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The purpose of the present study was to determine if a relationship exists between the plasma cholesterol
concentration, the severity of amphotericin B (AmpB)-induced renal toxicity, and the pharmacokinetics of
AmpB in plasma in hypercholesterolemic rabbits administered multiple doses of amphotericin B (AmB)
deoxycholate (Doc-AmB) and AmB lipid complex (ABLC). After 7 days of administration of a cholesterol-
enriched diet (0.50% [wt/vol]) or a regular rabbit diet, each rabbit was administered a single intravenous bolus
of Doc-AmB (n 5 8) or ABLC (n 5 10) (1.0 mg/kg of body weight) daily for 7 consecutive days (a total of eight
doses). Blood samples were obtained daily before and 24 h after the administration of each dose and serially
thereafter following the administration of the last dose for the assessment of pharmacokinetics in plasma,
kidney toxicity, plasma lipoprotein levels, and drug distribution in tissue. The pharmacokinetics of AmB in
blood following the administration of ABLC were also determined in rabbits fed cholesterol-enriched and
regular diets (n 5 3 each group). Before drug treatment, cholesterol-fed rabbits demonstrated marked
increases in total, low-density lipoprotein (LDL), and triglyceride-rich lipoprotein (TRL) cholesterol levels in
plasma compared with the levels in rabbits on a regular diet. No significant differences in total plasma
triglyceride levels were observed. Significant increases in plasma creatinine levels were observed in rabbits fed
a cholesterol-enriched diet (P < 0.05) and rabbits fed a regular diet (P < 0.05) when administered AmB.
However, the magnitude of this increase was twofold greater in rabbits fed a regular diet than in rabbits fed
a cholesterol-enriched diet. An increase in plasma creatinine levels was observed only in rabbits on a choles-
terol-enriched diet administered ABLC. The pharmacokinetics of AmB were significantly altered in rabbits on
a cholesterol-enriched diet administered Doc-AmB or ABLC compared to those in rabbits on a regular diet
administered each of these compounds. The pharmacokinetics of AmB in blood were significantly different
following ABLC administration but not following Doc-AmB administration in both rabbits fed cholesterol-
enriched diets and rabbits fed regular diets compared to their corresponding pharmacokinetics in plasma. An
increased percentage of AmB was recovered in the TRL fraction when Doc-AmB was administered to rabbits
fed a cholesterol-enriched diet than when it was administered to rabbits fed a regular diet. Furthermore, an
increased percentage of AmB was recovered in the LDL and TRL fractions when ABLC was administered to
rabbits fed a cholesterol-enriched diet rabbits fed a regular diet. These findings suggest that an increase in
plasma cholesterol levels modifies the pharmacokinetics of AmB and renal toxicity following the administra-
tion of multiple intravenous doses of Doc-AmB and ABLC.

Disseminated fungal infections such as candidiasis, his-
toplasmosis, and aspergillosis are on the rise, particularly in
patients with cancer, organ transplant recipients, diabetics pa-
tients, and patients with AIDS (4, 25). Among these patients
invasive fungal infections may account for as many as 30% of
deaths (4, 39). Despite the development of a number of new
antifungal agents (10), amphotericin B (AmB) formulated as a
micelle suspension with deoxycholate (Doc-AmB) remains one
of the most effective agents in the treatment of systemic fungal

infections (18). However, Doc-AmB use is often limited by the
development of kidney toxicity manifested by renal vasocon-
striction with a significant decrease in the glomerular filtration
rate and renal plasma flow and by renal potassium and mag-
nesium wasting (10, 18, 39).

Incorporation of many drugs, including chemotherapeutic
and antifungal agents, into liposomes minimizes toxicity with-
out a loss of the pharmacological effect (2, 15, 22, 29). In ad-
dition, when AmB was complexed with lipid to form AmB lipid
complex (ABLC), AmB was selectively taken up by mononu-
clear phagocytes and delivered principally to the liver and the
lung (16, 28). Survival of mice infected with Histoplasma cap-
sulatum was greater with ABLC than with AmB treatment, in
part due to the higher concentrations of AmB in liver and lung
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tissue (28). Moreover, ABLC was less toxic for these animals
than it was for infected mice administered equivalent amounts
of Doc-AmB. Recent studies by Bhamra et al. (3) have sug-
gested that the very low levels of circulating protein-bound
AmB that they observed after administration of ABLC to rats
was a result of rapid tissue uptake, which led to reduced tox-
icity.

Doc-AmB and ABLC are examples of drug formulations
that can associate with lipoproteins in serum and plasma in
vivo and in vitro (32–34, 37, 39). We believe that this property
has a major effect on the efficacy and safety of these com-
pounds since they are often administered to patients with ab-
normal cholesterol metabolism (8, 9, 12). Disease-related changes
in liver and kidney function and blood flow may also alter the
pharmacokinetics and toxic effects of these drugs. However, it
is our contention that understanding of the mechanisms by
which dyslipidemia (abnormal serum lipid concentrations) af-
fects the actions of these compounds is essential prior to Doc-
AmB and ABLC administration.

