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Abstract

The objectives of this study were to determine the effects of heat-treatment on Fungizone® (FZ)-induced cytotoxicity in human
kidney (HK-2) cells and fungal isolates ofAspergillus fumigatus, and to determine the possible role of phospholipases (PLA2 and
PLC) on heat-treated FZ (HFZ)-associated renal cell toxicity. HK-2 cells were grown at 37◦C in T75 flasks and seeded in 96-well
plates at 20,000 cells/well. FZ and HFZ concentrations of 10, 25 and 50�g/mL of AmpB were prepared. Snake venom PLA2

ssay

at 35
isible
induced
0 and
for

iated
in HK-2
and PLC (2.15 U/mL) were pre-incubated with HFZ for 1 h prior to addition to the cells. After 18 h of incubation, an MTS a
was performed to assess cell viability through mitochondrial respiration. A spore suspension ofA. fumigatuswas prepared and
96-well plates were seeded at 500,000 spores/well. HFZ and FZ were prepared as above and incubated with the fungi◦C.
After 72 h, the minimum inhibitory concentration (MIC) was determined as the lowest concentration of drug that inhibited v
growth. Student–Newman–Keuls multiple comparisons tests were conducted to determine statistical significance. FZ-
cytotoxicity was significantly greater than for HFZ in HK-2 cells at amphotericin B (AmpB) concentrations between 1
50�g AmpB/mL (n= 5–9,p< 0.05). HFZ and FZ were found to have similar minimum inhibitory concentration (MIC) ranges
A. fumigatus(0.225–0.25�g) AmpB/mL; (n= 6). The addition of PLA2 and PLC to 50�g heat-treated AmpB/mL significantly
enhanced the cytotoxicity compared to controls (n= 6,p< 0.05). The presence of the phospholipases did not alter FZ-assoc
renal cell toxicity. Taken together, these findings suggest heat-treatment significantly decreased FZ-induced cytotoxicity
cells without altering toxicity against a reference strain ofA. fumigatus. In addition, PLA2 and PLC enhanced the renal toxicity
associated with HFZ, but not that of FZ.
© 2005 Elsevier B.V. All rights reserved.

Keywords:Heat-treated amphotericin B; Renal toxicity; Human kidney cells;Aspergillus fumigatus; Phospholipases; Fungizone®

∗ Corresponding author. Tel.: +1 604 822 4889; fax: +1 604 822 3035.
E-mail address:kwasan@interchange.ubc.ca (K.M. Wasan).

0378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2005.04.018



212 C. Leon et al. / International Journal of Pharmaceutics 298 (2005) 211–218

1. Introduction

Amphotericin B (AmpB) is considered the drug of
choice for the treatment of systemic fungal infections
(Bodey, 1986; Dannaoui et al., 2002; Gates and Pinney,
1993; Ghannoum et al., 1992; Klesper et al., 1998;
Meyer, 1992; Rothon et al., 1994). Nephrotoxicity is a
major complication associated with its use, and appears
to be related to higher cumulative doses, diuretic use,
abnormal serum creatinine at baseline and the use
of concomitant nephrotoxic drugs (Chavanet et al.,
1994; Costa and Nucci, 2001; Gaboriau et al., 1997;
Wasan and Conklin, 1997). The two major hypotheses
for the pathogenesis of AmpB-related toxicities are
direct effects of the drug on epithelial cell membrane
and vasoconstriction (Meyer, 1992; Wasan et al.,
1994; Zager, 2000). During the last few years, some
randomized trials have tested different strategies to
reduce AmpB-induced renal toxicity. These strategies
include sodium supplementation, low-dose dopamine,
slower infusion rates, the administration of AmpB in
lipid emulsions, and in lipid-based formulations (Baas
et al., 1999; Bodey, 1986; Chabot et al., 1989; Costa
and Nucci, 2001). The results of these trials showed
that the lipid formulations of AmpB significantly
reduce nephrotoxicity. Unfortunately, these agents are
costly, restricting their use to patients with a high risk
of developing significant renal toxicity.

A potentially simple and inexpensive alternative to
these costly formulations is the heat-treatment (70◦C
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2001; Petit et al., 1998; Sivak et al., 2004; van Etten et
al., 2000), thus, stressing the importance of developing
a human proximal tubular cell model to test the validity
of the results obtained in these cell line and animal
models. Studies assessing mechanisms of proximal
tubular cell (PTC) physiology and pathophysiology
increasingly utilize cell culture systems to avoid the
complexity of whole organ/whole animal experiments.
Furthermore, to date, investigating the utility of HFZ
in a human cell line has not been completed.

