ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Dec. 2003, p. 3917-3925
0066-4804/03/$08.00+0 DOI: 10.1128/AAC.47.12.3917-3925.2003

Vol. 47, No. 12

Comparative Drug Disposition, Urinary Pharmacokinetics, and Renal
Effects of Multilamellar Liposomal Nystatin and Amphotericin B
Deoxycholate in Rabbits

Andreas H. Groll,’* Diana Mickiene,' Vidmantas Petraitis,! Ruta Petraitiene,! Raul M. Alfaro,?
Christine King,* Stephen C. Piscitelli,> and Thomas J. Walsh'*

Immunocompromised Host Section, Pediatric Oncology Branch, National Cancer Institute,* and Pharmacokinetics Research
Laboratory, Pharmacy Department,® and Department of Clinical Pathology,* Warren Grant Magnuson Clinical Center,

National Institutes of Health, Bethesda, Maryland, and Infectious Disease Research Program, Center for Bone
Marrow Transplantation and Department of Pediatric Hematology/Oncology, University Children’s Hospital,
Muenster, Federal Republic of Germany®

Received 27 January 2003/Returned for modification 9 June 2003/Accepted 31 August 2003

The comparative drug dispositions, urinary pharmacokinetics, and effects on renal function of multilamellar
liposomal nystatin (LNYS; Nyotran) and amphotericin B deoxycholate (DAMB; Fungizone) were studied in
rabbits. Drug concentrations were determined by high-performance liquid chromatography as total concen-
trations of LNYS and DAMB. In comparison to a standard dose of 1 mg of DAMB/kg of body weight,
therapeutic dosages of LNYS, i.e., 2, 4, and 6 mg/kg, resulted in escalating maximum concentrations (C,,,,,) (17
to 56 pg/ml for LNYS versus 3.36 pg/ml for DAMB; P < 0.001) and values for the area under the concentra-
tion-time curve from 0 to 24 h (AUC,_,,) (17 to 77 pg - h/ml for LNYS versus 12 g - h/ml for DAMB; P < 0.001)
in plasma but a significantly faster total clearance from plasma (0.117 to 0.080 liter/h/kg for LNYS versus 0.055
liter/h/kg for DAMB; P = 0.013) and a =8-fold-smaller volume of distribution at steady state (P = 0.002).
Urinary drug concentration data revealed a =10-fold-higher C,,, ., (16 to 10 pg/ml for LNYS versus 0.96 pg/ml
for DAMB; P = 0.015) and a 4- to 7-fold-greater AUC,_,, (63 to 35 pg - h/ml for LNYS versus 8.9 pg - h/ml for
DAMB; P = 0.015) following the administration of LNYS, with a dose-dependent decrease in the dose-
normalized AUC,_,, in urine (P = 0.001) and a trend toward a dose-dependent decrease in renal clearance.
Except for the kidneys, the mean concentrations of LNYS in liver, spleen, and lung 24 h after dosing were
severalfold lower than those after administration of DAMB (P, <0.002 to <0.001). Less than 1% each of the
total dose of LNYS was recovered from the kidneys, liver, spleen, and lungs; in contrast, a quarter of the total
dose was recovered from the livers of DAMB-treated animals. LNYS had dose-dependent effects on glomerular
filtration and distal, but not proximal, renal tubular function which did not exceed those of DAMB at the
highest investigated dosage of 6 mg/kg. The results of this experimental study demonstrate fundamental
differences in the dispositions of LNYS and DAMB. Based on its enhanced urinary exposure, LNYS may offer
a therapeutic advantage in systemic fungal infections involving the upper and lower urinary tracts that require

therapy with antifungal polyenes.

Nystatin (C,,H,sNO,;,; molecular weight, 926.13), which
was discovered to be the first antifungal polyene antibiotic in
the early 1950s (21), contains three biologically active compo-
nents, Al, A2, and A3. Nystatin Al is a macrocyclic lactone
consisting of a hydroxylated tetraene diene backbone and a
mycosamine residue. In a manner similar to that of amphoter-
icin B, nystatin acts by selectively binding to ergosterol in the
fungal cell membrane (25) and has potent and broad-spectrum
fungicidal activity in vitro (1, 7, 23, 30). While nystatin has
found wide therapeutic application for superficial mycoses of
the skin and mucous membranes, early problems with solubi-
lization and toxicity after parenteral administration precluded
its use for systemic treatment of invasive fungal infections (12).

More recently, a multilamellar liposomal formulation con-
sisting of dimyristoyl phosphatidylcholine (DMPC), dimyris-
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toyl phosphatidylglycerol (DMPG), and nystatin Al in a 7:3:1
molar ratio and with a particle size of 0.1 to 3 pm (28, 38) was
launched for clinical development. This distinct liposomal
polyene formulation has been shown to have reduced toxicity
to mammalian cells (28; Nyotran investigator brochure,
Aronex Pharmaceuticals, The Woodlands, Tex.) but preserved
in vitro antifungal activity in comparison to the parent product
(1, 7, 23, 30) and has demonstrated an encouraging level of
efficacy in animal models of invasive opportunistic fungal in-
fections (10, 13, 15, 29, 34). It was well tolerated without
dose-limiting toxicity at dosages of up to 8 mg/kg of body
weight/day in a formal phase I dose escalation study (E. L
Boutati, H. C. Maltezou, G. Lopez-Berestein, S. E. Vartivar-
ian, and E. Anaissie, Abstr. 35th Intersci. Conf. Antimicrob.
Agents Chemother., abstr. LM22, 1995) and has shown favor-
able efficacy in phase II clinical trials in nonneutropenic pa-
tients with candidemia (A. H. Williams and J. E. Moore, Abstr.
39th Intersci. Conf. Antimicrob. Agents Chemother., abstr.
1420, 1999) and in immunocompromised patients with invasive
aspergillosis refractory to or intolerant of standard therapies
(F. C. J. Offner, R. Herbrecht, D. Engelhard, H. F. L. Guiot,
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G. Samonis, A. Marinus, R. J. Roberts, and B. E. DePauw,
Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother.,
abstr. 1102, 2000).

