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Abstract

A low-dose therapeutic system with a lipid emulsion for amphotericin B (AmB), a potent antifungal drug, was studied. Lipid
nano-sphere (LN9, a small-particle lipid emulsion, was taken up by the liver to a lesser extent than was a conventional lipid
emulsion. As a result, LNS yielded higher plasma concentrations of a radiochemical tracer than did the conventional lipid
emulsion. LNS was therefore judged to be a suitable carrier for a low-dose therapeutic system for AmB, and LNS incorporating
AmB (LNS-AmB) was prepared. LNS-AmB was found to be a homogeneous emulsion with mean particle diameters ranging
from 25 to 50 nm. LNS-AmB yielded higher plasma concentrations of AmB than did Fundizar@nventional intravenous
dosage form of AmB, after intravenous administration to mice, rats, dogs, and monkeys. This difference between LNS-AmB
and Fungizone was also observed for constant intravenous infusion. In contrast to Fungizone, LNS-AmB showed a linear
relationship between dose and AUC. These pharmacokinetic characteristics of LNS-AmB make it a suitable candidate for an
effective low-dose therapeutic system for AmB.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction AmB. As a result, three new delivery systems for
AmB (AmBisomé, Amphocif®, and Abelce?) with
The most effective clinically available treatment for reduced side effects are now on the marietb{e 1
systemic fungal infections is Fungizdhean intra- Hillery, 1997).
venously administered colloidal dispersion of ampho-  These new dosage forms are reported to have ex-
tericin B (AmB) with sodium deoxycholate. However, cellent safety and efficacySgoka and Tang, 1993;
the clinical efficacy of Fungizone is limited both by Hiemenz and Walsh, 19%8However, comparable
severe and acute toxic side effects, such as fever, efficacy can be achieved only when they are admin-
chills, hemolysis, and vomiting, and by symptoms of istered at higher doses than Fungizone. It is desirable
nephrotoxicity, which develop after several weeks of to lower the therapeutic dose of AmB because its
therapy Gallis et al., 1990 Several strategies have elimination from the body is very slowAtkinson and
been developed to overcome these disadvantages oBennett, 1978; Daneshmend and Warnock, )28l
repeated administration would lead to its accumula-
"+ Corresponding author. Tel+81-75-321-9084: tion. So we set out to develqp a 'Iow—dose delivgry
fax: +81-75-321-90109. system for AmB to reduce its side effects while
E-mail address:h.fukui@po.nippon-shinyaku.co.jp (H. Fukui). maintaining its activity against fungal cells.
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Table 1

Characteristics of LNS-AmB and commercial AmB formulations (frétitlery, 1997)

LNS-AmB Small lipid emulsion composed of soybean oil and egg lecithin (25-50 nm)

Fungizon& Colloidal dispersion with sodium deoxycholate (approximatepynd)

AmBisom& Liposome composed of hydrogenated soy phosphatidylcholine, cholesterol, and
distearoylphosphatidylglycerol (50—100 nm)

Amphoci® (ABCD) Uniform disk-shaped complex with sodium cholesteryl sulfate (122 nm in diameter and 4 nm thick)

Abelcef (ABLC) Ribbon-type lipid complex composed of dimyristoylphosphatidylcholine and

dimyristoylphosphatidylglycerol (2—om)

AmB is an amphiphilic molecule with a high affinity =~ 10 ml of water for injection and diluted 1:9 (v/v) with
for membrane sterolKerridge, 1986; Brajtburg and  sterile 5% dextrose in water to a concentration of
Bolard, 1996. Lipid emulsions have been used clin- 0.5 mg/ml.
ically for parenteral nutrition and as carriers for

lipophilic drugs for a long timeollins-Gold et al., 2.2. Preparation of lipid emulsions
1990; Mizushima, 1996 However, it is thought that
lipid microsphere (LM), a conventional lipid emul- The emulsions LNS and LM, containing AmB or