Therefore, the objective of this study was to utilize
a human proximal tubule cell line model for the analy-
sis of AmpB-related nephrotoxicity. We used the HK-2
cell line (Ryan et al., 1994) which appears to be well-
differentiated on the basis of its histochemical, immune
cytochemical and functional characteristics, and it can
reproduce experimental results obtained with freshly
isolated PTCs. Moreover, HK-2 cells have been used
to compare different liposomal AmpB formulations but
not HFZ (Zager, 2000), establishing it as a valid model
to study AmpB-dependent cytotoxicity in human prox-
imal tubule cells. This work is the first study to compare
FZ and HFZ in human proximal tubular cells and could
help to determine if the reduced nephrotoxicity found
in the pig, mouse and rabbit models following HFZ
administration, may also be observed within a human
cell line model. To determine the effect of the heat-
treatment on the antifungal activity of the drug, we
used anAspergillusmodel.Aspergillus fumigatusis
the most common invasive pathogen mold worldwide
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I read
l in
i

ro-
t ses
A tions
( ts
i el
(

2

er
f
p For
a

or 20 min) of FZ to produce a “super-aggregated” fo
f FZ, referred as heat-treated FZ (HFZ) (Bartlett et al.
004; Gaboriau et al., 1997; Kwong et al., 2001; P
t al., 1998, 1999; Sivak et al., 2004; van Etten e
000; Hartsel et al., 2001; Rogers et al., 2003). Studies
esigned to compare FZ and HFZ have determ

hat they present distinct molecular dichroism spe
Gaboriau et al., 1997; van Etten et al., 2000). At
he functional level, HFZ provokes a reduction in
elease of tumor necrosis factor alpha in human m
ytes (Gaboriau et al., 1997), which may be relate
o its reduced cytotoxicity.Gaboriau et al. (1997
ave reported that HFZ exhibits significantly low

n vitro cytotoxicity against mammalian cells witho
ffecting its cytotoxic effect against fungal cells.

Previous studies on HFZ, including work from o
wn group, has used a pig kidney cell line (Baas e
l., 1999) or murine and rabbit models (Kwong et al.
nd accounts for the vast majority of infections (90
nvasive aspergillosis has developed into a wide-sp
ife threatening fungal infection commonly found
mmunocompromised patients (Bodey, 1986).

A further objective was to determine if the neph
oxicity of AmpB can be enhanced by phospholipa

2 and C as suggested by previous observa
Swenson et al., 1998) and our own preliminary resul
n LLC PK1 cells, a pig proximal tubule cell mod
data now shown).

. Materials

The commercially available lyophilized powd
orm of AmpB-deoxycholate (Fungizone®; FZ) was
urchased from Bristol-Myers Squibb Canada, Inc.
ll toxicity and activity studies, a 100�g/mL AmpB
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Fig. 1. Effects of heat-treatment on FZ. (A) FZ; (B) FZ after heated for 20 min at 70◦C. (×400).

solution in water was made. Heat-treated FZ (HFZ)
was prepared by heating FZ solutions for 20 min in
water-bath at 70◦C as previously described (Baas et
al., 1999; Dannaoui et al., 2002). Aqueous solutions of
FZ and HFZ (5 mg/mL in water) were visualized using
light microscopy (Microscope: Olympus BX60, Media
Cybernetics; software to capture the image: Spot 4.0.5
from Diagnostic Instruments Inc., MI) to confirm that
heat-treatment resulted in aggregation of FZ (Fig. 1) as
previously reported (Baas et al., 1999).

Human proximal tubule kidney cells (HK-2) were
purchased from American type culture collection
(Wanassas, VA). HK-2 cells were grown at 37◦C
(5% CO2) in T75 flasks with keratinocyte serum-
free medium (K-SFM; Life Technologies, Grand
Island, NY) containing 1 mM glutamine, 5 ng/mL
epidermal growth factor, 40�g/mL of bovine pitu-
itary extract, 25 U/mL penicillin and 25�g/mL of
streptomycin. Dulbecco’s phosphate buffered saline
and penicillin–streptomycin (5000 U/mL penicillin,
5000�g/mL streptomycin) were purchased from Life
Technologies (Grand Island, NY).