The pharmacokinetics of liposomal nystatin (LNYS) is char-
acterized by achievement of high peak concentrations but a
rapid elimination from the bloodstream, with a terminal half-
life ranging from 1 to 1.5 and 2 to 6 h in rabbits and human
patients, respectively (16; P. A. Cossum, J. Wyse, V. Simmons,
T. L. Wallace, and A. Rios, Abstr. 36th Intersci. Conf. Anti-
microb. Agents Chemother., abstr. A88, 1996; Nyotran inves-
tigator brochure, Aronex Pharmaceuticals). Little knowledge
exists, however, about the disposition of this novel polyene
formulation in the body and its differential renal effects. We
therefore investigated the single-dose pharmacokinetics of
LNYS in plasma and urine and its recovery from tissues and
body fluids in rabbits and evaluated its effects on renal function
in comparison to those of the standard antifungal polyene,
amphotericin B deoxycholate (DAMB).

MATERIALS AND METHODS

Study design. The study consisted of five experimental cohorts. Four cohorts
of three animals each received a single intravenous bolus of either LNYS at 2, 4,
or 6 mg/kg or DAMB at 1 mg/kg. Six untreated, healthy animals served as
controls. Plasma samples were obtained from all animals prior to dosing and
serially for up to 24 h after dosing, and urine was collected at 2-h intervals for a
total of 24 h postdosing to determine drug concentrations and parameters of
renal function. Treated animals were sacrificed 24 h postdosing, and samples
from all parenchymatous organs, muscle, fat tissue, and bile fluid were obtained
at autopsy for determination of drug concentrations. The primary end points of
the study were the comparative analyses of plasma pharmacokinetics, urinary
pharmacokinetics, drug disposition in tissues, and recovery of LNYS and DAMB
from tissues, plasma, and urine after one single dose. A secondary end point of
the study was the differential assessment by standard methods of the renal effects
of a single dose of either LNYS or DAMB.

Animals. Healthy female New Zealand White rabbits (Hazleton, Denver, Pa.)
weighing 3.0 to 3.2 kg were used in all experiments. They were individually
housed and given water and standard rabbit feed ad libitum according to the
National Institutes of Health Guidelines for Laboratory Animal Care (8) and in
fulfillment of American Association for Accreditation of Laboratory Animal
Care criteria. Nontraumatic vascular access was established in each rabbit prior
to experimentation by the surgical placement of a subcutaneous silastic central
venous catheter as previously described (35). Sedation during manual expression
of the urinary bladder was achieved by administering 0.3 ml of a 2:1 mixture
(vol/vol) of 100 mg of ketamine (Fort Dodge Laboratories) per ml and 20 mg of
xylazine (Mobay Corp., Shawney, Kans.) per ml intravenously.

Study drugs. LNYS (Nyotran [Aronex Pharmaceuticals]; 50-mg vials; 50 mg of
95% pure nystatin Al [USP] incorporated into a mixture of 350 mg of DMPC
and 150 mg of DMPG at a DMPC/DMPG ratio of 7:3 [wt/wt] and a drug/lipid
ratio of 1:10 [wt/wt]; particle size after reconstitution, 0.1 to 3.0 pum) was pro-
vided as a lyophilized powder and maintained at 4°C. The drug was freshly
reconstituted prior to use with 50 ml of sterile normal saline to a 1-mg/ml
solution as recommended by the manufacturer and administered intravenously
over 10 min at either 2, 4, or 6 mg/kg. DAMB (Fungizone, 50-mg vials; Bristol-
Myers Squibb, Princeton, N.J.) was reconstituted as recommended by the man-
ufacturer in 5% dextrose in water to a 1-mg/ml solution and administered
intravenously over 10 min at a dosage of 1 mg/kg.

Processing of samples. Blood samples for analytical and biochemical purposes
were collected in heparinized syringes, and plasma was immediately separated by
centrifugation and stored at —80°C. Urine was collected and separated from
feces at 2-h intervals. For accurate quantitative collection, the urinary bladder
was expressed under intravenous sedation prior to and at the end of the exper-
iment. The volume of excreted urine was measured and recorded. The urine was
filtered with sterile 0.45-pum-pore-size filter units (Millipore, Bedford, Mass.) to
remove particulate matter. A urinalysis was performed (Chemstrip; Boehringer
Mannheim, Indianapolis, Ind.), and an aliquot from each sampling interval was
transferred into 1.5-ml polypropylene tubes and stored at —80°C until determi-
nation of drug concentrations. The remainder of the urine was cumulatively
collected in equal portions either without preservative or with sulfamic acid and
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was maintained at 4°C until submission to biochemical analysis at the end of the
24-h collection period. Tissues and bile fluid were sampled at autopsy; paren-
chymatous organs were weighed, and aliquots of tissues and bile fluid were stored
at —80°C until assay.

Determination of drug concentrations. (i) Sample preparation. Nystatin and
amphotericin B were extracted from plasma, body fluids, and tissues by liquid-
liquid extraction. Before assay, tissues were thawed and an aliquot of approxi-
mately 1 g was weighed out for each sample on a precision balance (model AE
163; Mettler Instrument Corp., Hightstown, N.J.). The specimens were thor-
oughly rinsed with phosphate-buffered saline (pH 7.4) (Quality Biological, Inc.,
Gaithersburg, Md.). The remaining buffer solution on the tissue surface was
blotted with Micro Wipes (Scott Paper Company, Philadelphia, Pa.). Specimens
were then reweighed and homogenized in ice-cold high-performance liquid chro-
matography (HPLC)-grade methanol (1:2 [wt/wt]; Fisher Scientific, Fair Lawn,
N.J.) in a high-speed tissue homogenizer (Tissumizer; Tekmar, Cincinnati, Ohio)
twice for 30 s each. Homogenized samples were incubated for 30 min at 4°C and
centrifuged at 2,000 X g for 10 min. The methanolic supernatant was transferred
to 1.5-ml polypropylene tubes and centrifuged at 10,000 X g for 4 min. Four
hundred microliters of the resulting supernatant was transferred to 0.22-pm-
pore-size Durapore filter tubes (Ultra-Free MC; Millipore), centrifuged at 4,000
X g for 4 min, and submitted to assay. Standards and quality control samples
were similarly prepared by adding known amounts of either bulk nystatin (Gist-
Procades, Wilmington, Del.) or amphotericin B (Sigma, St. Louis, Mo.) to
drug-free tissue homogenates. Blank samples of tissue homogenates were also
submitted to assay to ensure the absence of interfering peaks. Tissue drug
concentrations were calculated to 1 g of tissue.