sion, cannot penetrate infected sites because of its3H-CHE, were prepared as follows. Egg lecithin, soy-
large particle diameter (about 200 nm). We have previ- bean oil, and AmB orH-CHE, were dissolved in
ously reported that lipid nano-sphere (LR)Sa lipid chloroform—methanol (2:1, v/v). LNS contained 50 mg
emulsion of small particles, is an excellent carrier for each of egg lecithin and soybean oil in 1 ml of the
lipophilic drugs Geki et al., 199% For example, LNS  final dispersion, while LM contained 12mg of egg
confers on some lipophilic drugs a prolonged plasma lecithin and 100 mg of soybean oil in 1 ml of the fi-
half-life, increased plasma concentrations, low uptake nal dispersion. Organic solvent was removed under a
by the reticuloendothelial system (RES), and good stream of nitrogen gas and then under reduced pres-
distribution to inflamed sites through blood vessels sure for 17 h. Complete evaporation resulted in the for-
with increased permeability. In this study, we com- mation of a lipid paste, to which sterile 5% dextrose
pare the pharmacokinetic characteristics of LNS and was added. The crude dispersion was emulsified with
LM and evaluate the potential of LNS incorporating a probe-type sonicator (Sonifier model 250D; Bran-
AmB (LNS-AmB) to become a low-dose delivery son Ultrasonic Corporation, Danbury, CT, USA) in
system for AmB. an ice-water bath for about 60 min (LNS) or 20 min
(LM). The final dispersion for the study was obtained
after filtration through a 0.2em membrane (LNS) or

2. Materials and methods a 0.45pm membrane (LM), the final concentration of
AmB in the emulsions was 0.5 mg/ml, and the final ra-
2.1. Materials diochemical concentration 8H-CHE was 37 kBg/ml.

AmB was purchased from Dumex (Copenhagen, 2.3. Morphology of emulsion
Denmark),3H-cholesteryl hexadecy! ethetH-CHE)
from NEN (Wilmington, DE, USA), egg lecithin The particle size range was determined with a
from QP Corporation (Tokyo, Japan), and 1-amino-4- dynamic laser light scattering spectrophotometer
nitronaphthalene from Aldrich (Milwaukee, WI, (DLS-7000; Otsuka Electronics, Osaka, Japan) af-
USA). All other ingredients were of pharmaceutical ter dilution of the emulsion with distilled water. For
grade. The solvents and reagents used were of thetransmission electron microscopy, the samples were
highest commercially available grade and were used placed on a specimen mesh coated with collodion
without further purification. film, negatively stained with 3% sodium phospho-

Fungizone (50mg AmB per vial; Bristol-Myers tungstate, pH 7.0, and observed with a Hitachi H-7100
Squibb, Princeton, NJ, USA) was reconstituted with transmission electron microscope.
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2.4. Animals by Watanabe et al. (1993yith minor modifications.
First, the liver was pre-perfused with perfusion buffer
Slc:ddY mice (7 weeks old), Sprague—-Dawley rats (0.50 MM NaHPOy, 0.42 MM NaHPQ,, 136.9 mM
(7 weeks old), beagle dogs (9-12kg), and cynomol- NaCl, 5.4mM KCI, 10.0mM HEPES, 0.50mM
gus monkeys (4-5kg) were used. Unfasted male an- EGTA, 4.2mM NaHCQ, and 5.0 mM glucose, pH
imals were used in all experiments. Mice, rats, and 7.3) for approximately 10 min. Then, the liver was
monkeys were purchased from Japan S.L.C. (Hama- perfused with a buffer containing 0.05% collagenase
matsu, Japan), and dogs were purchased from Nihonand 0.01% trypsin inhibitor (pH 7.5) for approxi-
Nosan Kogyo (Yokohama, Japan). The animals were mately 20 min. Perfusion was performed at°&7at
allowed to acclimate to an environment maintained a flow rate of 20 ml/min. The liver was then removed
at 21-25'C and 45-65% humidity in the animal-care from the rat and minced with scissors, if necessary. A
room for 1 week (mice and rats), 3 weeks (dogs), or 2 whole-liver suspension was made by carefully pipet-
months (monkeys). All animals were allowed to take ting the tissue in Dulbecco’s Modified Eagle Medium

water and standard pellet chow ad libitum. (DMEM) and filtering it through nylon gauze. The
suspension was centrifuged at 3000 rpm for 10 min