There is growing evidence that supports our hypothesis that
increases in serum cholesterol concentrations increase the
renal toxicity of Doc-AmB. Specifically, we have previously
observed that when Doc-AmB is administered to hypercholes-
terolemic, insulin-dependent diabetic rats, the magnitude of
nephrotoxicity was greater than that in control nondiabetic
rats. Furthermore, the half-life and volume of distribution of
AmB in serum were increased in diabetic rats compared to
those in nondiabetic control rats (35). Preliminary studies re-
cently completed by our laboratory have shown that upon ad-
ministration of a single dose to rabbits fed a cholesterol-
enriched diet (cholesterol-fed rabbits), Doc-AmB was more
nephrotoxic than when it was administered to control rabbits
(39). The enhanced nephrotoxicity of AmB is probably medi-
ated through drug binding to the low-density lipoprotein (LDL)
receptor (34, 37). Furthermore, recent studies with kidney cells
have also shown that when the numbers of LDL receptors
expressed on these cells were reduced, the AmB that bound to
LDL was less toxic than unbound AmB (37). These findings
suggest that increases in the levels of AmB binding to LDL in
serum enhance the ability of AmB to damage kidney cells.

However, unlike Doc-AmB, an increase in serum cholesterol
concentrations does not affect the pharmacokinetics or modify
the renal toxic effects of AmB following the administration of
a single intravenous dose of ABLC (39). Specifically, we have
previously observed that when ABLC was administered to hy-
percholesterolemic insulin-dependent rats, the pharmacoki-
netics and renal toxic effects of AmB were not markedly al-
tered compared to those in nondiabetic rats (35). Furthermore,
it has been suggested that the renal toxicity of ABLC bound to
lipoproteins in serum may differ from that of AmB alone.
Whereas AmB alone binds preferentially to LDL and can be
internalized into renal cells that express LDL receptors, result-
ing in toxicity (33), ABLC predominantly binds to high-density
lipoprotein (HDL) (34), remains in the bloodstream, and lacks
toxicity. In addition, our preliminary findings suggest that AmB
bound to HDL is less toxic to kidney cells than AmB bound to
LDL, possibly due to the small number of HDL receptors pres-
ent on these cells (32). Taken together, these findings suggest
that the decreases in the levels of binding of AmB to LDL in

serum by incorporation of the drug into a phospholipid vesicle
(ABLC) diminish the ability of AmB to damage kidney cells.

These studies provide compelling evidence that serum or
plasma lipoprotein levels have a major effect on the toxicity
and pharmacokinetics of AmB formulations. However, one
cannot be sure that these observations were a direct result of
variations in the serum or plasma cholesterol concentration or
were due to sex differences or the disease models investigated.
Furthermore, the data generated from studies with experimen-
tal rat models cannot be extrapolated to what may be observed
in humans because the behaviors of lipoproteins in rats are
very different from the behaviors in humans (i.e., HDLs in rats
are the major carrier of cholesterol, while LDLs are the major
carrier of cholesterol in humans) and the activity of a lipid
transfer protein (LTP 1), a protein that is responsible for the
transfer of lipids in serum among different lipoprotein subfrac-
tions (19) and that is measurable in humans, has minimal
activity in rats (20, 21). In addition, the studies with animals
that have been completed were done following the administra-
tion of only a single intravenous dose of either Doc-AmB or
ABLC and not following the administration of a more clinically
relevant multiple-dose regimen.

Therefore, the purpose of the study described here was to
investigate the relationship between the serum total choles-
terol level and lipoprotein cholesterol concentration, the se-
verity of AmB-induced kidney toxicity, and the pharmaco-
kinetics of AmB in serum in hypercholesterolemic rabbits
administered multiple doses of Doc-AmB and ABLC. The
study was completed in order to mimic the multiple-dose reg-
imen of Doc-AmB and ABLC commonly used clinically in a
relevant experimental animal model (i.e., rabbits, in which the
behaviors of lipoproteins are similar to those in humans [20,
21]). On the basis of the results of our preliminary tissue cul-
ture studies with tissues from rabbits and humans, our working
hypothesis was that an elevation in the serum cholesterol con-
centration increases the association of Doc-AmB with choles-
terol-rich lipoproteins (predominantly, the apolipoprotein B-
rich lipoproteins LDL and triglyceride-rich lipoprotein [TRL,
which include very-low-density lipoproteins and chylomicrons]),
resulting in increased kidney toxicity. However, increases in
the serum cholesterol concentration would not modify the kid-
ney toxicity profile of ABLC.

