbed Epo were obtained. The Epo
concentration was determined by a radioim-
munoassay (RIA) using Erythropoietin RIA,
Chugai, Tokyo as described below. The adsorbed
Epo was measured by subjecting the liposomes
without further treatment. Total recovered lipo-
somal Epo was measured after the disruption of
the liposomes achieved by adding chloroform
into aliquots of the fraction.

2.4. Determination of Epo concentration by
HPLC and RIA

The Epo concentration of Epo/liposomes was
determined by high-performance liquid chro-
matography (HPLC) (Moriya et al., 1997) and/or
RIA A liposome suspension (0.3 ml) was shaken
with 0.09 ml of chloroform to disrupt the lipo-
somes. After centrifugation at 3000 rpm for 10
min, 0.2 ml of the aqueous phase containing Epo
or standard solution of Epo was injected into the
HPLC system.

Collected blood was centrifuged immediately to
harvest serum (0.1 ml), and the Epo concentra-
tion in the serum was then measured by RIA
(Maitani et al., 1996).

2.5. Calculation of Epo molecules in a liposome

The entrapping efficiency of Epo in Epo/lipo-
somes ( f ) was calculated from the Epo and
DPPC concentrations in Epo/liposomes after gel
filtration (the ratio of Epo to DPPC, (Epo/
DPPC)after) and in Epo/liposomes before gel
filtration (the ratio of Epo to DPPC in the prepa-
ration, (Epo/DPPC)before) using a phospholipid
B test (Wako Pure Chemical, Osaka, Japan):

f= (Epo/DPPC)after/(Epo/DPPC)before (1)

The number of Epo molecules in the Epo/lipo-
some was calculated as:

Epo molecule
liposome particle

=
� Epo

DPPC
�

after

×
734×269032

180×18236×10
(2)

where Epo is expressed as mg polypeptide equiva-
lent/ml (mg pp. eq./ml, hereinafter) and DPPC as
mg/dl, the molecular weights of polypeptide moi-
ety of Epo and DPPC are 18 236 and 734, respec-
tively, the Epo concentration is 180 mg pp. eq./ml,
and the number of DPPC molecules (nDPPC) in a
liposome particle is 269 032.

The nDPPC based on the liposome diameter
(156.7 nm) and on the total surface of the lipid
(the outer and inner surface areas per polar head
group for DPPC; 0.60 nm2 (Lis et al., 1982) and
0.49 nm2 (Huang and Masaon, 1978), respec-
tively), can be calculated assuming that liposomes
are unilamellar and form a uniform population of
spherical vesicles (Huang and Masaon, 1978).
The geometrical capture volume (V) of liposomes
per mol of DPPC can be calculated as the inter-
nal volume (VL) from the internal radius of a
liposome using the bilayer thickness, 4.4 nm
(Huang and Masaon, 1978); V=VLNA/nDPPC=
3.79 l/mol, where NA represents the Avogadro’s
number.

2.6. P.o. administration and measurement of
pharmacological effects of Epo

Nine-week old male Wistar rats (about 300 g)
were fasted for 1 day before the p.o. administra-
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tion as described previously (Maitani et al., 1996).
Ultrafiltration (Sartorius, Gotingen, Germany)
was used to concentrate 9-fold diluted Epo/lipo-
somes by gel filtration, since a maximum of 9–10
ml of liposome suspension per rat can be adminis-
tered orally. The dose was decided considering the
f values obtained by HPLC for each dose, and
assuming that Epo entrapped in liposomes is ac-
tive (Qi et al., 1995b). Epo doses corresponding to
5976 IU/kg (low dose), 17 928 IU/kg (middle
dose) or 29 880 IU/kg (high dose) were given to
rats by the p.o. administration of Epo/liposomes-
b and Epo/liposomes, and the animals were then
returned to their cages for blood collections.
Blood (10 or 20 ml) was collected from the dorsal
metatarsal vein before and 2, 3, 4, 5, 6, 7, 8, 9 and
13 days after the p.o. administration to evaluate
the pharmacological effect. Blood (0.3 ml) was
collected from the cervical vein before and on 18,
24, 30, 42, 48 and 54 h after the p.o. administra-
tion to evaluate the Epo concentration.