Extraction of the drug from plasma and body fluids, including urine, involved
the addition of 1 ml of HPLC-grade methanol to 500 wl of sample (2:1 [vol/vol])
and incubation at 4°C for 30 min. This was followed by centrifugation at 2,000 X
g for 10 min, transfer of the supernatant to 1.5-ml polypropylene tubes, and a
second centrifugation at 10,000 X g for 4 min. Four hundred microliters of the
resulting supernatant was transferred to 0.22-pm-pore-size Durapore filter tubes
(Ultra-Free MC; Millipore), centrifuged at 4,000 X g for 4 min, and submitted to
assay. Standards and quality control samples were similarly prepared by adding
known amounts of either bulk nystatin (Gist-Procades) or amphotericin B
(Sigma) to normal rabbit serum (Gibco Laboratories, Grand Island, N.Y.) or
normal rabbit bile or urine, followed by precipitation with HPLC-grade methanol
(1:2 [wt/wt]). Blank samples of all matrices also were extracted to ensure the
absence of interfering peaks.

(ii) Analytical methods. Concentrations of nystatin and amphotericin B were
determined as total drug concentrations by reversed-phase HPLC and by using
bulk nystatin (Gist-Procades) and amphotericin B (Sigma) as reference stan-
dards as previously described (14, 17).

In brief, for nystatin, the mobile phase consisted of 10 mM sodium phosphate,
1 mM Na EDTA, 30% HPLC-grade methanol, and 30% HPLC-grade acetoni-
trile (Fisher Scientific), adjusted to pH 6. Samples were kept at 4°C by a cooling
module attached to the autosampler. The injection volume was 200 pl, and the
flow rate was 2.0 ml/min. The two major isomers of nystatin eluted at 7.5 to 8.5
and 9.5 to 10.5 min with a C, g analytical column (nBondapak C,g [Waters Corp.,
Milford, Mass.]; 300 by 3.9 mm inside diameter, 100 A, 10-pm particle size)
maintained at 30°C in conjunction with an in-line precolumn filter (NewGuard
RP-18; PerkinElmer, Norwalk, Conn.) and UV detection at 305 nm.

For amphotericin B, the mobile phase consisted of methanol-acetonitrile—
0.0025 M Na EDTA (500:350:200 [vol/vol/vol]; Fisher Scientific), delivered at 1.6
ml/min. Samples were kept at 4°C by a cooling module attached to the autosam-
pler. The injection volume was 100 pl. Amphotericin B eluted at 3.4 to 4.5 min
with a C,g analytical column (nBondapak C,g; Waters Corp.) maintained at
room temperature in conjunction with an in-line precolumn filter (NewGuard
RP-18; PerkinElmer) and UV detection at 382 nm.

Quantification was based on the sum of the peak height of the two major
isomers of nystatin and the peak height of amphotericin B and the nonweighted
concentration response of the external calibration standards. Six- to 10-point
standard curves were linear with goodness-of-fit (%) values of >0.990. The lower
limit of quantification (LLQ) in plasma was 0.050 wg/ml for nystatin and 0.040
pg/ml for amphotericin B. Accuracies for the nystatin assay were within +8%
(plasma) and *12% (remaining body fluids and tissues), and intra- and interday
variabilities (precision) were <6% for all matrices (£11 and =7.5%, respec-
tively, for all matrices in the amphotericin B assay).

Pharmacokinetic data analysis. (i) Pharmacokinetic modeling. Pharmacoki-
netic parameters of nystatin and amphotericin B in plasma were determined by
using sparse sampling and compartmental analysis.

The time points for sparse plasma sampling were determined by using an
optimal sampling theory implemented by the ADAPT II computer program
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(D. Z. D’Argenio and A. Schumitzky, Biomedical Simulations Resource, Uni-
versity of Southern California, Los Angeles) and full concentration-versus-time
plasma drug profiles derived from prior pharmacokinetic studies for the same
species (16, 27). Weighting was by maximum a posteriori probability, and model
selection was guided by Akaike’s information criterion (41). In these studies,
plasma profiles of nystatin after administration of the multilamellar liposomal
formulation fitted best to a two-compartment pharmacokinetic model, and those
of DAMB were best described by a three-compartment pharmacokinetic model
with intravenous bolus input and elimination from the central compartment. The
selected time points for plasma sampling were immediately after administration
of the dose (at the time of maximum concentration of drug in serum [C,,,,,]) and
0.5, 1, 3, 6, 12, and 24 h postdosing for nystatin and at the C,,,, and 0.25, 2, 3, 8,
12, and 24 h postdosing for amphotericin B.

Estimation of pharmacokinetic parameters was based on Bayesian estimation
using the observed plasma drug concentration data at the selected sampling time
points and microconstants derived from full profiles from the above-referenced
studies as prior estimates. The 7° value between model-estimated and observed
concentration data ranged from 0.996 to 1.000 for nystatin and 0.971 to 0.974 for
amphotericin B. The regression lines through the plot of observed versus esti-
mated concentrations did not differ from the line of identity, and no bias was
observed.

(ii) Urinary pharmacokinetics and recovery. Calculation of the area under the
concentration-time curve from 0 to 24 h for urine (AUC,_,,U) was based on drug
concentrations measured in 2-h urine collections and performed by the trape-
zoidal rule. Mean C,,,, achieved in urine (C,,,U) and time to occurrence of
CraxU (T U) were calculated from the parameters for individual animals.
Renal clearance (CLg) was determined by the ratio of the total amount of drug
excreted into urine within the 24-h period to the estimated AUC,,,U (11). The
urinary excretion rates were determined at 2-h intervals over the entire dosing
interval and normalized for body weight.

The percent recovery of drug from body fluids and tissues at 24 h postdosing
was calculated from the total doses administered, drug concentrations, organ
weights, blood volumes, and the volumes of 24-h urine collections, respectively.
The percent recovery of compound from plasma was based on the assumption of
a total blood volume of 80 ml/kg in each rabbit (9) and on individually deter-
mined hematocrit values by the formula C,,,P X [(80 X kgBW) X (100 —
HCT/100)], where C,4, P is the drug concentration in plasma at 24 h after dosing,
kgBW is the body weight in kilograms, and HCT is the hematocrit. The calcu-
lation of the percent recovery from skeletal muscle and adipose tissue was based
on an estimated relative muscle mass of 50% and an estimated relative fat mass
of 5% of the total body weight in each rabbit (9).