2.5. Measurement of radioactivity in plasma and the supernatant discarded. The pellet was redis-

and tissues persed into DMEM and centrifuged at 500 rpm for

1min to sediment the parenchymal cells. This step

LNS or LM containing®H-CHE was administered ~ was repeated two more times. Non-parenchymal cells
intravenously to rats at a dose of 74 kBg/kg. Venous remained in the supernatant and parenchymal cells
blood was collected in heparin tubes, and plasma waswere found in the final pellet. All centrifugation steps
obtained by centrifugation at 3000 rpm for 10 min. were done at 5C. At least 90% of the cells obtained
Plasma samples (0.1 ml) were evaporated &(50n- were viable according to the trypan blue exclusion
der a gentle stream of nitrogen and the residues dis-test, and cross-contamination between parenchymal
solved in 0.5ml of distilled water. The radioactivity cells and non-parenchymal cells was less than 5% as
of the plasma samples was measured after the addi-determined by light microscopy.
tion of 10 ml of liquid scintillator (Emulsifier Scintil-
lator Plus; Packard Instrument Co., Downers Grove, 2.7. Plasma concentration profiles of AmB
IL, USA).

After rats were killed by collecting blood from LNS-AmB or Fungizone was administered intra-
the aorta under deep ether anesthesia, tissues wer@enously to mice, rats, dogs, and monkeys at a dose
removed and weighed. Tissue samples (about 0.2 g)of 1.0 mg/kg. For constant intravenous infusion, LNS-
or suspensions of liver cells (0.5ml) prepared as de- AmB or Fungizone was administered at a dose of 0.25,
scribed below were dried under reduced pressure, 0.5, or 1.0 mg/kg over a period of 4 h. Plasma samples
after which each sample was solubilized with 1 ml of were prepared as described above.

Solvable (Packard). A portion of each sample was de-

colorized by the addition of 0.2 ml of 30%,. For 2.8. Measurement of AmB concentration in plasma
radioactivity measurements, 10ml of Hionic-Fluor

(Packard) was added to each sample and the radioac- The concentration of AmB in plasma was deter-
tivity measured in a Tri-Carb 3100TR liquid scintilla- mined by high-pressure liquid chromatography as de-
tion counter (Packard) for 2 min. Counting efficiencies scribed byOtsubo et al. (1999)Plasma (0.1 ml) was
were corrected automatically by the external standard deproteinized by vortexing it with methanol (1.0 ml)

ratio method. containing 1.Qug internal standard 1-amino-4-nitro-
naphthalene/ml. After centrifugation at 3000 rpm for
2.6. Isolation of liver cells 10min, the supernatant was decanted, dried down

under reduced pressure, redissolved in 0.2ml of
Pure and intact parenchymal cells and non-paren- methanol, and injected onto a reverse-phase column
chymal cells from rat liver were isolated as described (L-column, 46 mm x 150 mm; Chemicals Inspection
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and Testing Institute, Tokyo, Japan). The mobile phase 12
was a mixture of acetonitrile and 10 mM sodium ac- -
etate buffer, pH 4.0 (11:17, v/v), the flow rate was 10
1.0 ml/min, and the eluent was monitored at 408 nm.
The detection limit was 5 ng/ml and the interday and -*E,\ 8
intraday coefficients of variation were 5% or less be- *é g 5
tween 5 and 400 ng/ml. If the concentration of AmB .2 §
was over 400ng/ml, the sample was diluted with @8 4
blank plasma. g%s
8T o
2.9. Calculation of pharmacokinetic parameters o
0
The pharmacokinetic parameters were obtained 0 1 2 3 4
by fitting the plasma concentrations to the two-com- Time after administration (h)
partment modelEqg. (1) by nonlinear least squares
regression. Fig. 1. Plasma radioactivity after intravenous administration to rats
of lipid emulsions incorporatingH-CHE. Each point represents
c Dkor—o) o  Dk21—B) _p (1) the meant S.D. of three rats. Closed circles, LNS; open circles,
T Vi@ - p) Vi(B — ) LM.

whereC, is the plasma concentratioD, is the dose,

a, B, andkp; are the rate constants,is time after non-parenchymal cells than to the parenchymal cells

administration, and/; is the distribution volume of  inthe liver, while LNS delivered almost equal amounts

the central compartment. The half-lives of the distri- to both cell typeskig. 3).

