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The value of novel systemically long-circulating liposomes to pro-
long the duration of an antidiuretic hormone, arg®-vasopressin (VP),
was investigated as a representative of low molecular weight pep-
tides with rapid clearance. Cholesterol content was found to have a
controlling effect on VP release in serum. Three types of liposomes
were selected for urine production measurements in VP deficient
Brattleboro rats. One contained phosphatidylserine (PS), which was
rapidly cleared from the circulation. In the other two liposomes, the
PS component was replaced by cither phosphatidylglycerol or a
novel phospholipid derivatized with polyethylene glycol (PEG);
both showing prolonged circulation. Free VP (up to 8 ng/kg) gave
reduced urine production for less than 24 hr. The PG formulation
exhibited a dose-dependent prolonged duration of bioactivity of up
to 4 days. Substitution of PEG-PE resulted in a 2-day delay followed
by a prolonged duration of bioactivity for over 4 days. The duration
of the prolonged bioactivity was not dose dependent but the ampli-
tude was. This is attributed to VP release from liposomes which
have distributed intact to another compartment without having been
taken up by the RES. By balancing liposome circulation time, re-
lease rate, and dose, long-circulating liposomes can be applied to
prolong the biological activity of a therapeutic peptide.

KEY WORDS: antidiuretic hormone; Brattleboro rat; liposomes;
polyethylene glycol (PEG).

INTRODUCTION

The development of bioactive proteins and peptides as
therapeutic agents is severely limited in most cases by a lack
of oral bioavailability and rapid clearance from the blood (1).
Liposomes have been proposed to improve their delivery by
functioning as a circulating ‘‘microreservoir’’ for sustained
release (2,3) while providing protection and reducing immu-
nogenicity and adverse side effects. Unfortunately, lipo-
somes have been limited by their rapid recognition and clear-
ance from the circulation by phagocytic cells of the reticu-
loendothelial system (RES) (4,5).

Recently, novel liposome formulations (e.g., Stealth)’
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with reduced RES uptake and prolonged circulation times
(6-8) have been developed. The formulations contained ei-
ther monosialoganglioside (Gyy,) or hydrogenated phosphati-
dylinositol (HPI) in ‘“‘rigid”’ bilayers. Further achievements
are attributed to steric stabilization by inclusion of polyeth-
yleneglycol lipid derivatives (9-15).

The present studies were undertaken to investigate the
utility of long circulating liposomes for sustained iv delivery
of antidiuretic hormone, vasopressin (VP). VP is represen-
tative of low molecular weight peptides that are not orally
active and are rapidly cleared. Bioactivity was determined
by measurements of diuresis of Brattleboro rats which have
a hereditary deficiency in VP production but possess func-
tional VP receptors (16-19).

MATERIALS AND METHODS

Liposome Preparations

Large unilamellar liposomes were prepared by reverse
phase evaporation (REV) (20) with the following lipids: par-
tially hydrogenated egg phosphatidylcholine with an iodine
value of 40 (Asahi Chemicals, Japan), sphingomyelin (SM)
(Sigma, St. Louis, MO), cholesterol (Chol) (Croda, Fuller-
ton, CA), phosphatidylglycerol (PG) and phosphatidylserine
(PS) (Avanti Polar Lipids, Birmingham, AL), monosialogan-
glioside (G,,,) (Sigma), and a polyethylene glycol derivative
of distearoyl-phosphatidylethanolamine (PEG-DSPE) (Cal-
biochem, San Diego, CA) as described elsewhere (13,14).
The samples, prepared under aseptic conditions, contained
10 pmol phospholipid and 510 pg total arginine®-vasopressin
(Sigma) with trace *H-labeled VP per ml in aqueous buffer (5
mM Tris, 100 mM NaCl, 0.1 mM EDTA) and were extruded
through 0.4-pm Nuclepore filters (21). Particle size distribu-
tions (Nicomp Model 200) had a mean diameter of from 0.15
t0 0.25 pum and a low polydispersity. The VP was determined
by gel filtration on Bio-Gel AlS (BioRad, Fullerton, CA).
Unbound VP was removed by dialysis. Plasma-induced re-
lease of VP was determined by dilution 1:5 with human se-
rum and incubation at 37°C.

Long-circulating liposomes contained either PEG-
DSPE or PG at 10% of phospholipid in SM:PC:Chol bilayers
with a final mole ratio of 0.2:1:1:1, respectively (5,8). A rap-
idly cleared formulation contained PS as the acidic compo-
nent in the same proportions. VP encapsulation of up to 22%
was achieved regardless of lipid composition. Typical load-
ing was about 10 p.g/pmol total lipid, with a range of 2 to 19.
Leakage during storage in saline was low, greater than 90%
of the encapsulated VP retained for 2 weeks. Stability of the
particle size distribution was observed; mean diameter did
not change by more than 20%.