Assessment of renal effects. Blood samples for biochemical tests were col-
lected at 0 h (prior to dosing or urine collection) and thereafter at 12 and 24 h
in all animals and immediately submitted to analysis. Blood urea nitrogen
(BUN), serum creatinine, potassium, phosphate, calcium, and magnesium values
were determined by standard nephelometric methods. Levels of 2 microglobu-
lin, phosphate, potassium, magnesium, calcium, sodium, BUN, and creatinine in
urine were determined from 24-h urine collections maintained at 4°C as required
during the collection period and immediately thereafter using a solid-phase
enzyme-linked immunosorbent assay and nephelometric methods, respectively.

The 24-h creatinine clearance normalized to body weight was determined by
the formula [(Ucg X Uyo))/(Scr X 1,440)]/body weight, where Uy and Sc are
the creatinine levels in urine and serum, respectively, and U,,, is the volume of
urine collected within 24 h, with the 12-h serum creatinine level used for calcu-
lation. The urinary output was determined at 2-h intervals over the entire dosing
interval and normalized for body weight. Urinary excretion of 2 microglobulin
was assessed as excretion during the 24-h collection interval and normalized for
creatinine excretion; urinary excretion of electrolytes was assessed as weight-
normalized excretion during the 24-h collection interval; the fractional electro-
lyte excretion was calculated from 24-h urine and 12-h serum collection values by
the formula (U./P.) X (Pcr/Ucgr) X 100%, where e is the electrolyte of interest,
U is the concentration in urine, and P is the concentration in plasma (22). The
fractional tubular phosphate reabsorption was determined by the formula Py,
— [(Uphos X Pcr)/Ucr], where phos is phosphate (5).

Statistical analysis. All values are presented as means * standard errors of the
means (SEM). Differences between means of continuous parameters across
cohorts were evaluated by Kruskal-Wallis analysis of variance (ANOVA) with
Dunn’s correction for multiple comparisons. For comparison of baseline and
24-h values in the assessment of parameters of renal function of drug in plasma,
Student’s ¢ test or Welch’s ¢ test was used, as appropriate. A two-tailed P value
of <0.05 was considered statistically significant.
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RESULTS

Plasma pharmacokinetics. Estimated pharmacokinetic pa-
rameters of LNYS and DAMB in plasma are given in Table 1,
and the corresponding plasma drug concentration profiles are
depicted in Fig. 1A.

In comparison to the results with the standard dosage of 1
mg of DAMB/kg, LNYS displayed a markedly different dispo-
sition in plasma after single-dose administration of therapeutic
levels of 2 to 6 mg/kg, as evidenced by a faster clearance from
plasma, a =10-fold-shorter relevant elimination half-life, and a
=8-fold-smaller V. The administration of =6-fold-higher dos-
ages was reflected in escalating C,,,.s and AUC,_,, values that
ranged from 27 to 56 pwg/ml and 17 to 77 g - h/ml, respectively,
and were =16- and =6-fold higher than corresponding values
achieved with DAMB. As evidenced by the concentration-time
profiles, nystatin achieved comparatively high peak levels in
plasma but was rapidly eliminated from plasma within 6 to
12 h; in contrast, amphotericin B achieved lower peak levels in
plasma and showed a rapid distributive phase but was elimi-
nated only slowly from plasma and maintained detectable con-
centrations throughout the dosing interval.

Urinary pharmacokinetics. Peak drug concentrations in
urine (C,,,U) collected at 2-h intervals, 7,,U values,
AUC,,,U values, and CLj values are summarized in Table 2,
and the corresponding concentration-time profiles for drug in
urine are depicted in Fig. 1B.

In comparison to the results with DAMB, mean C, U
values after administration of LNYS were =10-fold higher and
were observed earlier after dosing. Similarly, AUC,_,,U values
were four- to sevenfold greater after administration of LNYS.
C...xU and AUC,,,U values after administration of 4 mg of
LNYS/kg were not different from those after administration of
2 mg of LNYS/kg; following administration of 6 mg/kg, both
parameters were lower than after administration of 2 or 4
mg/kg. This result coincided with an apparent decrease in the
mean CLy of LNYS across the investigated dosage range (by
ANOVA, P = 0.0714). Notably, there were no significant dif-
ferences in CL, between LNYS and DAMB. The urinary
excretion rates of nystatin peaked during the first 8 h postad-
ministration, with a marked decrease thereafter. In contrast,
excretion rates of amphotericin were generally lower and
showed a more constant pattern (Fig. 2A). When calculations
were done for the entire 24-h dosing interval, the urinary
excretion rates of rabbits treated with 2, 4, or 6 mg of LNYS/kg
or with 1 mg of DAMB/kg were 5.66 * 0.64, 6.17 = 0.34, 9.07
+ 1.71, and 1.90 = 0.38 pg/kg - h, respectively (mean = SEM;
by ANOVA, P < 0.0001).

Concentrations in tissues and body fluids. The concentra-
tions of LNYS and DAMB in tissues and body fluids 24 h after
single-dose administration are given in Table 3.