bution phaset{,,, «) and in the elimination phase

(t1/2, B) were calculated from In 2/and In 2, respec- 3.2. Morphology of emulsion

tively, and the area under the plasma concentration—

time curve (AUC) was calculated by a trapezoidal Dynamic laser light scattering and electron mi-

rule. croscopy showed that LNS-AmB was a homogeneous
emulsion with mean particle diameters ranging from
25 to 50nm Fig. 4 and Plate 3. Similar results

3. Results were obtained for AmB-free LNS. The mean particle
diameter for AmB-free LM was about 200 nm.

3.1. Comparative pharmacokinetic study of

LNS and LM 3.3. Plasma concentration of AmB

3H-CHE vyielded higher plasma radioactivity lev- When LNS-AmB or Fungizone was intravenously
els when incorporated into LNS than when incorpo- administered to mice, rats, dogs, and monkeys at a
rated into LM Fig. 1). The AUG_4hwas 15.93% of dose of 1.0 mg/kg, LNS-AmB yielded higher plasma
dose h/ml for LNS and 2.32% of dose h/ml for LM. AmB concentrations in all species than did Fungi-
In the distribution phase, LNS showed a half-life of zone Fig. 5). The values of AUG 241 observed for
0.82h and LM a half-life 0.15 h. LNS-AmB were two to six times higher than those

After intravenous administration of LM contain- yielded by FungizoneTable 2. Both LNS-AmB and
ing 3H-CHE, 70-80% of the radioactivity had accu- Fungizone showed the highest plasma AmB levels in
mulated in the liver and spleen by 0.5h, with only monkeys, while the ratios of AUg 24 nfor LNS-AmB
10% left in the blood, whereas after administration of to AUCy_24h for Fungizone were in the rank order
LNS containing®H-CHE more than 50% of the ra- dogs= rats > monkeys> mice. The corresponding
dioactivity remained in the blood at this timgig. 2). ratios for AUG_4, showed the same rank order but
LM delivered larger amounts of radioactivity to the were approximately twofold greater.
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Fig. 4. Distribution of particle diameters of LNS-AmB measured
by dynamic laser light scattering spectrophotometry.

When LNS-AmB or Fungizone was administered
to dogs by constant intravenous infusion at a dose
of 1.0 mg/kg, the plasma AmB concentrations were
higher for LNS-AmB Fig. 6). The ratio of AUG_24n
— blood for LNS-AmB to AUCpo4pn for Fungizone after

constant infusion was 5.6, similar to the ratio ob-
Time after administration (h) served after bolus injection. AUC4nfor LNS-AmB

(% of dose)

Distribution of radioactivity to tissue

0.083 0.5 1 4

Fig. 2. Tissue distribution of radioactivity after intravenous admin-
istration to rats of lipid emulsions incorporatifgi-CHE. Values
are the mean of four rats. (a) LNS; (b) LM.
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Radioactivity in PC or NPC (% of dose/g protein)

Fig. 3. Uptake of radioactivity by liver parenchymal cells (PC)
and non-parenchymal cells (NPC) 15 min after intravenous admin-
istration to rats of lipid emulsions incorporatirigl-CHE. Plate 1. Electron micrograph of negatively stained LNS-AmB.
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The purpose of our research was to establish an ef-
fective low-dose therapeutic system for AmB. Among
drug carriers with a long circulating lifetime in the
Fig. 5. Plasma concentrations of AmB after intravenous adminis- blood, liposome preparations and lipid emulsions are
tration of LNS-AmB or Fungizone at a dose of 1.0mg/kg to mice, candidates for intravenously injectable carriers that
rats, dogs, and monkey;. Each point represents_theﬁlS@l o_f can be produced on an industrial scale. Though lipo-
three animals. Closed circles, LNS-AmB; open circles, Fungizone. somes can be useful for either hydrophilic or lipophilic

drugs, their capacity for lipophilic drugs is generally

less than for hydrophilic drug8érenholz and Cohen,
increased linearly in proportion to the dose, whereas 1999. This characteristic of liposomes would appear
AUCq_o4h for Fungizone did notKig. 7). AUCo_24n to make them unsuitable as a carrier for a low-dose