MATERIALS AND METHODS

AmB and ABLC formulations. AmB, which contains sodium deoxycholate
(Fungizone; Doc-AmB) and which is reconstituted in sterile water, was pur-
chased from Bristol-Myers-Squibb (Newark, N.J.). The method of preparation of
lipid complexes containing AmB (ABLC; Abelcet, The Liposome Company,
Princeton, N.J.) has been described previously (3, 32). These lipid complexes use
nontoxic phospholipids (dimyristoylphosphatidylcholine and dimyristoylphos-
phatidylglycerol) and are reconstituted in normal saline.

Cholesterol-fed rabbit model. All rabbits used for this study were cared for in
accordance with the principles promulgated by the Canadian Council on Animal
Care and the University of British Columbia. They were housed within individual
metabolism cages in an animal facility with a 12-h dark–12-h light cycle and
controlled temperature and humidity. Water and food (Purina Rabbit Chow
5001) were unrestricted throughout the study. All the rabbits were allowed 3 days
to acclimate to their environment prior to experimentation. Female New Zea-
land White rabbits (weight, 3.0 to 4.0 kg; Jeo-Bet Rabbits Ltd., Aldon, British
Columbia, Canada) that exhibit hypercholesterolemia (induced by a cholesterol-
enriched diet, as described previously [39]) were used (see Table 1). The cho-
lesterol-fed rabbits received Purina rabbit chow supplemented with 2.5% (wt/vol)
coconut oil and 0.50% (wt/vol) cholesterol for 7 days prior to the experiment.

VOL. 45, 2001 PHARMACOKINETICS OF AmB AND ABLC 1185



This was an ideal model because no kidney or liver function and hematological
profile abnormalities were observed in the cholesterol-fed and age-matched New
Zealand White rabbits, and 3-ml blood samples were obtained without significant
changes in blood flow (20, 21). Furthermore, the rabbit was the appropriate
experimental animal for these studies because the behavior and structure of
rabbit lipoproteins are similar to those of human lipoproteins (7). The operative
technique for insertion of a catheter for permanent placement was modified from
that of Walsh and coworkers (31) and other investigations (39) to include a hep-
arin lock device (Harvard Apparatus Canada, Saint-Laurent, Quebec, Canada).

Separation of lipoproteins in plasma. The strategy for separation of rabbit
plasma samples (3.0 ml) from the 5-min blood collection into lipoprotein (HDL,
LDL, and TRL [which contains chylomicrons and very-low-density lipoproteins])
and lipoprotein-deficient (LPDP) fractions was by step-gradient ultracentrifuga-
tion, as described previously (38, 39). To ensure that the lipoprotein distribution
of AmB was a result of its association with each lipoprotein and not a result of
the density of the formulation, the distributions of the AmB formulation recon-
stituted in sterile water (Fungizone; Doc-AmB) and ABLC reconstituted in
normal saline within the LPDP fraction were determined. The majority (.90%)
of AmB was found in the density range of .1.21 g/ml, suggesting that the AmB
distribution within the ultracentrifuge tubes following incubation in rabbit
plasma is not a function of the formulation density (38).

Characterization of lipoproteins. Lipoprotein preparations were characterized
with respect to their lipid and protein compositions. Cholesterol (esterified and
unesterified), triglyceride, and protein were quantitated by established colori-
metric techniques, as described previously (35, 37).

Measurement of AmB levels. AmB levels in whole-blood, plasma, tissue, and
lipoprotein fractions were analyzed by high-pressure liquid chromatography
(HPLC), as described previously (35,37). Briefly, whole-blood, plasma, and lipo-
protein samples (100 ml each) were mixed with equal volumes of methanol, and
the mixtures were vortexed for 10 s and centrifuged (13,000 3 g for 2 min). The
extract (75 ml) was analyzed in comparison with an AmB external standard cal-
ibration curve. Tissue samples (0.5 g) were homogenized with 1.0 ml of methanol
for 3 min, and the extract was analyzed by HPLC. Control organ tissues mixed
with known amounts of AmB stock solutions were used to establish standard
curves. The sensitivity of this assay was 5 ng/ml, with an intraday coefficient of
variation of 5% (linear range, 5 to 5,000 ng/ml; r2 5 0.99).

Assessment of renal function. To assess renal function, plasma creatinine
concentrations prior to and 5 min following the administration of the last dose of
Doc-AmB or ABLC were measured by standard enzymatic reactions (Sigma
Chemical, St. Louis, Mo.). For the purposes of this study and on the basis of our
preliminary studies with rats (35) and humans (33), the criteria for measurable
kidney toxicity was set as a 50% increase in the serum creatinine concentration
from the baseline concentration. The time of 5 min following administration of
the last dose was chosen because initial studies demonstrated that, following the
administration of a single intravenous dose of Doc-AmB (1 mg/kg of body
weight) daily for 7 consecutive days to rabbits, the serum creatinine concentra-
tion reached its maximum level from the baseline level 5 min following admin-
istration of the last dose (data not shown).