3. Experimental methods

At near confluence, the cells were trypsinized
and transferred to either additional T75 flasks (for
passage) or to 96-well plates (seeded at a density
of 20,000 cells/well) for the specific experiments.
E age,

with the cells in a subconfluent state. FZ and HFZ
(5–100�g of AmpB/mL; quadruplicate measurements
per concentration,n= 5–9) diluted in keratinocyte
medium were added to the wells containing the
HK-2 cells. Cells were incubated with either no drug
treatment (controls), FZ (positive control) or HFZ
for 18 h at 37◦C. Snake venom PLA2 (2.15 U/mL) or
Clostridium perfringensphospholipase C (2.15 U/mL)
(both from Sigma–Aldrich, St. Louis, MI) were
pre-incubated with HFZ in Keratinocyte complete
medium for 1 h prior to addition to the cells. After
18 h of incubation, an [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tet-
razolium] (MTS) assay was performed to assess cell
viability through mitochondrial respiration as has
been previously used in HK-2 cells (Ryan et al., 1994;
Somji et al., 2004).

Percent AmpB-mediated cytotoxicity was deter-
mined using the MTS conversion assay (Promega
Corporation, Madison, WI), as previously described
(Zager, 2000).

An A. fumigatusreference strain (ATCC 9197;
American Type Culture Collection (Wanassas, VA)
was grown on BBLTM Sabouraud Dextrose Agar.
Briefly, inoculated plates were incubated for 48 h at
35◦C. A spore suspension ofA. fumigatuswas pre-
pared in sterile PBS with 0.1% Tween 20. The fungal
concentration was calculated by three methods: count-
ing under the microscope using a haematocytometer,
measuring transmittance in a spectrophotometer and
p e
xperiments were conducted 48 h after pass
 lating fungal dilutions in BBLTM Sabourand Dextros
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Agar plates to determine colony forming units. The
fungi were seeded in 96-well plates at a concentration
of 500,000 spores/well in RPMI-1640-MOPS medium
(NCCLS, 2002). Medium was dispensed into sterile,
lidded, flat-bottomed polystyrene microtitre plates
(Fisher Scientific, XXX). The first columns contained
decreasing dilutions of antifungal agent ranging from
10 to 0.1�g/mL final concentration. The last column
contained only inoculum and medium to serve as the
growth control. The plates were placed in a 35◦C
incubator for 72 h. At the end of this period, the MIC
(minimal inhibitory concentration) was determined.
The MIC was defined as the lowest drug concentration
that prevents any discernible growth (NCCLS, 2002).

Percentage of cytotoxicity were compared between
treatment groups by an unpairedt-test (INSTAT,
GraphPad). Student–Newman–Keuls multiple compar-
isons tests were conducted to determine statistical
significance, defined as if the probability of chance
explaining the results was reduced to less than 5%
(p< 0.05). All data are expressed as means± standard
deviations.

4. Results and discussion

Fig. 1 is a picture of AmpB-micelle suspension
(Fungizone®) after heat-treatment using light

microscopy. The figure illustrates that the AmpB-
micelle suspension (seen inFig. 1A) forms aggregated
clumps (Fig. 1B) following heat-treatment as reported
previously (Gaboriau et al., 1997).

After determining a physical change in HFZ com-
pared to FZ, we set as a goal to determine the effect
of heat-treatment in cytotoxicity using an HK-2 cell
model. AmpB-induced toxicity to HK-2 cells increased
in a concentration-dependent fashion (Fig. 2). Both at
a high AmpB concentration (100�g AmpB/mL) and
at a low AmpB range (5�g AmpB/mL) there was
no difference between FZ and HFZ. In the range of
10–50�g AmpB/mL, the toxicity observed with HFZ
was significantly lower than that observed with FZ
(Fig. 2,p< 0.05). The vehicles used to solubilize FZ and
HFZ exhibited minimal cytotoxicity (data not shown).
Our results demonstrate that HFZ is less toxic that FZ
to the HK-2 proximal tubule cells. FZ-induced cyto-
toxicity at 50�g AmpB/mL was significantly greater
than for HFZ in HK-2 cells (71.29± 10.23% versus
35.45± 8.79% cytotoxicity) (Fig. 2, n= 8,p< 0.05).