Corresponding to the comparatively small volume of distri-
bution at steady state (V,), the concentrations of LNYS in
parenchymatous organs were low. The highest concentrations
were measured in the kidney. In muscle, fat, and brain tissues,
nystatin was undetectable at all investigated dosages. While
nystatin was detectable in urine in only one animal 24 h after
dosing, the compound was detectable in bile fluid in all ani-
mals. With the exception of the kidney, mean concentrations of
amphotericin B in tissue were severalfold higher despite the
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TABLE 1. Single-dose compartmental pharmacokinetic parameters of LNYS and DAMB in plasma“®

Cohort
and dose

AUC 54

Conin (ng/

t1op (h) ti2y (h)

tiq ()

v, (liter/kg) V, (liter/kg) V3 (liter/kg) Vi (liters/kg)  CL, (liter/h/kg) ~ CL; (liter/h/kg)  CL, (liter/h/kg)

Cinax (ng/ml) ml) (ngh/ml)

(mg/kg)
LNYS
2
4
6

NA
NA
NA

1.10 = 0.00
1.26 = 0.09
1.44 +0.18

0.1173 £ 0.003  0.17 = 0.01
0.0928 + 0.012  0.16 = 0.00
0.0805 + 0.010 0.16 = 0.01

NA

NA
NA

0.155 = 0.003  0.1260 = 0.019
0.138 = 0.003  0.1233 = 0.010
0.145 = 0.002  0.1365 = 0.006

NA
NA
NA

0.063 + 0.004

17.08 = 0.48 0.093 = 0.003 0.063 = 0.001

4274 =525 0.075 = 0.001
77.12 £9.65 0.085 = 0.000 0.059 = 0.002

ND
ND
ND

17.00 = 0.62

39.27 £ 0.79
56.01 = 0.42

16.82 = 1.60

1.15 = 0.07

1.200 = 0.043  0.2016 = 0.015 0.4906 = 0.040 0.0552 + 0.007 0.16 = 0.01

12.23 £ 0.95 0.241 = 0.040 0.631 = 0.002 0.3306 = 0.027

336 =042 0.25 = 0.03

DAMB, 1

“ All values represent the means + SEM of results for three rabbits each. C,,;,, concentration in plasma at the end of the recommended dosing interval (24 h); V,, V5, V3, volume of distribution of the first, second,

3 L1200 distributional half-life; ¢, 5, apparent elimination half-life; ¢, />, terminal elimination half-life; ND, not detectable; NA, not applicable.

-Wallis nonparametric ANOVA): for C,,,,, <0.0001; for AUC, 5,4, <0.0001; for V;, <0.0001; for V5, <0.0382; for V, 0.0028; for CL,, 0.0599; for CL,, 0.0137; for 5, 0.9006; for t; /55,

b P values (based on Kruskal

and third compartment, respectively; CL,, CL5, distribution clearances:
0.2775.
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FIG. 1. (A) Observed concentration-time plasma profiles after sin-
gle dosages of 2, 4, and 6 mg of LNYS/kg or 1 mg of DAMB/kg. Each
point represents the mean concentration for three rabbits each at that
time = SEM. Note that the error bars for LNYS at 2 mg/kg (LNYS 2)
and DAMB at 1 mg/kg are included but are too small to be perceptible.
Concentration-time points below LLQ were not used for pharmaco-
kinetic modeling but are depicted for clarity of the plot. (B) Concen-
tration-time urine profiles after administration of the same dosages
described for panel A. Each point plots the mean concentration for
three rabbits each for the respective 2-h urine fraction. The standard
errors are omitted for clarity of the plot but can be appreciated from
the assessment of pharmacokinetic parameters shown in Table 2. Note
that concentration-time points below LLQ were set at 0 for pharma-
cokinetic calculations but are depicted for clarity of the plot.

lower dosage; similarly, while nystatin was undetectable in
plasma at 24 h, all animals treated with DAMB had detectable
levels of amphotericin B at the end of the dosing interval.
Recoveries from tissues and urine. As depicted in Table 4,
less than 0.5% of the dose was recovered from the liver, spleen,
kidneys, and lungs at 24 h after single-dose administration of
LNYS. There were no significant differences in these recover-
ies for the three selected dosages of the compound. A quan-
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TABLE 2. Single-dose pharmacokinetic parameters of LNYS and
DAMB in urine”

Group and

CrnaxU (ng/ AUC U i
dosEg()mg/ nl) TmaxU (h) (g - i) CLy (liter/kg/h)
LNYS

2 16.83 = 3.54 333 £133  63.12+18.84  0.0081 = 0.001
4 18.52 = 4.85 2.67£0.66  60.71 * 8.68 0.0036 = 0.000
6 10.00 = 0.89 6.00 £ 1.15  35.27 + 6.89 0.0028 =+ 0.000
DAMB, 1 0.962 £ 0352  12.67 = 6.36 8.95 + 3.14 0.0039 = 0.001

“ All values represent the means = SEM of results for three rabbits each.

® Comparison among dosage groups was done by Kruskal-Wallis nonparamet-
ric ANOVA. P values: for C,,, U, 0.0152; T,,,.U, 0.2541; AUC, ,,U, 0.0152;
CLg, 0.0681.

titively important disposition in muscle and adipose tissue was
not detectable, even with the lower limit of the analytical assay
taken into consideration. In contrast, a quarter of the total
dose was recovered from the livers of DAMB-treated animals.
The recoveries from other organs and in the plasma pool were
markedly lower and ranged from 0.35 to 1.23%.

Following one single dose of LNYS, the mean recovery of
nystatin from 24-h urine samples accounted for 6.77, 3.73, and
3.62% of the total dosage of 2, 4, and 6 mg/kg (by ANOVA, P
= 0.05). The mean recovery of DAMB from urine was 4.69%
and not significantly different from that after administration of
LNYS at 2 to 6 mg/kg.

Effects on renal function. (i) Plasma parameters. Relevant
parameters of renal function of drugs in plasma before and
24 h after administration of LNYS and DAMB are given in
Table 5. In all treated cohorts, mean serum creatinine and
mean BUN values were higher at 24 h after administration
than at the baseline, and there was an apparent dose-depen-
dent effect of LNYS on these parameters. An increase of the
serum creatinine level to 1.5 times the baseline value was
found in zero, one, two, and one of three animals each treated
with LNYS at 2, 4, or 6 mg/kg or DAMB at 1 mg/kg, respec-
tively. An increase to 2 times the baseline value or higher was
not observed. There was no effect on the mean potassium
values, but in all cohorts, there was a slight increase in the
mean serum magnesium value 24 h after dosing.