Experimental design. Cholesterol-fed (n 5 9) or regular diet-fed (n 5 9)
female New Zealand White rabbits (weight, 3 to 4 kg) were administered,
through the jugular vein, a daily intravenous dose of Doc-AmB or ABLC (1 mg/
kg) for 7 consecutive days (total of eight doses). Preliminary studies have shown
that a Doc-AmB dose of 1 mg/kg is sufficient for the treatment of experimental
candidiasis and yet results in measurable kidney toxicity (35–37). In addition,
four cholesterol-fed and normolipidemic rabbits were administered vehicle con-
trols (sterile water or normal saline). Serial blood samples were obtained prior to
and at 0.083, 0.25, 0.5, 1, 2, 4, 8, 12, 24, 48, and 72 h following administration of
the last dose of Doc-AmB or ABLC and were stored in centrifuge tubes. Blood
samples were also obtained 24 h (trough levels) after administration of the
preceeding day’s dose. Plasma was harvested and stored at 4°C prior to analysis
to prevent any redistribution of drug. Preliminary studies have shown that AmB
does not redistribute between lipoprotein fractions at 4°C (37). After retrieval of
a sample 72 h following administration of the last dose, each rabbit was humanely
sacrificed (with sodium pentobarbital [60 mg/kg] administered intravenously over
2 min through the marginal ear vein) and the liver, right kidney, spleen, heart,
and lung were removed, dried, and weighed. Each organ was stored at 220°C
until analysis.

Preliminary investigations by Adedoyin et al. (1) have reported that the bio-
logical fluid that is used influences the characterization of the pharmacokinetics
of AmB after ABLC administration but not after AmB administration. They
found that when ABLC was incubated in vitro in whole blood and then centri-
fuged to separate the plasma, the majority of AmB was located in the pellet. This
suggests that analysis of AmB in plasma following ABLC administration would

underestimate the systemic concentration of the drug. Thus, following the ad-
ministration of ABLC to both cholesterol-fed and regular diet-fed female rab-
bits, pharmacokinetic analysis of AmB was also conducted with whole blood as
well as plasma.

Pharmacokinetic analysis. The pharmacokinetic parameters mean residence
time (MRT), total body clearance (CL), and volume of distribution at steady
state (VSS) were estimated by compartmental analysis with the WINNONLIN
nonlinear estimation program (26). It was concluded that the plasma (and whole
blood) AmB concentration data fit a two-compartment model based on good-
ness-of-fit and residual-sum-of-square estimations with the WINNONLIN pro-
gram and a preliminary analysis from the single-dose studies (39). In addition, an
independent criterion (the Akaike information criterion) for determination of
the goodness of fit was used. The concentrations of AmB in plasma (and in whole
blood following ABLC administration) were plotted against time on log-linear
graph paper, and the distribution phase (a) and the terminal half-life were
estimated by the method of residuals (26). The area under the AmB concentra-
tion-time curve (AUC) from time zero to infinity (AUC0–`) was estimated by the
trapezoidal rule (26).

Statistical analysis. The pharmacokinetics of AmB in plasma and whole
blood, the concentration of AmB in tissue, the distribution of AmB among the
lipoproteins, the plasma creatinine concentration, and lipid levels were com-
pared between the drug-treated and control groups of animals by analysis of
variance (INSTAT2; GraphPad Inc.). Critical differences were assessed by Tukey
post hoc tests. A difference was considered significant if the probability that
chance would explain the results was reduced to less than 5% (P , 0.05). All data
were expressed as the mean 6 standard deviation.

RESULTS

The mean weight of the cholesterol-fed rabbits was not sig-
nificantly different from that of the regular diet-fed rabbits
prior to and during drug administration (data not shown).
Similarly, kidney, liver, lung, spleen, and heart weights were
not different between the cholesterol-fed and regular diet-fed
rabbits (data not shown).

Total, LDL, and TRL cholesterol concentrations in plasma
were significantly higher in cholesterol-fed rabbits than in reg-
ular diet-fed rabbits (P , 0.05) prior to the initiation of ther-
apy (data not shown) and 5 min following administration of the
last dose of Doc-AmB or ABLC (Table 1). However, plasma
creatinine levels were not significantly different between cho-
lesterol-fed and regular diet-fed rabbits prior to drug admin-
istration (Table 1). Significant increases in the percentages of
baseline plasma creatinine levels were observed in cholesterol-
fed (P , 0.05) and regular diet-fed rabbits (P , 0.05) admin-
istered Doc-AmB (Table 1). Increases in total LDL, and TRL
cholesterol levels in plasma were observed in rabbits receiving
a cholesterol-enriched diet (0.5% [wt/vol] cholesterol) for 7
days compared to those in rabbits receiving a regular diet, as
reported previously (36) (data not shown). However, no differ-
ences in total plasma or lipoprotein triglyceride levels were
observed in plasma (data not shown), as reported previously
(39).