The pharmacological effects of Epo (Epo activ-
ity) were evaluated by counting the percentage of
circulating reticulocytes of RBC (reticulocyte
counts, RTC) by the smear method, as previously
reported (Shimoda et al., 1995).

2.7. Measurement of particle size and zeta
potential

The particle size of Epo/liposomes after stor-
age, that of liposomes with adsorbed Epo after
the incubation of Epo with empty liposomes, and
the zeta potential of Epo/liposomes were deter-
mined using an electrophoretic apparatus (dy-
namic light scattering and electrophoretic light
scattering ELS-800, Otsuka Electronics, Osaka,
Japan) in 1/10 PBS (pH 7.38) at 25°C. The mea-
surement was in duplicate, and the mean values
were used.

3. Results

3.1. Characterzation of Epo/liposomes

The Epo/liposomes that passed through the
polycarbonate membrane with a pore size of 0.1

mm had mean diameters of 0.15–0.16 mm, and did
not change remarkably after storage for 11 weeks
at 4°C at 0.16–0.17 mm for three kinds of doses.
The f values were 0.12, 0.04 (low dose), 0.17, 0.27
(middle dose) and 0.13, 0.16 (high dose), as deter-
mined by measuring the protein amount in the
liposomes by HPLC and RIA, respectively. The f
value shown by HPLC in the high dose of Epo/
liposomes was almost the same as that by RIA,
whereas that of the middle dose by RIA was
higher than that by HPLC.

The data of the distribution of Epo molecules
in Epo/liposomes indicated that little Epo was
adsorbed, and that protein part of Epo was
mostly entrapped in liposomes at the middle and
high doses of Epo/liposomes (Table 1). However,
the zeta potential of the Epo/liposomes decreased
with the number of entrapped Epo molecules in a
given Epo/liposome particle (Table 2).

For the examination of the interaction of Epo
with liposomes, adsorbed and entrapped Epo
molecules in a liposome particle were measured
after the incubation of Epo with empty liposomes
(Table 3). Little Epo was adsorbed and penetrated
into the liposome particles.

Table 1
Adsorbed and entrapped erythropoietin (Epo) molecules in
Epo/liposomes measured by radioimmunoassay

Epo/liposomes Epo (IU/ml)a Epo (mol/particle)b

Adsorbedc Totald

1.5L 1.410 800
M 32 400 25.51.5

54 000H 28.52.3

a Epo/liposomes were prepared with Epo and 70 mmol
DPPC and 20 mmol SS in 3 ml.

b Calculated using Eq. (2) and the mean Epo concentration
(IU/ml) of duplicate measurements.� Epo

DPPC

�
before

=
Epo IU/ml

1710 mg/dl

c Fractions containing both adsorbed and entrapped Epo
were assayed without any further treatment.

d Chloroform was added into aliquots of the fractions. The
total recovered liposome Epo (adsorbed and entrapped) was
then determined.
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Table 2
The zeta-potential of Epo/liposomes and the number of Epo molecules in a particle Epo/liposomes determined by RIA and HPLC,
and captured volume of liposomes

Epo (IU/ml)Epo/liposomes Zeta-potential of Epo/liposomes Epo (mol/liposome particle)
(mV)b(mg pp.eq./ml)a

HPLCc RIAd Captured volume of
liposomee

0.23L 4.310 800 1.5 5.0
−5.44 15.832 400 25.5M 14.9
−7.15 23.5H 28.554 000 24.8

a Epo/liposomes were prepared with Epo, 70 mmol DPPC and 20 mmol SS in 3 ml.
b The mean values measured in 1/10 PBS (pH 7.38) at 25°C.
c The mean values calculated using Eq. (2) and (Epo/DPPC)before×f, f values in text.
d From Table 1.

e Captured volume using calcein is 5.6 ml/mmol lipid.
Epo molecule

liposome particle
=

5.6×Epo(IU/ml)×269032

180×3×104×103

Stability of Epo/liposomes cannot be monitored
by HPLC and RIA since inactivated Epo and
active Epo cannot be discriminated. The percent-
age of recovered Epo activity of Epo/liposomes
during and after an 11-week-storage at 4°C was
determined by comparing the RTC counts on day
4 after a single i.v. administration in rats (Fig. 1).
In the low-dose liposomes, the percentage of re-
covered Epo activity of Epo/liposomes was 91.7%
at 3 weeks and 43.2% at 11 weeks; in the middle-
dose liposomes, it was 112.2% at 3 weeks and
57.4% at 11 weeks and in the high-dose liposomes,
it was 103.7 at 3 weeks and 92.5% at 11 weeks
though it was almost 100% at 1 week in all-dose
liposomes.