0 1 2 3 4 0 1 2 3 4

Time after administration (h)

for 1.0 mg/kg Fungizone (5.08g h/ml) was approxi-  therapeutic system for AmB, which is practically in-
mately equal to AUG 24 for 0.25mg/kg LNS-AmB soluble in water. Therefore, we decided to use a lipid
(6.47wng h/ml). emulsion as the carrier, and in this paper we evaluate
Table 2

Pharmacokinetic parameters for plasma AmB after intravenous administration of LNS-AmB or Fungizone at a dose of 1.0 mg/kg to mice,

rats, dogs, and monkeys
Animal Csmin (rg/ml) tyy2, o« (h) ty2, B (h) AUCo-24h (pg h/ml)
LNS-AmB Fungizone LNS-AmB Fungizone LNS-AmB Fungizone LNS-AmB Fungizone Ratio

Mouse 15.71 2.72 0.20 0.17 21.43 15.17 15.40 8.31 1.9
Rat 25.93 2.52 0.68 0.16 12.53 66.92 33.94 5.96 5.7
Dog 11.82 1.10 1.07 0.09 15.24 25.85 40.17 6.95 5.8
Monkey 32.96 6.32 0.68 0.20 8.29 24.12 144.30 36.86 3.9

Each value was calculated from the mean plasma concentration curve for three afigalsis the plasma concentration 5min after
administrationty 2, « andty 2, g are the half-lives in the distribution phase and the elimination phase, respectively, anfAWE the
area under the plasma concentration-time curve up to 24 h after administration, calculated by a trapezoidal rule.
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dogs for 4h at a dose of 0.25, 0.5, and 1.0 mg/kg. Each point represents thetrBdanof three dogs. Regression line for LNS-AmB:

AUCo_24h = 28.954 x dose— 1.260.

the potential of a novel delivery system for AmB with
LNS.

First, we compared a conventional lipid emulsion
(LM) and a small-particle lipid emulsion (LNS) to
determine which would be the more suitable for this

vascular capillary bed (s€€g. 3). Non-parenchymal
cells actively participate in the uptake of foreign col-
loidal and particulate matterKook et al., 197y,
and LM might be recognized as foreign matter. How-
ever, LNS could avoid uptake because the particles

research. In our previous study on dexamethasonewere too small to be recognized by non-parenchymal

palmitate Geki et al., 199% LNS remained in cir-
culation for longer than LM. On the other hand, we
have also found that when LNS and LM incorporated

cells, and in this respect it resembled an endogenous
lipoprotein.
We have already found that the difference in plasma

certain lipophilic fluorescent compounds and intra- profile between LNS and LM can be explained by the
venously administered to rats, the plasma concen- difference in the binding affinity of apolipoprotein E
tration profiles were not very differenE@kui et al., (Apo E) and apolipoprotein C-Il (Apo C-Il) to the
1994. We think that these compounds are transferred emulsion particles (Seki et al., in preparation). Imme-
to albumin or lipoproteins immediately after intra- diately after injection of LM, Apo E and Apo C-Il bind
venous administration of the emulsion formulations. In to the surface of the particles, and the LM particles
addition, since there are no comparative pharmacoki- then disappear smoothly from the bloodstream due to
netic studies on LNS and LM themselves, we first eval- hydrolysis by lipoprotein lipase (LPL) and subsequent
uated the circulation characteristics of the emulsions uptake into the liver mediated by the Apo E receptor.

labeled with3H-CHE. After intravenous administra-
tion to rats, LNS yielded an approximately sevenfold
higher AUC for plasma radioactivity than did LM. In
addition, distribution studies suggested that LM par-
ticles were more easily captured by the RES of, for
example, the liver and spleen than were LNS particles.
This difference could be explained by the relatively
low distribution of LNS particles to non-parenchymal
cells, such as Kupffer cells and endothelial cells on the

Apo E and Apo C-1l showed a lower affinity for LNS
particles compared with LM, and the higher plasma
concentrations ofH-CHE obtained with LNS prob-
ably resulted from a slower hydrolysis by LPL and a
consequent slower uptake by the liver. Since longer
circulation in the bloodstream could be achieved by
reducing the particle size of the emulsion, we decided
to use LNS as a carrier to establish a low-dose thera-
peutic system for AmB.
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The fineness of the LNS-AmB particles was
demonstrated by both electron microscopy and dy-

namic laser light scattering spectrophotometry. Be- A:dog
cause LNS-AmB can be filtered through a Q.8 20 7 0: rat
4 monkey

membrane for sterilization, it is suitable for injection.
In addition, LNS-AmB was judged to be as stable
as three lipid-based commercial formulations (Am-
Bisome, Amphocil, and Abelcet) because it could
be freeze-dried in the presence of certain cryopro-
tectants and completely rehydrated with no observed
changes.