(ii) Urinary output and creatinine clearance. The effects of
one single dose of LNYS or DAMB on urinary output are
graphically depicted in Fig. 2B. During the first 2 to 4 h post-
dosing, the mean urinary output was =2 ml/h/kg for all cohorts.
While the mean urinary output of animals treated with LNYS
at 2 mg/kg was not different from that of untreated control
animals during the remainder of the dosing interval and was
between 2 and 4 ml/h/kg, a polyuric phase of 6- to 8-h duration
was noted in animals treated with LNYS at 4 and 6 mg/kg and
was even more pronounced in animals treated with DAMB.
When calculations were done for the entire dosing interval, the
urinary output of untreated animals was 2.50 = 0.30 ml/h/kg
(mean = SEM); this parameter increased from 2.46 = 0.42
after administration of 2 mg of LNYS/kg to 3.96 = 0.74 and
3.63 = 0.20 ml/h/kg in animals treated with 4 and 6 mg of
LNYS/kg, respectively. For comparison, the mean urinary out-
put of animals receiving DAMB was 4.78 = 0.65 ml/h/kg (by
ANOVA, P = 0.0378). The normalized mean creatinine clear-
ance (=SEM) for untreated controls was 2.11 * 0.33 ml/
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FIG. 2. (A) Excretion rates into urine in micrograms of nystatin or
amphotericin B per kilogram per hour after single dosing with 2, 4, or
6 mg of LNYS/kg or 1 mg of DAMB/kg. Each point plots the mean
value for three rabbits during the respective sampling interval. The
standard errors are omitted for clarity of the plot but are incorporated
in the panel’s description in Results. (B) Urinary output in milliliters
per kilogram per hour after single dosing with 2, 4, or 6 mg of LNYS/kg
or 1 mg of DAMB/kg. Each point plots the mean value for three
rabbits during the respective sampling interval. The standard errors
are omitted for clarity of the plot but are incorporated in the panel’s
description in Results.

min/kg and accounted for 2.47 * 0.18, 2.72 *+ 0.29, and 2.28 =
0.10 ml/min/kg in animals treated with LNYS at 2, 4, and 6
mg/kg, respectively. The mean creatinine clearance following
single-dose administration of DAMB was 3.43 = 0.60 ml/
min/kg (by ANOVA, P = 0.3691).

(iii) B2 Microglobulin and electrolyte excretion. There were
no significant differences among all five cohorts with respect to
the excretion of 2 microglobulin in 24-h urine samples. The
fractional phosphate excretion was less than 2% for all cohorts
and, similar to the fractional tubular phosphate reabsorption
values, was not different among cohorts. The minimal B2 mi-
croglobulin excretion level and the almost complete tubular
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TABLE 3. Concentrations of LNYS and DAMB 24 h after administration of single dose**

Group Drug concn
d
;(Iylse Liver Spleen Kidney Lung Muscle Fat Brain Bile Urine Plasma
(mg/kg) (rg/e) (hg/e) (ng/e) (ng/?) (ng/e) (rg/?) (ng/e) (ng/ml) (pg/ml) (ng/ml)
LNYS
2 0.16 £0.00 0.39 =0.08 0.39 =0.00 0.18 = 0.00 ND ND ND 1.63 = 0.41 ND ND
4 0.26 =0.03 0.81 £0.12 1.15*0.14 0.33 £ 0.01 ND ND ND 1.67 £ 0.26 0.10 = 0.10 ND
6 028 £0.10 0.86 =0.10 1.59 =0.24 0.44 = 0.03 ND ND ND 2.10 = 1.08 ND ND
DAMB, 1 7.04+1.06 857*=0.06 1.19*0.10 1.10*0.22 0.024 = 0.00 ND 0.027 =0.00 1.85=*=043 043 *=0.06 0.25=*0.03

¢ Pvalues were calculated by Kruskal-Wallis nonparametric ANOVA. P value: for liver, 0.0026; for spleen, 0.0014; for kidney, 0.0137; for lung, 0.0001; for bile, 0.9753.

> ND, not detectable.

phosphate reabsorption level suggest the absence of an acute
toxic effect of polyene formulation on the proximal tubule.
Significant differences among the five cohorts were noted with
respect to the weight-normalized total excretion of sodium and
calcium in 24-h urine samples (Table 6). No differences were
found for the weight-normalized excretion of potassium and
magnesium, although treated animals appeared to exhibit
higher excretion levels of both electrolytes in comparison to
those of untreated controls. Analysis of the fractional electro-
lyte excretion revealed similar trends. The fractional potassium
excretion rate in rabbits receiving 6 mg of LNYS/kg or 1 mg of
DAMB/kg exceeded 100%, which may be indicative of renal
damage.

DISCUSSION

The results of this study demonstrate fundamental differ-
ences in the dispositions of multilamellar LNYS and DAMB.
In comparison to the standard 1-mg/kg dosage of DAMB,
single-dose administration of LNYS at therapeutic levels of 2
to 6 mg/kg resulted in escalating peak concentrations in plasma
but a significantly faster clearance, with rapid elimination from
plasma and a =8-fold-smaller V. Urinary drug concentration
data revealed =10-fold-higher peak concentrations and 4- to
7-fold-greater AUC values following administration of LNYS
but no difference in CL. Corresponding to the smaller V,
concentrations of LNYS in tissues at the end of the 24-h dosing
interval were severalfold lower than those after administration
of DAMB, despite the higher dosages. Less than 1% of the

total dose of LNYS was recovered from the liver, spleen, kid-
neys, and lungs each; in contrast, a quarter of the total dose
was recovered from the liver in DAMB-treated animals. CLg
and recovery from urine of LNYS were not significantly dif-
ferent from those of DAMB, suggesting differences in biliary
excretion and/or hepatic or extrahepatic metabolism as the
cause of the marked differences in the dispositions of the two
polyene formulations. LNYS had dose-dependent effects on
glomerular filtration and distal renal tubular function as as-
sessed by serum creatinine level, urinary output, and electro-
lyte excretion. However, at the highest investigated dosage of 6
mg/kg, the observed changes appeared not to exceed those
following administration of DAMB.

Across species, the achievement of high peak drug levels in
plasma, the rapid elimination from plasma, and the small 1/
following administration of LNYS are markedly different from
the pharmacokinetic profile of DAMB in plasma and the small
unilamellar liposomal formulation of amphotericin B (LAMB;
AmBisome) (2, 16, 27; Nyotran investigator brochure, Aronex
Pharmaceuticals). Whereas DAMB achieves approximately
similar dose-normalized peak levels in plasma but is more
slowly eliminated from the bloodstream and has a much higher
V, LAMB achieves and maintains very high concentrations of
amphotericin B in plasma over prolonged periods of time, is
eliminated much more slowly, and has an intermediate V" (2,
27).