The reduced level of HFZ toxicity may be explained
by the presence of a super “aggregated” form of AmpB
following heat-treatment. Previous studies have sug-
gested that AmpB exist in monomeric, oligomeric
and aggregated forms in aqueous solutions. The
proportion of each form depends on the dilution and
on the concentration and solvent of the stock solution
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ig. 2. Dose–response effects of FZ and HFZ. Percent cytotox
arious concentrations of Fungizone (FZ) and heat-treated Fu
ndependent experiments (quadruplicate determinations per e
HK-2 cells in tissue culture medium after 18 h of incubation at 3◦C with
e (HFZ). Data are reported as means± standard deviation of five to nin
ent)< 0.05 vs. HFZ.
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(Gaboriau et al., 1997). The equilibrium between
monomers and aggregates seems to play a key role in
drug activity. The monomeric form binds to ergosterol
in the fungal cell membranes and forms pores, whereas
the self-associated form leads to the formation of trans-
membrane channels through the cholesterol-containing
membranes. These pores induce an osmotic shock by a
reversible leakage of electrolytes, associated at higher
AmpB concentrations with peroxidation of the mem-
brane lipids, resulting in lysis of the cell. However,
heat-treatment of FZ creates a super-aggregated form
of AmpB, which results in less cytotoxicity. It has
been hypothesized that the “super-aggregated” form
of AmpB does not form channels in the membrane,
unlike the aggregated form, but exists near the mem-
brane, releasing monomers of AmpB which selectively
porates ergosterol-containing membranes (namely fun-
gal membranes) (Burgess and Hastings, 2000; Chabot
et al., 1989; Reeves et al., 2004). The super-aggregated
form of AmpB refers to form that does not release
monomers of AmpB unlike the aggregated form.

However, this explanation is insufficient on its own
to account for the similar level of efficacy of FZ and
HFZ that we have found in an in vitroAspergillus
model. The relative toxicity of FZ and HFZ forA. fumi-
gatuswas determined in vitro. The concentration range
which resulted in a 100% reduction of growth for both
FZ and HFZ was 0.225–0.25�g AmpB/mL (mode = 1)
(n= 6, p< 0.05 Mann–WhitneyU). The effective con-
centration range of FZ forA. fumigatusis considerably
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of FZ and HFZ, we suggest the possibility of fungal
phospholipases which can “disaggregate” the com-
plexed AmpB present in heat-treated FZ form, and thus,
enhance its toxicity to similar levels of FZ. The produc-
tion of extracellular phospholipases has been shown
to be important in the pathogenesis of several bacterial
infections, such asListeriaandPseudomonas(Meyers
et al., 1992). Increased phospholipase activity has also
been correlated to increased mucosal pathogenicity in
the yeastCandida(Barrett-Bee et al., 1985). The secre-
tion of PLC has been shown to permeabilize the mem-
brane of mammalian cells to allow the entry of protein
toxins (Otero and Carrasco, 1988). In relation to our
Aspergillusmodel, a fast atom bombardment technique
was used (Birch et al., 1996) to determine the presence
ofA. fumigatusphospholipases in culture medium. The
presence of anions corresponding to the phospholipids
breakdown products indicated the presence of phos-
pholipases A1 and A2, B, C and D. There is a report
that suggests that AmpB mediates membrane perme-
abilization and release of proteins fromAspergillus
(Reeves et al., 2004). This observation is consistent
with the possibility that in the presence of the drug and
the fungi, fungal proteins such as phospholipases are
released and the cytotoxicity is enhanced. In our study,
we show that HFZ is as toxic as FZ to anA. fumigatus
reference strain. It has been suggested that extracellular
phospholipases produced by certain fungal strains may
cause the disruption of HFZ into the active monomeric
form of AmpB and as a consequence these strains are
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nd, thus, requires far less drug to cause cytotox
he observation that the efficacy of Fungizone was
ffected by heating is consistent with previous rep

n Zygomycota(Dannaoui et al., 2002) andCandida
van Etten et al., 2000), including our own work o
ryptococcus(Bartlett et al., 2004). Our results an

he cited literature support the consideration of HF
drug with a potentially higher therapeutic index t
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To reconcile the similar levels of efficacy of FZ a
FZ with the physical and toxicological propert
ust as susceptible to HFZ as they are to FZ (Swenson
t al., 1998). Swenson et al. have previously dem
trated that extracellular lipases produced by ce
trains ofCandida albicansare able to hydrolyze th
ajor lipid in ABLC, releasing active AmpB, whi
utants ofC. albicansthat were resistant to ABL

n vitro were deficient in extracellular phospholip
roduction. The addition of exogenous phospholip

o the incubation medium of these strains restored
ensitivity to ABLC (Swenson et al., 1998). Their data
lso supports the possibility that a host phospholi
ay be secreted to the medium and enhance

ytotoxic effects of AmpB. PLA2 can be found in
irculating plasma (Kortesuo et al., 1992) ranging from
U/L in healthy individuals to 500 U/L in patients w
evere infections and neoplasms (Aufenanger et al
993; Kortesuo et al., 1992). Studies to confirm tha
irculating PLA2 alter HFZ nephrotoxicity in vivo ar
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warranted. Our results are also consistent with studies
that have shown a concentration dependence on the
fungistatic and fungicidal action of amphotericin B
againstAspergillus(Sivak et al., 2004).