To study the circulation properties of LNS-AmB in 0 : . : : .
the blood, LNS-AmB or Fungizone was intravenously 0 2 4 6 8 10
administered to mice, rats, dogs, and monkeys at a Time after start of infusion (h)
dose of 1.0 mg/kg. Higher plasma AmB concentrations
were observed for LNS-AmB than for Fungizone, pre- Fig. 8. Ratios of plasma AmB concentration for LNS-AmB to
sumably because LNS particles could circulate Ionger plgs_ma AmB con_centration for Fungizone after intraveno_us ad-
inthe blood by avoicing hydrolysis by LPL and uptake TS131e% 1 mice, s doge and ke Cach ato ves
by the RES. In a separate experiment, we found that open square, rat; closed triangle, dog; closed diamond, monkey.
the minimum inhibitory concentration (MIC) against
Candida albicandgs 0.125u.g/ml for LNS-AmB and
0.25pg/ml for Fungizone. Therefore, it is easy for taining high plasma levels of AmB continued for sev-
LNS-AmB to achieve this MIC level in the plasma eral hours after intravenous administration.
even if LNS-AmB is administered at a lower dose than In clinical use, Fungizone is infused for more than
Fungizone. We have already carried out a compara- 4 h. When we compared the plasma levels of AmB
tive study on the plasma AmB concentrations of other after constant infusion of LNS-AmB or Fungizone to
lipid-based formulations (Fukui et al., submitted). We dogs for 4 h, we obtained essentially the same results
found that the plasma AmB levels yielded by Am- as for bolus injection. Therefore, the long circulat-
phocil and Abelcet in rats were about three times lower ing lifetime of LNS particles was not affected by the
than those yielded by Fungizone, and that AmBisome method of administration, a property that has merit in
and LNS-AmB showed similar AmB plasma profiles. clinical use. In contrast to AUC for LNS-AmB, AUC
Although AmBisome yielded higher plasma concen- for Fungizone did not increase in proportion to the
trations than did Fungizone, we believe that to treat dose. Since Fungizone vyields a precipitate when re-
fungal infections it should be administered at about constituted in saline, higher doses would be expected
three times the dose required for Fungizone as recom-to yield larger colloidal particles in the bloodstream,
mended by the manufacturer, due to the slow releaseand these would be more easily captured by the RES.
of AmB from AmBisome. In this study, we have developed a potential

LNS-AmB and Fungizone showed similar plasma low-dose delivery system for AmB as an alternative
profiles in the terminal phase. The disappearance of to the high-dose delivery system commercially avail-
AmB itself from the circulation was extremely slow, able. This low-dose system is based on the carrier
and the terminal half-life of AmB between 72 and LNS, which has a long circulating lifetime. LNS in-
168 h after administration to monkeys was 75h for corporating AmB (LNS-AmB) could be sterilized by
LNS-AmB and 89 h for Fungizone. In addition, the filtration and could maintain high plasma levels of
ratio of plasma AmB concentration for LNS-AmB to AmB regardless of the schedule of administration.
plasma AmB concentration for Fungizone in various We have already carried out comparative studies on
species was greater than twofold for several hours, the efficacy and toxicity of LNS-AmB compared with
although there were species differences (Bige 9). other commercially available AmB formulations,
Hence, we conclude that the effect of LNS in main- and have obtained encouraging results (Fukui et al.,

<: mouse

(plasma AmB (ns-ams)/(plasma AmB gungizone)
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submitted). We believe that these favorable character- Hillery, AM., 1997. Supramolecular lipidic drug delivery sys-

istics of LNS-AmB will allow the development of a
low-dose AmB therapy for systemic fungal infections.
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