In Vivo Studies

Male adult Brattleboro rats, 220 to 400 g, congenitally
deficient for VP (16), were used under standard conditions
with food and water consumed ad libitum.

Circulation Time. VP blood levels were determined
from radiolabeled VP in whole blood samples. A 150- to
1000-p.1 sample was administered via a femoral venous can-
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nula which was then removed and the vein tied off. Blood
samples of 400 pl were obtained from a chronic femoral
arterial cannula. The animals were awake and unrestrained
during blood drawing except for time points less than 30 min,
when the anesthesia was still effective.

Urine Production Studies. The animals were accli-
mated to metabolic cages for at least 3 days and the baseline
levels of urine flow established. Rats receiving saline were
used as controls. The volume administered was adjusted to
give the desired total amount of protein. For aqueous VP,
dose levels of 0.2, 0.8, and 2 pug were given. With the 2-pg
dose adverse side effects on breathing were observed in
lighter animals which lasted up to 30 min after dosing, and
higher doses were acutely lethal in some animals. For these
reasons 2 pg was considered the maximum dose of aqueous
VP to be given. All the liposome formulations used in this
study contained at least 90% of the drug in encapsulated
form. Since the unencapsulated drug should behave like
aqueous VP, 10-fold higher levels of liposomal VP were
given (2, 8, and 24 pg), allowing the unencapsulated fraction
to be similar (0.2, 0.8, 2 ng). This gives different lipid doses
but without affecting the circulation time (13,14). The high-
est dose of each (24 pg) was well tolerated, indicating that
the liposomal VP was not immediately released.

Observations of urine production (diuresis) are ex-
pressed in two ways: cumulative diuresis as total milliliters
of urine produced following dose administration and per-
centage of predose diuresis as milliliters per hour averaged
over a 24-hr urine collection period.

RESULTS AND DISCUSSION

In Vitro Studies

In vitro studies of VP release from PEG-DSPE lipo-
somes in the presence of 80% human serum allows identifi-
cation of composition variables which influence release
rates. Data for PEG-DSPE (Table I) indicate that the extent
of serum-induced release is controlled by cholesterol con-
tent. Formulations composed of only SM as the neutral
phospholipid showed the most rapid release, whereas a more
gradual release was observed for a 1:1 mixture of PC and SM
(data not shown). These results suggest that in vivo release
rates can be regulated by the lipid composition.

In Vivo Studies

Circulation Time

Plasma pharmacokinetics in Brattleboro rats were made

Table I. Vasopressin Leakage from Stealth Liposomes Containing
PEG-DSPE (10% of Phospholipid) in Human Serum

Lipid molar ratio
composition

Percentage entrapment®

(PC:SM:CHOL) I hr 24 hr 48 hr
A. L1:1:1 83 77 72
B. 1:1:0.5 79 66 60
C. 1:1:0 67 29 27

¢ Freshly prepared samples were incubated in 80% human serum,
37°C.
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for VP encapsulated in three liposome formulations: one
with rapid clearance containing PS and two with long circu-
lation containing either PG or PEG-DSPE as the acidic com-
ponent (Fig. 1). These results show that VP blood levels can
be maintained for over 2 days following a single iv injection
when encapsulated in long-circulating liposomes, compared
to less than an hour with rapidly cleared liposomes (Fig. 1) or
the aqueous solution (22).

These measurements include a presumably biologically
unavailable fraction within the liposomes. Release of this
fraction to maintain plasma levels of bioactive peptide above
the therapeutic threshold can be influenced and controlled
by the liposome (23). Such a process was evaluated here by
measurements of dual lipid and VP labels using two different
lipid labels (cholesterol oleate and cholesterol oleyl ether).
The results were conflicting probably because of distribution
and metabolism of the lipid labels (24) arising from the rel-
atively long time period of circulation.

Urine Production

An antidiuretic response due to VP plasma levels in the
physiological range for rats, 1-8 pg/ml (25,26), was used to
detect if biologically active VP is released from liposomes.

(A) Free VP. The antidiuretic response was followed
with an iv dose of saline and aqueous VP at three dose levels
(Fig. 2). A complete loss of diuresis for a short period during
the first day was observed depending only slightly on VP
dose. In most cases the recovered diuresis rate slightly ex-
ceeded that of the saline control. No further changes over
the next 6 days were observed.