The AUC0–`s for both Doc-AmB and ABLC in plasma after
the administration of multiple intravenous doses to cholester-
ol-fed rabbits were significantly higher than the AUC0–`s for
Doc-AmB and ABLC in regular diet-fed rabbits (P , 0.05)
(Fig. 1 and 2A; Table 2). AUC0–` for ABLC in the whole
blood of cholesterol-fed rabbits was significantly higher than
the AUC0–` of ABLC in the whole blood of regular diet-fed
rabbits (P , 0.05) (Fig. 2B; Table 2). The a half-life was
prolonged in plasma of cholesterol-fed rabbits administered
ABLC compared to that in regular diet-fed rabbits (Fig. 2A;
Table 2). No significant differences in the elimination (b) half-
life in plasma (Fig. 2A) and whole blood (Fig. 2B) or the MRT
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were observed (Table 2). The VSS in plasma was significantly
lower in cholesterol-fed rabbits than regular diet-fed rabbits
administered Doc-AmB and ABLC (P , 0.05) (Table 2). Sys-
temic CL from plasma was decreased in cholesterol-fed rabbits
compared to that in regular diet-fed rabbits administered Doc-
AmB and ABLC (Table 2). The systemic CL from whole blood
was significantly decreased in cholesterol-fed rabbits compared
to that in regular diet-fed rabbits administered ABLC (P ,
0.05) (Table 2). Differences in the pharmacokinetics of AmB in
whole blood and plasma were observed following ABLC ad-
ministration to cholesterol-fed rabbits compared to those ob-
served in regular diet-fed rabbits (Fig. 2A and B).

The concentrations of AmB in kidney tissue were greater in
cholesterol-fed rabbits than in regular diet-fed rabbits admin-

istered ABLC (Table 3). In addition, the kidney AmB concen-
trations were greater in both cholesterol-fed and regular diet-
fed rabbits when the rabbits were administered Doc-AmB than
when they were administered ABLC (Table 3). However, no
differences in liver and lung AmB concentrations were ob-
served following the administration of Doc-AmB or ABLC to
both cholesterol-fed and regular diet-fed rabbits (Table 3).
Lung AmB concentrations were markedly lower after AmB
administration than after ABLC administration in animals fed
a regular diet (Table 3). Spleen AmB concentrations were
higher in cholesterol-fed and regular diet-fed rabbits adminis-
tered ABLC than in those administered AmB (Table 3). Heart
AmB concentrations were significantly greater in cholesterol-
fed rabbits following the administration of Doc-AmB com-

TABLE 1. Biochemical characteristics of plasma after administration of multiple intravenous doses of Doc-AmB and
ABLC to regular diet-fed and cholesterol-fed rabbitsa

Experimental group
and drug

Plasma creatinine level

Total plasma Cc

(mg/dl)
TRL-Cc

(mg/dl)
LDL-Cc

(mg/dl)
HDL-Cc

(mg/dl)

With regard to drug
administration (mmol/liter) % Change from

baseline levelPrior to
first doseb

5 min after
last dosec

Regular diet
Doc-AmB 93 6 11 252 6 152 1171 108 6 22 13 6 3 44 6 18 42 6 1
ABLC 91 6 11 95 6 15d 14.4 67 6 8d 17 6 3 25 6 5 25 6 6d

Cholesterol-enriched diet
Doc-AmB 125 6 36 230 6 160 184 891 6 199e 667 6 172e 181 6 35e 34 6 4
ABLC 111 6 19 141 6 44 127 734 6 249e 628 6 234e 81 6 14d,e 24 6 7

a By these regimens the animals each received 1 mg of AmB per kg. The cholesterol enrichment contained 0.5% (wt/vol) cholesterol. Data are expressed as means 6
standard deviations (n 5 5 for ABLC for rabbits on a cholesterol-fed diet and n 5 4 for all other treatment groups). Total plasma C, total plasma cholesterol levels;
TRL-C, triglyceride-rich lipoprotein level (which includes VLDL and chylomicrons); LDL-C, LDL cholesterol level; HDL-C, HDL cholesterol level.

b Plasma creatinine levels prior to administration of the first Doc-AmB or ABLC dose and 7 days after regular or cholesterol-enriched diet.
c Refers to 5 min following administration of the last dose on day 7.
d P , 0.05 versus Doc-AmB treatment.
e P , 0.05 versus rabbits fed regular diet.

FIG. 1. Plasma AmB concentration-versus-time curve on a log-linear graph following the administration of all intravenous doses of Doc-AmB
or ABLC (1 mg/kg) to cholesterol (Chol)-fed and regular diet-fed rabbits. Values are means 6 standard deviations (n 5 4 for Doc-AmB and n 5
5 for ABLC).
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pared to those obtained following the administration of ABLC
(P , 0.05) (Table 3).