At this point, it is important to mention that our
observations point to a possible role of phospho-
lipases A2 and C on mediating the AmpB-related
nephrotoxicity. Independently, PLA2 and PLC had
no apparent nephrotoxic effect on the HK-2 cells;
however, the addition of 2.15 U/mL of PLA2 to
50�g heated-AmpB/mL significantly enhanced the
cytotoxicity (46.34± 10.72% versus 21.46± 6.918%
cytotoxicity) (Fig. 3, n= 6, p< 0.05). The effect of
PLC on HFZ-mediated cytotoxicity was even more
dramatic (75.41± 13.83% versus 21.46± 6.918%)
increasing it to those levels found with a similar dose
of FZ (64.77± 9.316%). Interestingly, both phospho-
lipases did not enhance the cytotoxicity mediated by
FZ at the doses tested (data not shown), suggesting
that, at this dose, their effect is specific to HFZ. When
the HK-2 cells were exposed to phospholipases A2 and
C, there was rather a slight increase in the respiration
values. In the case of PLA2, this is consistent with

previous findings where this phospholipase protects
mouse cells from nephrotoxicity (Zager et al., 1996).
Our results cannot exclude the possibility that a host
phospholipase interacts with the drug or the mem-
brane may contribute to its enhancement of AmpB
cytotoxicity.

At this moment, our data do not distinguish
between two plausible possibilities: (a) that these
phospholipases (host or fungal) have mainly a direct
effect on HFZ or (b) a synergistic effect of the phos-
pholipases and AmpB at the level of the membrane.
Both possibilities merit further investigation and they
could be addressed by the use of specific irreversible
inhibitors of these phospholipases to be added post the
incubation with the drug and prior to the addition of the
AmpB–phospholipase complex to the cells. A study
by Gottfredsson et al., tested the effect of deleting
phospholipase B inC. albicansand C. neoformans
and the susceptibility to AmpB (Gottfredson et al.,
2001). They did not find a significant difference
between the phospholipase B deficient fungi and
the control fungi in their drug susceptibility, which
suggests that phospholipase B does not contribute to
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ig. 3. Percent cytotoxicity of HK-2 cells in tissue culture me
ungizone (HFZ) +/− phospholipase A2 or C. Data are reported
eterminations per experiment). (a)p< 0.05 vs. heat-treated Fung
fter 18 h of incubation at 37◦C with Fungizone (FZ) and heat-trea
ansstandard deviation of six independent experiments (quadrup

(HFZ); (b)p< 0.01 vs. HFZ; (c)p< 0.05 vs. HFZ + PLA2.
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the AmpB susceptibility. These results are not in con-
tradiction with our results, since we have not tested the
phospholipase B effects. To our knowledge, there is no
literature onA. fumigatusPLA2 or PLC mutants and
the role of these enzymes on AmpB susceptibility.
There is only one study on the enhancement of
platinum-drug cytotoxicity in a human carcinoma
cell line by liposomal AmpB and phospholipase
A2 (Ferguson et al., 1999). In this study liposomal
AmpB enhanced the cellular uptake of cisplatin;
the liposomal AmpB plus phospholipase A2 group
showed the highest cisplatin cytoxicity. The authors
suggest that this phospholipase may destabilize the
liposome, allowing free AmpB to be released.

Results presented in this paper regarding the
reduced nephrotoxicity of HFZ versus FZ are consis-
tent with those we observed in vivo. In those studies
(Kwong et al., 2001), we investigated the influence of
prior heat-treatment of FZ on AmpB disposition, tissue
distribution and renal toxicity in rabbits and observed
significantly lower increases in serum creatinine
concentrations from baseline following HFZ adminis-
tration than FZ administration. This lack of change in
serum creatinine concentrations indirectly suggested
that at the concentration tested, HFZ does not damage
the glomerular filtration of the kidney to the same
extent FZ does. In addition, we observed lower AmpB
kidney concentrations with a statistically significant
greater concentration of AmpB in the liver following
HFZ than FZ administration. We further have reported
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