The pharmacological basis of the differences in dispositions
between DAMB and LAMB have recently been elucidated in

TABLE 4. Recoveries of LNYS and DAMB from tissues and fluids 24 h after administration of a single dose”

% Recovery of drug after administration of dose indicated

Tissue or fluid LNYS LN
DAMB, 1 pg/ml value
2 pg/ml 4 pg/ml 6 pg/ml
Liver 0.285 = 0.005 0.248 = 0.031 0.180 = 0.021 25.87 = 3.57 0.0028
Spleen 0.125 = 0.064 0.085 = 0.014 0.069 = 0.008 0.351 = 0.06 0.1364
Kidney 0.128 += 0.008 0.206 = 0.024 0.207 = 0.033 0.988 =+ 0.090 0.0020
Lung 0.065 = 0.015 0.036 = 0.001 0.035 = 0.003 0.643 = 0.150 0.0234
Muscle 0.000 = 0.000 0.000 = 0.000 0.000 = 0.000 1.230 = 0.272 NA
Fat 0.000 = 0.000 0.000 = 0.000 0.000 = 0.000 0.000 = 0.000 NA
Brain 0.000 = 0.000 0.000 = 0.000 0.000 = 0.000 0.006 = 0.001 NA
Plasma 0.000 = 0.000 0.000 = 0.000 0.000 = 0.000 1.130 = 0.837 NA
Urine 6.772 = 0.772 3.730 = 0.184 3.628 + 0.683 4.697 = 0.910 0.0788

“ Values represent means * SEM of results for three treated and six untreated animals each.
b P values are for the comparison among dosage groups by Kruskal-Wallis nonparametric ANOVA. NA, not applicable.
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TABLE 5. Effects of single doses of LNYS and DAMB on renal function parameters in plasma“

Parameter level

Cohort and

dosage Creatinine (mg/dl) BUN (mg/dl) Potassium (mmol/liter) Magnesium (mmol/liter)

/K

(mgke) Baseline 24 h Baseline 24 h Baseline 24 h Baseline 24 h
Controls 0.68 = 0.02 0.68 = 0.01 16 = 0.66 15 = 0.66 442 = 0.10 445 £ 0.16 1.04 = 0.05 0.98 = 0.06
LNYS

2 0.66 = 0.06 0.76 = 0.06 15 £0.33 16 £ 0.57 4.27 = 0.03 427 =0.12 0.95 = 0.04 1.00 = 0.01

4 0.70 = 0.05 1.00 = 0.15 19 = 1.53 23 = 1.20 430 £ 0.17 3.97 = 0.20 0.92 = 0.00 1.08 = 0.08

6 0.66 = 0.03 1.07 = 0.08° 19 £0.33 23 +(.33% 4.50 = 0.47 4.57 = 0.37 0.93 = 0.01 1.08 = 0.04
DAMB, 1 0.60 = 0.05 0.83 = 0.06 18 = 3.93 24 =273 427 =0.17 413 £0.23 0.92 = 0.01 1.03 = 0.02°

“ All values represent the means = SEM of results for three treated and six untreated animals each.

® Significantly different from results for controls at a P of <0.05 (¢ test).

a phase IV study of healthy subjects (2, 3). In plasma, ampho-
tericin B is highly (>95%) protein bound, and the percentage
of protein bound increases with increasing drug concentra-
tions. In comparison to a single dose of DAMB (0.6 mg/kg),
following administration of a single dose of LAMB (2 mg/kg),
exposure to both unbound and nonliposomal (i.e., protein-
bound) drug was lower, and most of the amphotericin B re-
mained liposome associated (i.e., 97% at 4 h and 55% at
168 h). While LAMB markedly reduced the total and fecal
recoveries of amphotericin B, urinary and fecal clearances
based on unbound amphotericin B were similar for both for-
mulations; the urinary clearances of the unbound drug were
equal to the glomerular filtration rate, and tubular transit rates
were <16% of the urinary excretion rate (3). Greater than
90% of DAMB was accounted for in mass balance calculations
at 1 week, with two-thirds excreted unchanged in the urine
(20.6%) and feces (42.5%). In contrast, <10% of LAMB was
excreted unchanged (2). Taken together, LAMB increases to-
tal amphotericin B concentrations in plasma while decreasing
unbound amphotericin B concentrations and excretion of the
unbound drug in urine and feces through sequestration of
amphotericin B in long-circulating liposomes. Independent of
its formulation, elimination of amphotericin B from the body
occurs via the pool of the unbound drug, and glomerular fil-
tration of the unbound drug is the mechanism of CLy (3).
Following intravenous administration of LNYS, nystatin

TABLE 6. Effects of single doses of LNYS and DAMB on urinary
electrolyte excretion

Cohort and Urinary electrolyte excretion rate (mmol/24 h/kg)*
dosage
(mg/kg) Sodium Calcium Potassium Magnesium
Controls 0.96 = 0.17 0.112 = 0.01 9.17 = 0.18 0.554 = 0.12
LNYS
2 1.99 £ 048 0.072 £0.01 14.18 =220 0.834 = 0.07
4 257+045 0178 £0.04 15.62 =1.89 1.040 = 0.08
6 3.06 =0.27 0.116 £0.00 12.52 £1.16 0.862 = 0.21
DAMB, 1 381 *=0.08 0.245=*0.03 1527 £2.44 1.030 = 0.26

¢ All values represent the means = SEM of results for three treated and six
untreated animals each. Comparisons among dosage groups were done by
Kruskal-Wallis nonparametric ANOVA. P values: for sodium results, 0.0065; for
calcium, 0.0373; for potassium, 0.2580; for magnesium, 0.1356.

may circulate while simultaneously bound to its original lipo-
somal carrier, while protein bound, or as a free drug. The
plasma profile of LNYS is characteristic for a multilamellar
liposomal formulation that is rapidly cleared by the mononu-
clear phagocytic system (33); however, in vitro experiments
have also demonstrated a rapid dissociation of nystatin from its
liposomal carrier and opsonization by and distribution with
lipoproteins and aqueous plasma proteins (37, 38). Both pro-
cesses would be consistent with yet unpublished tissue drug
concentration profiles for rabbits that showed escalating con-
centrations, particularly in the liver and spleen at 2 h after
dosing, but they appear inconsistent with the lack of accumu-
lation in these organs at 24 h after dosing and the mass balance
deficit of >90% of the unchanged drug at this time point. In
the present study, less than 0.5% of the total dosage of nystatin
was recovered from the liver, spleen, kidney, and lung tissues,
and there was negligible disposition in muscle and adipose
tissue. In contrast, a quarter of the total dose of amphotericin
B was found in the liver after a single dose of DAMB. The
mean recovery of unchanged nystatin in urine ranged from
6.77 to 3.62% of the total dose and was not different from that
of amphotericin B (4.6%), suggesting that the differential dis-
positions of these two polyene formulations cannot be ex-
plained by differences in renal elimination.