The distribution of AmB in plasma in vivo was determined 5
min following the intravenous administration of the final doses
of Doc-AmB and ABLC. Following the administration of Doc-
AmB a greater percentage of AmB was recovered in the TRL
fraction of cholesterol-fed rabbits than in the TRL fraction of
regular diet-fed rabbits (P , 0.05) (Fig. 3A). However, follow-
ing administration of Doc-AmB, a lower percentage of AmB
was recovered in the LPDP fraction (which contains albumin
and a-1-glycoprotein) of cholesterol-fed rabbits than in the
LPDP fraction of regular diet-fed rabbits (P , 0.05) (Fig. 3A).
Following the administration of ABLC, a greater percentage of
AmB was recovered in the LDL and TRL fractions of choles-
terol-fed rabbits than in those fractions of regular diet-fed
rabbits (P , 0.05) (Fig. 3B). However, following the adminis-
tration of ABLC, a lower percentage of AmpB was recovered
in the HDL and LPDP fractions (which contains albumin and
a-1-glycoprotein) of cholesterol-fed rabbits than in those frac-
tions of regular diet-fed rabbits (Fig. 3B).

DISCUSSION

The administration of Doc-AmB has been limited by its
dose-dependent kidney toxicity, but this has not been predict-
able by monitoring of the plasma and/or serum drug concen-
tration (25). Many clinicians and scientists have assumed that
the plasma and/or serum drug concentration is directly related
to the concentration at the site of action. Error in this assump-
tion may be due to underlying or changing disease states or
altered drug-protein binding parameters. Since AmB is an
example of drug that, when formulated into a lipid complex,
associates with lipoproteins both in vivo and in vitro (37), we
studied the influence of experimentally induced hypercholes-
terolemia on the disposition and toxicity of AmB following
treatment of rabbits with multiple doses of Doc-AmB and
ABLC.

Following the administration of multiple doses of Doc-AmB,
there were considerable differences in the disposition of AmB,
the distribution of AmB among lipoproteins, and the distri-
bution of AmB in tissue in hypercholesterolemic rabbits com-
pared to those in their normolipidemic counterparts. The
AUC0–` for AmB in plasma was elevated in hypercholester-

FIG. 2. (A) Plasma AmB concentration-versus-time curve on a log-
linear graph following the last administration of intravenous dose of
Doc-AmB or ABLC (1 mg/kg) to cholesterol (Chol)-fed and regular
diet (Reg)-fed rabbits. Values are means 6 standard deviations (n 5
4 for Doc-AmB and n 5 5 for ABLC). (B) Whole-blood AmB con-
centration-versus-time curve on a log-linear graph following the ad-
ministration of the last intravenous dose of ABLC (1 mg of AmB/kg)
to cholesterol-fed and regular diet-fed rabbits. Values are mean 6
standard deviations (n 5 3).

TABLE 2. Pharmacokinetic parameters of drug in plasma and whole blood (for ABLC) after administration of
multiple intravenous doses of Doc-AmB and ABLC to regular diet-fed and cholesterol-fed rabbitsa

Experimental group and drug AUC0–` (mg z h/ml) t1/2a (h) t1/2b (h) MRT (h) Vss (liters/kg) CL (ml/h/kg)

Regular diet
Doc-AmB (plasma) 35.3 6 9.2 4.4 6 1.8 101.4 6 20.8 141 6 26 4.4 6 2.1 30.1 6 8.9
ABLC (plasma) 2.6 6 1.2c 0.3 6 0.1c 87.1 6 35.4c 126 6 51 50 6 9c 475 6 259c

ABLC (whole blood) 18.1 6 3.2c,d 1.8 6 0.3c,d 641.6 6 139.5c,d 920 6 203c,d 52 6 14c 56.6 6 11c,d

Cholesterol-enriched diet
Doc-AmB (plasma) 140.4 6 32.8b 4.9 6 2.3 110.3 6 28.1 152 6 38 1.1 6 0.3b 7.5 6 2.0b

ABLC (plasma) 10.0 6 3.9b,c 4.3 6 3.9b 209.0 6 107.8 297 6 159b 29 6 11c 104 6 24b,c

ABLC (whole blood) 90.5 6 65.9b,d 2.4 6 0.3 2,623 6 2,466 3,754 6 3,544c 39 6 11c 19.4 6 18.6b

a By these regimens the animals each received 1 mg of AmB per kg. The cholesterol enrichment contained 0.5% (wt/vol) cholesterol. Data are expressed as means 6
standard deviations (n 5 4 for Doc-AmB in plasma, n 5 5 for ABLC in plasma, and n 5 3 for ABLC in whole blood). t1/2a and t1/2b, a and terminal half-lives,
respectively.

b P , 0.05 versus rabbits fed a regular diet.
c P , 0.05 versus Doc-AmB treatment.
d P , 0.05 versus ABLC (plasma).
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olemic rabbits. This result could be explained by the fact that
the systemic clearance of Doc-AmB was significantly lower in
hypercholesterolemic rabbits. Furthermore, the VSS of Doc-
AmB was significantly lowered in hypercholesterolemic rabbits
than in normolipidemic rabbits (P , 0.05), possibly suggesting
that plasma protein and/or lipoprotein binding differences ac-
count for changes in the disposition of AmB (Fig. 3). This de-
crease in VSS can further be explained by the increased con-
centrations of AmB in the livers, spleens, and kidneys of
cholesterol-fed rabbits compared to those in these tissues of
regular diet-fed rabbits (Table 3).