(B) Urine Production with Encapsulated VP. The diure-
sis responses obtained with the rapidly cleared liposomal VP
formulation containing PS (24 g) were similar to those of
aqueous VP, despite a 10-fold difference in the dose (data
not shown), indicating that only the unencapsulated VP frac-
tion present in the formulation was bioactive. Degradation or
denaturation of the VP during the liposome preparation can
be ruled out since the unencapsulated VP retains its biolog-
ical activity and is exposed to the same conditions. This
suggests that the lack of bioactivity for the VP encapsulated
in the rapidly cleared liposomes is due to RES degradation of
the drug following liposome uptake.
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Fig. 1. Clearance of radiolabeled VP from the blood of Brattleboro

rats after iv administration. Open squares, VP in PG:SM:PC:Chol

liposomes; filled diamonds, VP in PEG:SM:PC:Chol liposomes;

open triangles, VP in PS:SM:PC:Chol liposomes (mean * SD,

n=3).
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Fig. 2. (A) Cumulative diuresis and (B) diuresis as a percentage of
the predosage rate, after surgery and iv dose administration of aque-
ous solutions of VP to Brattleboro rats. Open circles, saline control;
filled squares, 0.2 pg; filled triangles, 0.8 pg; filled circles, 2 pg
(mean * SD, n = 3).

When VP was administered in long-circulating lipo-
somes containing PG, a prolonged antidiuresis was observed
(Fig. 3). An immediate 10- to 12-hr delay in diuresis with
only a slight dose dependence was observed, compared to a
delay of only 4 to 6 hr with either free VP or the rapidly
cleared PS liposome formulation. Once diuresis resumed, it
did so at a rate related to the dose and remained constant for
at least 30 hr. Recovery of the diuresis to the level of the
saline control was dose dependent, occurring in about 2 days
at the lowest dose and about 4 days at the highest dose.
These results suggest that effective plasma levels are initially
due to the unencapsulated VP component and are main-
tained for a prolonged time by release of the drug from the
liposomes as they circulate.

When VP was administered in the long-circulating lipo-
somes containing PEG-DSPE, a very different antidiuretic
response pattern was observed (Fig. 4). Two apparently dis-
tinct antidiuretic responses were observed: a modest tran-
sient reduction of diuresis in the first 24 hr, followed by a
second more pronounced reduction in diuresis beginning on
day 2 and persisting for at least four additional days.

The reduction in diuresis on the first day after iv admin-
istration of the PEG-DSPE liposomes can be accounted for
entirely by the unencapsulated VP present in the formula-
tion. A comparison of the cumulative diuresis with that pro-
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Fig. 3. (A) Cumulative diuresis and (B) diuresis as a percentage of
the predosage rate of Brattleboro rats after surgery and iv dose
administration of liposomal VP with a lipid composition of PG:SM:
PC:Chol. Open circles, saline control; filled squares, 2 pg; filled
triangles, 8 wg; filled circles, 24 pg (mean * SD, n = 3).

duced by aqueous VP at doses approximating the unencap-
sulated VP levels shows practically superimposable re-
sponses. As with the rapidly cleared liposome formulation,
degradation or denaturation of the VP can be ruled out since
the free component clearly retains biological activity. From
these results it can be concluded that biologically active lev-
els of VP are not released from these liposomes during the
first two days post injection.

The lack of a prolonged antidiuretic effect during the
first 2 days implies that little VP is released from these lipo-
somes during circulation. Therefore, reduced levels of cho-
lesterol, found to increase VP release in vitro (Table I), in the
PEG-DSPE-containing formulations also were studied but at
a fixed dosage of 8 pg (Fig. 5). The results agree with the in
vitro findings showing a prolonged duration and greater am-
plitude of antidiuresis over the first 2 days. These data un-
derscore the importance of balancing the circulation time of
the carrier with the drug release rate during circulation.

The second, or delayed, response appears on the third
day, lasts for roughly 4 days, and exhibits a very different
behavior from the initial response. Its magnitude is saturated
by the 8-pg dose, its duration is independent of dose, and it
was observed only with PEG-DSPE-containing liposomes.
Further, at a fixed dose of 8 pg, no dependence on choles-
terol content was observed (Fig. 6). The possibility that this
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Fig. 4. (A) Cumulative diuresis and (B) diuresis as a percentage of
the predosage rate of Brattleboro rats after surgery and iv dose
administration of liposomal VP with a lipid composition of PEG-
DSPE:SM:PC:Chol. Open circles, saline control; filled squares, 2
wg; filled triangles, 8 pg; filled circles, 24 pg (mean = SD, n = 3).

second antidiuretic response is not due to release of VP from
circulating liposomes but, instead, to an unexpected biolog-
ical response to the PEG-DSPE formulation itself was dis-
counted by administering the same dose of aqueous VP
mixed with empty PEG-DSPE liposomes. The results of this
control experiment showed no evidence of the second re-
sponse (data not shown), confirming that it is due to release
of biologically active VP from the PEG-DSPE-containing li-
posomes.