3.2. Pharmacological effect and serum le6el of
Epo after p.o. administration of Epo/liposomes-b
and Epo/liposomes

Figs. 2 and 3 show the percentage of RTC after
a single p.o. administration of Epo/liposomes-b
and Epo/liposomes, respectively. Epo/liposomes-b
appeared to be absorbed by the p.o. route in none
of the three rats at the low dose and in two of the
three rats at both the middle and high doses.
However, both the number of days of appearance
and the percentage of RTC showed variation at

the middle and high doses. The doses of Epo/lipo-
somes-b and Epo/liposomes represent the total
Epo activity, including entrapped Epo in lipo-
somes. In the case of Epo/liposomes at all doses,
the RTC percentage showed an increase on day 6
without dose dependency that remained for 2–3
days and then returned to the pre-administration
level on day 13, as shown in Fig. 3.

Table 3
Number of Epo molecules in a liposome after the incubation
of Epo and empty liposomes, measured by RIA

Epo (IU/ml) (mg pp. Eq./ml)a Epo (mol/particle)b

Adsorbedc Totald

0.015400 0.03
10 800 0.060.01
32 400 0.01 0.19
54 000 0.070.01

a The concentration of Epo incubated with empty lipo-
somes.

b The mean values of Epo adsorbed liposomes were ob-
tained after gel filtration. Calculated using Eq. (2).

c Assay without further treatment.
d Chloroform was added into aliquots of the fractions. The

total recovered liposome Epo (adsorbed and entrapped) was
then determined.
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Fig. 1. The percentage of recovered Epo activity of three kinds
of Epo/liposomes during and after 11 weeks of storage at 4°C
as measured by circulating reticulocyte counts by the smear
method on day 4 after a single i.v. administration in rats
(n=3–8, mean9S.E.). Dose; 179 IU/kg for Epo/liposomes
(L), 538 IU/kg for Epo/liposomes (M), 896 IU/kg for Epo/
liposomes (H). 
, 1 week; ‰, 3 weeks; d, 11 weeks.

resulted in high serum levels of Epo after about
20 and 50 h, but no peaks in three of the five rats.

4. Discussion

We have used Epo/liposomes-b for i.v. and p.o.
administrations since non-entrapped Epo is
thought to be inactivated in liposome prepara-
tions (Qi et al., 1995b; Maitani et al., 1996;
Moriya et al., 1997). SS was selected in the com-
ponent of liposomes since its stabilization effect is
stronger than cholesterol (Qi et al., 1995a; Mai-
tani et al., 1996). We suggested that Epo activity
was partly lost by sonication and by the effect of
organic solvent used in the preparation of Epo/
liposomes, whereas Epo activity in Epo/liposomes
was protected by the liposome bilayers (Qi et al.,
1995b).

A several-day time-lag in the time of the num-
ber of days of appearance and individual varia-
tion in the pharmacological effect with a lack of
dose dependency were observed in rats after the
p.o. administration of Epo/liposomes-b (Maitani
et al., 1996). The pharmacokinetics and pharma-
cological effects of Epo/liposomes were evaluated
in comparison with those of Epo, after i.v. and
s.c. administrations in rats (Moriya et al., 1997).
The pharmacological effect of Epo/liposomes was
saturated with respect to the Epo concentration,
and did not show dose dependency. However, no
variation in the time of the number of days of

The time courses of the whole serum concentra-
tions of the controls (no treatment) and the rats
given Epo/liposomes (middle dose) by p.o. admin-
istration are shown in Fig. 4. The Epo/liposomes