Since AmB can be associated with plasma lipoproteins, we
expected a greater AUC with a reduction in CL in the presence
of hypercholesterolemia. We hypothesize that this may be due
to the drug’s preferential association with LDLs and TRLs, the
levels of which are increased in the hypercholesterolemic rab-
bit model used in the present study (Table 1). Consistent with
this hypothesis, we observed that a greater percentage of AmB
was recovered in the TRL fraction when the drug was admin-
istered to hypercholesterolemic rabbits than when it was ad-
ministered to normolipidemic rabbits (P , 0.05) (Fig. 3A), but
we observed no differences in the level of association of AmB
with LDL. This may be because the increase in TRL choles-
terol levels is far greater than the elevation in LDL cholesterol
levels (Table 1). Taken together, these findings suggest that
TRL may be an important mediator of drug disposition.

We further hypothesized that the associations of AmB with
lipoproteins have major effects on the safety of this drug since
Doc-AmB is often administered to patients with abnormal
plasma cholesterol and triglyceride metabolism (5, 8, 12, 14,
30). Growing evidence supports our hypothesis that increases
in the cholesterol concentration increase the renal toxicity of
Doc-AmB (33, 34, 39), while an elevation in the plasma tri-
glyceride concentration or an association of AmB with a tri-
glyceride-rich emulsion (27) decreases AmB-induced renal
toxicity (6). Specifically, when Doc-AmB was administered to
patients with leukemia (17) and immunocompromised patients
(23) who exhibited lower plasma cholesterol concentrations
(,100 mg/dl), the level of AmB-induced renal toxicity was
decreased. Chabot and coworkers (5) observed no measurable
renal toxicity when Doc-AmB was administered to cancer pa-
tients who exhibited hypocholesterolemia. Our preliminary

findings from studies with humans suggest that patients with
higher serum LDL cholesterol levels and, in turn, a greater
level of binding of AmB with serum LDL are more susceptible
to AmB-induced kidney toxicity (33). This work was later sup-
ported by our single-dose studies with hypercholesterolemic
rabbits (39).

However, in the present multiple-dose study, the increased
AUC0–` for AmB in cholesterol-fed rabbits compared to that
for regular diet-fed rabbits administered Doc-AmB (P , 0.05)
(Table 2) was associated with less of an increase in plasma
creatinine levels (Table 1) and no changes in the renal tissue
AmB concentration (Table 3). These observations may be ex-
plained by differences in AmB’s distribution in plasma lipopro-
tein. In cholesterol-fed rabbits, a greater percentage of AmB
was recovered in the TRL fraction (which predominantly con-
tains very-low-density lipoproteins and chylomicrons) (Fig.
3A). Although no differences in renal tissue AmB concentra-

FIG. 3. In vivo distribution in plasma at 5 min following the admin-
istration of the last intravenous dose of Doc-AmB (A) or ABLC (B) to
cholesterol (Chol)-fed or regular (Reg) diet-fed rabbits. Values are
means 6 standard deviations (n 5 5), p P , 0.05 versus rabbits fed a
regular diet and receiving Doc-AmB or ABLC. The LPDP fraction
includes albumin and a-1-glycoprotein.

TABLE 3. Distribution of AmpB in tissue following 7 consecutive
days of Doc-AmB and ABLC administration to

control and cholesterol-fed rabbitsa

Tissue

AmB distribution (mg of AmB/g of tissue)

Control rabbits Cholestrol-fed rabbits

Doc-AmB ABLC Doc-AmB ABLC

Kidney 3.95 6 1.24 0.20 6 0.12b 5.43 6 2.41 0.43 6 0.18b,c

Liver 9.27 6 2.18 8.68 6 3.20 9.03 6 1.82 5.12 6 2.71
Lung 3.22 6 2.94 1.07 6 1.30 1.11 6 0.68 2.77 6 1.55
Spleen 1.31 6 0.79 5.37 6 3.75 3.68 6 3.10 4.69 6 3.57
Heart 0.11 6 0.20 NDd 0.25 6 0.06 0.02 6 0.00c

a By these regimens the animals each received 1 mg of AmB per kg. The
cholesterol enrichment containes 0.5% (wt/vol) cholesterol. Data are means 6
standard deviations (n 5 4 for Doc-AmB and n 5 5 for ABLC).

b P , 0.05 versus Doc-AmB.
c P , 0.05 versus control rabbits.
d ND, below detectable limit of the assay.
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tions were observed following Doc-AmB administration to
cholesterol-fed rabbits, AmB’s increased level of association
with the TRL fraction may decrease AmB’s ability to inflict
renal damage at the cellular level. This may be because recep-
tor-mediated uptake of apolipoprotein B- and E-rich lipopro-
teins (namely, LDL and TRL) by human glomerular epithelial
cells (11, 24) is downregulated in cholesterol-fed rabbits (11).
Thus, most TRL-associated AmB, although delivered to the
renal tissue, would not interact with kidney cells and would
not cause damage.

