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The aim of this study was to investigate whether apoptosis contributes to nephrotoxicity caused by ampho-
tericin B (AmB). By detecting apoptosis-specific DNA fragmentation, it is demonstrated that proximal tubular
cells (LLC-PK1) and medullary interstitial cells (RMIC) respond with programmed cell death when treated
with therapeutic doses of AmB. Concomitant application of AmB and recombinant human insulin-like growth
factor-1 (rhIGF-1), a known antiapoptotic agent, abrogated apoptosis in vitro. To validate that the observed
apoptotic effects on renal tissue culture cells are applicable to an in vivo setting, an animal model was used for
verification. Therefore, Sprague-Dawley rats were treated with AmB. The drug caused hypokalemia, decreased
weight gain, loss of renal concentrating ability, and dehydration in a dose-dependent fashion. Microscopic
examination of renal tissue sections revealed apoptotic alterations predominantly in proximal and distal
tubular epithelial cells. To verify that the observed clinical side effects were linked to apoptosis, rhIGF-1 was
applied concomitantly with AmB. In all animals, rhIGF-1 prevented the above-mentioned clinical side effects.
Moreover, significantly reduced apoptosis was observed in renal tissue sections of these animals, indicating the
relevance of apoptosis in nephrotoxicity. This is the first report to demonstrate that AmB induces apoptosis in
the rat kidney in a dose-dependent fashion. The incidence of apoptosis correlates with renal toxicity and can
be abrogated by concomitant treatment with rhIGF-1.

The polyene macrolide amphotericin B (AmB) has re-
mained the drug of choice in fighting systemic fungal infections
for more than 30 years. However, its toxic effects, particularly
nephrotoxicity, remain a serious and dose-limiting side effect
of therapy (16). In pediatrics, premature neonates are at high
risk for systemic fungal infections. In addition, this group of
patients is particularly susceptible to renal cell injury. Despite
careful monitoring, treatment of this life-threatening infection
frequently cannot be completed secondary to severe drug-in-
duced renal side effects. AmB is known to cause hypokalemia,
vasopressin-resistant polyuria, and uremia (5, 6). However, the
cell-morphological alterations in kidneys causing these adverse
effects are not yet fully understood.

The aim of this study was to identify the mechanism of
AmB-mediated renal injury in vitro and to confirm the ob-
tained results in vivo. Nephrotoxic agents can cause apoptosis
and/or necrosis (42). In contrast to necrosis, which is associ-
ated with irreversible tissue damage, apoptosis is a physiolog-
ical form of cell death with distinct biochemical features (17).
Apoptotic cells are removed by macrophages, and there is no
permanent loss of function of the affected tissue, whereas ne-
crosis generates an inflammatory response resulting in the loss
of tissue function (17). Since the clinical side effects of AmB
are reversible after the discontinuation of therapy (16), it is

tempting to speculate that AmB nephrotoxicity is mediated by
apoptotic cell death.

In the present study, we investigated the influence of AmB
and the known antiapoptotic agent recombinant human insu-
lin-like growth factor-1 (rhIGF-1) on (i) renal tissue culture
cell lines and (ii) in vivo in the rat model. Our results clearly
demonstrate that AmB induces apoptosis in particular renal
cell lines in a dose-dependent fashion. Moreover, the known
clinical adverse effects of AmB correlate with the incidence of
apoptosis in the rat kidney. In addition, we found that rhIGF-1
ameliorates AmB-induced side effects by preventing apoptosis
in the rat kidney.

MATERIALS AND METHODS

Tissue culture cell lines. Passages four to seven of porcine proximal tubular
cells (LLC-PK1), canine distal tubular cells (MDCK), rat medullary interstitial
cells (RMIC), and rat mesangial cells (ARMC) were used to investigate the
cytotoxic effects of AmB. Cells were grown in Dulbecco modified Eagle medium
(DMEM) (Life Technologies, Karlsruhe, Germany) supplemented with 10%
heat-inactivated fetal bovine serum. Confluent cell monolayers were exposed in
96-well plates to AmB at concentrations of 0.5, 1.0, 2.5, or 5.0 mg/ml correspond-
ing to renal tissue concentrations obtained from patients treated for invasive
fungal infection (8). For 1 h, cells were exposed to AmB in DMEM without
serum to prevent binding of the drug to serum albumin. After completion of this
treatment, AmB was removed and cells were rinsed three times with phosphate-
buffered saline (PBS) (Life Technologies).

In another set of experiments, cells were pretreated with 50 or 100 mg of
rhIGF-1 (Genentech, Inc., South San Francisco, Calif.) per liter in DMEM
without serum for 12 h prior to the exposure to AmB. Before AmB was added,
cells were thoroughly rinsed three times with PBS.