Fig. 2. Effects of a single oral administration of one of three doses of Epo/liposomes-b on the percentage of circulating reticulocytes
as evaluated by the smear method in individual rats (n=3).
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Fig. 3. Effects of a single oral administration of one of the three doses of Epo/liposomes on the percentage of circulating
reticulocytes as evaluated by the smear method in rats.—: Each point represents mean9S.E. (n=5). – – –: Controls
p.o.-administered PBS. Mean 9S.E. (n=3).

appearance or in the individual levels of pharma-
cological effects occurred after i.v. and s.c. admin-
istrations of Epo, Epo/liposomes or Epo/lipo-
somes-b (Moriya et al., 1997). The variation after
the p.o. administration may be due to Epo/lipo-
somes-b before it penetrates into systemic circula-
tion. We provide the hypothesis that the observed
differences between p.o. and i.v./s.c. may be due
to contribution of liposomal trapped Epo itself
and/or non-entrapped Epo to intestinal absorp-
tion of Epo/liposomes.

In the present study, therefore, the distribution
characteristics of Epo in Epo/liposomes and the
interaction of non-entrapped Epo with liposomes
were examined. The f values of Epo/liposomes
measured by HPLC as the protein quantity in
liposomes were 0.12–0.17 and those by RIA
0.04–0.27. These f values were almost comparable
to the retention ratio of Epo activity in Epo/lipo-
somes, about 0.17 for the low dose and 0.28 for
the middle dose, measured by the peak heights of
RTC on day 4 after administration (Moriya et al.,
1997).

The geometrical capture volume of the lipo-
somes was 3.79 l/mol lipid, a value which corre-
sponds well with the 5.6 l/mol lipid obtained
experimentally using calcein, as previously re-
ported (Maitani et al., 1996), and the f value of
calcein, a water-soluble marker, is 0.15. This find-
ing suggests that the Epo was captured in lipo-
somes passively without specific interaction of
Epo with liposomes.

The particle size of Epo/liposomes did not
change after storage for 11 weeks at 4°C. The Epo
activity of the low and middle doses of Epo/lipo-
somes was retained for 3 weeks, and that of the
high dose was retained for 11 weeks (Fig. 1). The
high dose of Epo/liposomes was the most stable
and showed the most negatively charged zeta
potential among the three kinds of Epo/liposomes
(Table 2), since electric repulsion of liposomes
makes liposome dispersion stable. These results
may be due to the protein part of Epo that

Fig. 4. Time course of serum Epo level after a single oral
administration of Epo/liposomes at the middle dose, measured
by RIA in individual rats (n=5). – – –: Controls p.o.-admin-
istered PBS. Mean9S.E. (n=3).
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concerns its activity, being entrapped mostly in
the liposome.

The non-entrapped Epo might interact with
the Epo embedded in the hydrophobic regions
of the liposome bilayer. The distribution of a
peptide drug in liposomes is important to main-
tain the drug activity in liposomes (Koppen-
hagen et al., 1998). The distribution of Epo in
Epo/liposomes showed that the amount of the
Epo adsorbed to liposomes was lower than the
Epo entrapped in liposomes at the middle and
high doses (Table 1). The molecular number of
adsorbed Epo in Epo/liposomes was almost con-
stant as measured by RIA, though the zeta po-
tential of Epo/liposomes became more negative
with the increase in Epo concentration (Table 2).
These results suggest that the sialic acid part of
Epo entrapped in liposomes may project out
from liposomes, depending on the entrapped
Epo concentration, since hydrophilic part of Epo
tends to be outside and inside of liposomes.

To examine the effect of non-entrapped Epo
on liposomes, we determined the amount of ad-
sorbed Epo after the incubation of Epo with
empty liposomes. Epo was not adsorbed by the
liposomal membrane and did not penetrate the
liposomes, regardless of the Epo concentration
(Table 3). The particle size of liposomes with
absorbed Epo was not changed (145.7–153.3
nm) in comparison with the particle sizes of
empty liposomes (153.8 nm) before incubation.
Epo seems to tend not to penetrate liposomes
since Epo is water-soluble.