In contrast, no significant renal toxicity was observed in
either rabbit group administered ABLC (Table 1). This obser-
vation is supported by our findings that no significant differ-
ences in renal tissue AmB levels were observed (Table 3).
Although renal toxicity following ABLC administration to cho-
lesterol-fed rabbits is not significant, it is greater than that
following administration of ABLC to regular diet-fed rabbits.
This may be due to the increased distribution of AmB into the
LDL fraction following ABLC administration to cholesterol-
fed rabbits compared to that following ABLC administration
to regular diet-fed rabbits (Fig. 3B). However, taken together
with the lipoprotein distribution data, it appears that the in-
creased level of association of AmB with TRL in hypercholes-
terolemic rabbits (Fig. 3) diminishes the AmB-induced renal
toxicity.

The pharmacokinetics of ABLC and its distributions in tis-
sue were also markedly altered in the presence of hypercholes-
terolemia. Whereas the transport of Doc-AmB was influenced
by TRL cholesterol concentrations, preferential uptake of ABLC
into the reticuloendothelial system may be a result of LDL
cholesterol levels. Specifically, AmB CL following ABLC ad-
ministration was significantly decreased in cholesterol-fed rab-
bits compared to that in regular diet-fed rabbits (P , 0.05).
This decrease in AmB CL may be a result of ABLC’s increased
interaction with LDL. LDL has a circulating half-life of 24 to
48 h (34), and therefore, the interaction of ABLC with LDL
could result in a longer AmB half-life and reduced systemic
CL. Similar to the findings observed following Doc-AmB ad-
ministration, the VSS of ABLC was lower in hypercholester-
olemic rabbits than in normolipidemic rabbits, possibly suggest-
ing that plasma protein and/or lipoprotein binding differences
account for changes in disposition, as reported in Fig. 3.

Furthermore, we have observed that a greater percentage of
AmB associates with the LPDP fraction when ABLC was ad-
ministered to these animals. An increase in cholesterol levels
does alter this distribution (Fig. 3B). In contrast to the obser-
vations with Doc-AmB administration, no significant change in
renal toxicity was found with ABLC dosing. These data are
consistent with our previous work with rats (35) and with the
work of other investigators that have demonstrated that AmB
delivered in a lipid complex has a nephroprotective effect (17,
28).

Bhamra and coworkers (3) have observed similar concentra-
tion-time curves for Doc-AmB and ABLC following adminis-
tration of these compounds to rats, as we did following admin-
istration of these compounds to rabbits (Fig. 2A). They further
reported that when rat plasma was spiked with Doc-AmB and
incubated for 3 h at 37°C, most of the drug was associated with
the very-low-density liproprotein and LPDP fractions. Greater
than 50% of the AmB from samples spiked with ABLC or

Doc-AmB was associated with the LPDP fraction. Those find-
ings are in agreement with our results (Fig. 3).

Preliminary studies by our laboratory (data not shown) and
others (1) observed no differences in AmB’s pharmacokinet-
ics in whole blood and plasma following Doc-AmB adminis-
tration. However, differences in AmB’s pharmacokinetics in
whole blood and plasma were observed following ABLC ad-
ministration to humans (1) and rabbits (Table 2). This is due to
the fact that upon separation of plasma from red blood cells by
centrifugation, the ABLC-associated AmB is also partitioned
into the red blood cell fraction (1). This causes an underesti-
mation of the plasma AmpB concentration following ABLC
administration, resulting in the miscalculation of the systemic
pharmacokinetics of AmB from the data for plasma (1). In
rabbits fed a regular diet, the AUC, the distribution and elim-
ination half-lives, and MRT are significantly greater for AmB
in whole blood than for AmB in plasma (P , 0.05). The CL of
ABLC from whole blood is significantly lower than that from
plasma (P , 0.05) (Table 2). Similar findings were observed in
cholesterol-fed rabbits (P , 0.05) (Table 2). Taken together,
these findings suggest that elevated plasma cholesterol levels
modify the pharmacokinetics of AmB in a fashion similar to
that in which they modify the pharmacokinetics of AmB in
plasma (Table 2).

In conclusion, the studies described here suggest that eleva-
tions in plasma cholesterol concentrations increase the con-
centration of AmB recovered in apolipoprotein B- and E-rich
lipoproteins (TRL and LDL). This change in the distribution
of AmB in plasma results in decreased systemic CL of AmB
and lower levels of AmB-induced renal toxicity in hypercho-
lesterolemic rabbits following the administration of multiple
intravenous doses of Doc-AmB or ABLC. These findings may
be of importance when Doc-AmB or ABLC is administered to
patients with elevated plasma cholesterol levels. However, fur-
ther studies with patients are warranted.
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