Other explanations for this behavior also have been
ruled out. A transient down regulation of VP receptors (26)
leading to a loss of the antidiuretic response in the presence
of bioactive levels of VP during day 2 is not likely on the
basis of the results obtained with the PG-containing formu-
lation. In this case a prolongation of the diuretic response
occurred which completely spans this transient period of
reduced antidiuresis.

The possibility that a sudden increase in release rate
from those PEG-DSPE liposomes still in circulation after 3
days accounts for the observed delayed biological effect is
also unlikely. It would require that the release rate increases
enough to compensate for the decline in circulating levels of
liposomal VP, After 48 hr the total plasma levels of VP are
less than 10% of the dose and, presumably, continue to de-
cline thereafter. Given this clearance profile, the total VP
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Fig. 5. (A) Cumulative diuresis and (B) diuresis as a percentage of
the predosage rate of Brattleboro rats after surgery and iv dose
administration of an 8-pg dose of VP encapsulated in PEG-
DSPE:SM:PC liposomes with different cholesterol contents. Open

circles, saline control; filled squares, 33% Chol,; filled triangles, 16%
Chol; filled circles, 0% Chol (mean * range, n = 2).

circulating after 2 days is less than 1 pg. Previous studies
with VP infusion at different rates showed a requirement for
continuous infusion of 0.5 pg/day to maintain vasoconstric-
tion (27) or 1.5 pg/day by osmotic minipump to maintain the
antidiuretic response (26). Moreover, the lack of a clear-cut
relationship between dose, or cholesterol content of the for-
mulation, and the duration of the antidiuretic response (Fig.
4) also argues against this possibility.

An alternative explanation for the delayed antidiuretic
response is that the PEG-DSPE-containing liposomes re-
lease little drug during circulation but a portion of the lipo-
somes distributes intact to another anatomical compartment
where a delayed release of VP occurs. To test whether
plasma levels of bioactive VP are responsible for the anti-
diuresis, a VP antagonist was administered during the peak
of the second episode of reduced diuresis to reverse the
antidiuresis effect (19). Preliminary results using ip adminis-
tration of one such antagonist every 3 hr over a 9-hr period
on day 4 did increase the rate of diuresis (data not shown).
Experiments repeating this with a longer period of antagonist
administration using miniosmotic infusion pumps are cur-
rently in progress. These results, along with the dependence
of the initial response on cholesterol content and the lack of
a similar dependence by the delayed response, strongly sug-
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gest that different mechanisms are responsible for the imme-
diate and delayed responses.

Two possibilities for the compartment from which ac-
tive VP is released can be envisioned. The rapid uptake of
encapsulated VP in the PS formulation by the RES followed
by apparent complete degradation of the encapsulated VP
suggests that a non-RES compartment must exist in which
the VP is not completely degraded but is released over sev-
eral days starting on the third day. Nevertheless, it might be
that a portion of the PEG-DSPE containing liposomes taken
up by the RES is not degraded intracellularly (28). Subse-
quently, the liposomes and/or its contents could be released
from these cells giving rise to the delayed response. Further
studies may be helpful to distinguish among these possibili-
ties.

CONCLUSIONS

The new long-circulating liposomes have been used to
deliver cytotoxic drugs more selectively to tumors and im-
prove targeting of ligand-bearing liposomes to cells in the
vascular system (13,29,30). We applied the same approach to
agents that require prolonged plasma levels but are cleared
rapidly from the bloodstream. The results demonstrate the
value of using certain long-circulating liposome formulations
to deliver a peptide hormone. Many factors influencing lipo-
somal drug delivery in this setting (23) have been addressed,
including liposome circulation time, hormone release during
circulation, blood levels of the “‘free’” peptide required for
bioactivity, clearance rate of the free drug, maximum plasma
levels that can be tolerated, and the fate of encapsulated
peptide cleared with the liposomes. However, a detailed
characterization of many of these parameters is still lacking.
In particular, many questions regarding the mechanism of
the second, or delayed, biological response seen with PEG-
DSPE containing long-circulating liposome formulations re-
main to be addressed: the sites of distribution of these lipo-
somes, the biological interactions which lead to drug release,
and the extent of cellular internalization. Nevertheless, in-
sight has been gained into the critical factors controlling pro-
longed delivery of biologically active agents with this sys-
tem. Long-circulating liposomes have the capacity for at
least two kinds of prolonged delivery of biologically active
agents which could be utilized to prolong the bioavailability
of peptides from hours to as long as 1 week following a single
iv injection. This approach may be most applicable to im-
prove the delivery of agents used in the treatment of acute
disorders which currently require high doses and frequent
injections or infusions to maintain therapeutic blood levels.
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