The peak heights of RTC on day 4 are an
indicator of Epo activity, since RTC rose in a
dose-dependent manner on day 4 after i.v. and
s.c. administrations of Epo, Epo/liposomes-b
and Epo/liposomes (Qi et al., 1995b; Maitani et
al., 1996; Moriya et al., 1997). In the present
study, the peak heights of RTC appeared on
day 6 without dose-dependency with a small er-
ror of the mean after the p.o. administration of
Epo/liposomes (Fig. 3), whereas they showed a
large error after the p.o. administration of Epo/
liposomes-b (Fig. 2). The control formulation,
i.e. 36 000 IU/kg�108 000 IU/kg free Epo solu-
tion or the mixture suspension of empty lipo-
somes and free Epo given p.o. did not increase

RTC. These findings suggest that one of the rea-
sons for variability may be that Epo/liposomes
itself affected the intestinal absorption. Epo
leaked from the Epo/liposomes in the GI tract
might be responsible for intestinal absorption of
Epo/liposomes.

The peak of RTC after the p.o. administra-
tion of Epo/liposomes was delayed by 2 days
and retained for 2–3 days longer in comparison
with that after i.v. administration in the previous
study (Moriya et al., 1997). This result suggests
that the Epo/liposomes could not penetrate into
the blood circulation for 2 days after the p.o.
administration, since Epo/liposomes were ad-
sorbed to the intestinal mucosae, and/or Epo/
liposomes were transported into the lymph. The
sialic acid part of Epo/liposomes projected out
from liposomes might interact with intestinal
mucus. The intestinal mucosa has a turnover of
3 days and could possibly hold proteins for 3
days before releasing them into the bloodstream.
The Epo/liposomes might be released from the
intestinal mucosa gradually. Therefore, the phar-
macological effect after the p.o. administration
continued for a longer time compared to that
after i.v. and s.c. administrations.

We measured the Epo concentration in serum
after a p.o. administration, but variability of the
Epo level was observed; i.e. only two of five rats
showed an increase in the Epo level (Fig. 4).
The Epo level in serum after the p.o. adminis-
tration did not reflect the pharmacological effect
as it did like after s.c. administration (Moriya et
al., 1997). The Epo level in serum might reach
the effective one to induce the pharmacological
effect 48 h after the p.o. administration. There-
fore, Epo/liposomes might tend to be via lymph
transport after p.o. administration.

Jenkins et al. (1994) reported that 0.5 mm mi-
croparticles were absorbed through Peyer’s
patches into the mesenteric lymph from the rat
intestine. Bargoni et al. (1998) reported the in-
testinal uptake and transport of 113–143 nm
solid lipid nanoparticles in rat lymph, and to a
lesser extent in blood. Florence (1997) reported
that uptake of micro and nanoparticulate does
take place, not only via the M-cells in the
Peyer’s patches and the isolated follicles of the
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gut-associated lymphoid tissue, but also via the
normal intestinal enterocytes.

Concerning the lack of dose dependency of
Epo/liposomes, the sialic acid group projecting
out of the Epo/liposomes might facilitate the in-
teraction of Epo/liposomes with Epo receptors.
The amount of Epo adsorbed by liposomes was
low, but the zeta potential of Epo/liposomes
might have an important role in the interaction of
liposomes. The low dose of Epo/liposomes after
p.o. administration showed strong and long-act-
ing pharmacological effects compared with that of
Epo/liposomes-b. The mechanism of the uptake
of liposomes in intestinal mucosa is not clear, and
further study is needed.

5. Conclusions

The main findings of the present study were as
follows: (a) Epo is not adsorbed by the liposomal
membrane in liposome preparations or when
added to empty liposomes; (b) Epo/liposomes are
stable in terms of Epo activity and liposomal
particle size; (c) variability in the number of days
of appearance and the levels of pharmacological
effects was observed after the oral administration
of Epo/liposomes without gel filtration, but not in
that of Epo/liposomes after gel filtration; (d) the
time of the appearance of pharmacological effects
was delayed by 2 days after the oral administra-
tion of Epo/liposomes, compared with that after
an i.v. administration of either Epo or Epo/lipo-
somes; and (e) Epo activity after the oral adminis-
tration of Epo/liposomes is not dose-dependent
but is retained. In conclusion, Epo/liposomes af-
ter gel filtration may be useful for the p.o. admin-
istration of Epo in clinical settings.
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