The disposition of LNYS in rabbits is consistent with unpub-
lished findings for rats (Nyotran investigator brochure, Aronex
Pharmaceuticals) that revealed a similar rapid elimination of
nystatin from the bloodstream and tissues and a recovery from
urine of 5%; more than 50% of compound was recovered from
the feces. It thus appears likely that hepatic elimination ac-
counted for much of the mass balance deficit in our study and
possibly also for the differences in the dispositions of the two
compounds. Indeed, while both compounds undergo negligible
intestinal reabsorption (12, 19), the subtle differences in the
molecular structures of nystatin and amphotericin B may be
responsible for a different rate of biliary excretion. However,
on the same basis, the rapid disappearance of nystatin from the
bloodstream and tissues may also be a reflection of metabolite
formation or physicochemical instability of the compound in
physiological environments. Recent studies with human volun-
teers suggest that metabolism plays at most a minor role in the
elimination of amphotericin B (2). Nevertheless, formal stud-
ies of metabolism and stability of nystatin following intrave-
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nous administration of the multilamellar liposomal formula-
tion or nonliposomally administered nystatin have not been
performed to date but would be highly desirable.

The urinary disposition of LNYS requires particular notice.
In comparison to a standard dose of DAMB, LNYS achieved
=10-fold-higher peak concentrations and 4- to 7-fold-greater
AUC values. Levels of nystatin in urine exceeded the MICs
reported for yeast-like fungal pathogens (1, 7, 23, 30) and
remained above these values for several hours. Since time-kill
studies have demonstrated a concentration-dependent and
rapidly fungicidal activity of nystatin against Candida spp. in
vitro (18), the achievement of high concentrations in urine
over a relatively short time through administration of LNYS
may represent a therapeutic advantage for treatment of fungal
infections of the urinary tract that require therapy with poly-
enes.

Following the administration of 2 or 4 mg of LNYS/kg, there
were no differences in either urinary C,,,.s or AUC values.
When 6 mg of LNYS/kg was administered, these values were
even lower and there was a trend toward a dosage-dependent
decrease in CLy and urinary recovery. It is conceivable that
this dosage-dependent decrease in CLg contributes to the re-
ported dose-dependent disposition of LNYS in plasma (16).
Plausible explanations for this behavior include dosage-depen-
dent decreases in renal perfusion and glomerular filtration rate
as well as a concentration-dependent protein binding (3) re-
sulting in a concentration-dependent reduction of the percent-
age of unbound nystatin available for glomerular filtration.
Studies of amphotericin B in human volunteers indicate that
independent of its formulation, glomerular filtration of the
unbound drug is the mechanism of CLy (3). The similarities in
CLg and urinary recovery between amphotericin B and nysta-
tin would indeed suggest this is also the case for nystatin.

Administration of antifungal polyenes is limited by dose-
dependent nephrotoxicity, particularly in conjunction with
other nephrotoxic drugs (6, 20, 36, 40). While its exact mech-
anisms are still not completely clear, this renal toxicity is vas-
cular and tubular and ultimately the result of the binding of
free compound to membrane-associated cholesterol (31, 32).
The administration of a single dose of LNYS resulted in an
apparently dose-dependent increase in the mean serum creat-
inine and blood urea nitrogen values; an apparently dose-
dependent, delayed polyuric phase of 6- to 8-h duration; in-
creased urinary excretion of sodium, potassium, and
magnesium; but unchanged B2 microglobulin excretion and
normal tubular phosphate reabsorption, indicative of acute
vascular and distal tubular toxicity but not of proximal tubular
toxicity. While the quality of these toxicities was not different
from those following administration of a standard dose of
DAMB, all acute effects seemed to be of lesser extent following
the administration of 2 or 4 mg/kg and partially following the
administration of 6 mg of LNYS/kg. The question of whether
this reduced toxicity is due to a smaller fraction of nystatin
reaching the kidney as free drug (3, 4) or only minor binding to
low-density lipoproteins (37, 38, 39) cannot be answered by our
data. However, although nystatin has similar to slightly lower
toxicity than amphotericin B against yeast cells, nystatin is
much less toxic against mammalian cells than the latter (24, 26,
42). This may be due to a differential effect of the reduced
unspecific (van der Waals) binding capacity of the diene-tet-
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raene structure on the interaction with cholesterol (the weaker
partner in mammalian cell membranes) compared to that of
ergosterol (the stronger partner in fungal cell membranes).
This reduced cytotoxicity would explain the apparently lower
tubular toxicity of nystatin despite higher exposure to free drug
in the renal collection system.

In summary, in comparison to a standard dose of 1 mg of
DAMB/kg, the administration of LNYS at therapeutic dosages
of 2 to 6 mg/kg to healthy rabbits resulted in a significantly
faster clearance from plasma and a =8-fold-smaller V. Despite
higher dosages, concentrations of LNYS in tissues at the end of
the 24-h dosing interval were severalfold lower than those from
earlier times, resulting in a mass balance deficit of >90%. In
urine, LNYS produced =10-fold-higher peak concentrations
and 4- to 7-fold-greater AUC values. However, CLy and re-
covery rates in urine were not significantly different from those
of DAMB, suggesting differences in rate of biliary excretion
and/or hepatic or extrahepatic metabolism as possible causes
of the differences in the dispositions of the two polyenes.
LNYS had dose-dependent effects on glomerular filtration and
distal renal tubular function which did not exceed those of
DAMB at the highest investigated dosage. Independent of
further elucidation of its fate in the body, LNYS may offer a
therapeutic advantage in systemic fungal infections involving
the urinary tract that require treatment with antifungal poly-
enes.
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