Determination of cell death in renal tissue culture cell lines. Cell viability was
determined by trypan blue exclusion at each time point. In contrast to apoptosis,
necrosis results from a severe cellular insult in which internal organelle and
plasma membrane integrity are lost (17, 38). Thus, necrotic cells were identified
by uptake of the dye trypan blue. Qualitative measurement of apoptotic cells was
carried out immunohistochemically by labeling DNA strand breaks with biotin-
ylated nucleotides (14) and subsequent incubation with a streptavidin-horserad-
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ish peroxidase conjugate according to the protocol provided by the manufacturer
(In Situ Cell Death Detection Kit; TUNEL [terminal deoxynucleotidyl trans-
ferase-mediated dUTP-biotin nick end labeling] assay; Boehringer-Mannheim,
Indianapolis, Ind.). Apoptotic nuclei stained dark blue. Analysis and quantifica-
tion of apoptotic nuclei were carried out by light microscopy in a blinded fashion
by two independent researchers. To determine the apoptotic and necrotic index
in renal tissue culture cell lines, 100 cells were counted in 10 fields until a total
of 1,000 cells had been reached. Each set of experiments was repeated three
times. The results represent the cumulative means of all three experiments.

To substantiate the results, cytoplasmic histone-associated DNA fragments
typical for apoptosis were determined by photometric enzyme immunoassay
according to the protocol provided by the manufacturer (Cell Death Detection
ELISAPLUS; Boehringer-Mannheim). Briefly, cells were grown in 96-well micro-
titer plates and incubated with various doses of AmB and/or rhIGF21. Subse-
quently, cells were lysed and centrifuged, and the supernatant containing the
cytoplasmic fraction was transferred into streptavidin-coated microtiter plates. A
mixture of anti-histone-biotin and anti-DNA-peroxidase was then added, and the
samples were analyzed spectrophotometrically at 405 nm. An enzyme-linked
immunosorbent assay (ELISA)-specific enrichment factor was used to calculate
absorbance values as a percentage of apoptotic cells in the treatment groups
compared to the control groups. Each experiment was performed in duplicate
and repeated six times.

In order to verify that the observed AmB-induced cellular changes were
indeed due to apoptosis, in another set of experiments 100 mmol of caspase-3
inhibitor (Oncogene Research, Boston, Mass.) was added per well to the AmB
incubation media. After coincubation of AmB and caspase-3 inhibitor, the
above-mentioned ELISA was performed.

Animals. Three-week-old male Sprague-Dawley rats weighing 80 to 100 g were
held in individual cages with a constant 12-h light–12-h dark cycle. The animals
had free access to a standard diet (Ralston-Purina Co., St. Louis, Mo.) and
received water ad libitum. Prior to the beginning of the experiments, the rats
were randomized and divided into eight groups consisting of 5 or 10 animals
each. Animals of three experimental groups received conventional AmB intra-
peritoneally (i.p.) at 5 mg/kg/day (low dose), 10 mg/kg/day (medium dose), or 15
mg/kg/day (high dose). In addition to the application of AmB, three other groups
received rhIGF-1 subcutaneously (s.c.) at 4 mg/kg/day. AmB was injected once
daily on five consecutive days. The doses of AmB (20, 21). and rhIGF-1 (22, 23)
were obtained in consultation with the literature. Like AmB, rhIGF-1 was given
on five consecutive days, but the dosage was divided into two daily injections in
order to avoid hypoglycemia. Another two experimental animal groups served as
negative controls. These rats received either 5% glucose s.c. or rhIGF-1 s.c. at 4
mg/kg/day.

Measurement of body weight. Rats were weighed daily. Daily changes of body
weight were determined at the same time every morning as the weight loss or
gain in percent body weight compared to the weight of the previous day. The
mean values of all five treatment days and the presacrifice weight on day six were
determined.

Assessment of renal function. On day 5, rats were placed in individual meta-
bolic cages for 24 h and had their urinary volume measured and urinary samples
collected to assess the urine specific gravity. Serum potassium, sodium, blood
urea nitrogen (BUN), and creatinine levels were measured by standardized
autoanalyzer methods. Blood was obtained by central venous catheterization of
the external jugular vein after anesthesia with pentobarbital (45 mg/kg).

Histology. Kidneys were embedded in paraffin, and 4-mm tissue sections were
prepared. (i) Apoptotic cells were detected immunohistochemically in tissue
sections of the kidney by using the In Situ Cell Death Detection Kit (TUNEL
assay; Boehringer-Mannheim). Briefly, fixed renal tissue sections were deparaf-
finized and rehydrated in ethanol. Samples were incubated with proteinase K
(Sigma) and subsequently with terminal dideoxynucleotidyl transferase, which
was used to incorporate hapten-tagged nucleotides into the 39-DNA strand
breaks that occur during apoptosis. This specific labeling technique stains the
apoptotic nuclei dark blue. To further verify the results, apoptotic cells were also
identified by detecting phosphatidylserine (PS) on the outer plasma membrane
leaflet (Annexin V Staining Kit; Boehringer Mannheim). In early stages of
apoptosis, PS is translocated from the inner part to the outer layer of the plasma
membrane. Annexin V, a Ca21-dependent phospholipid-binding protein, pos-
sesses high affinity for PS, thus recognizing specifically early apoptotic cells. (ii)
Necrotic cells were excluded by trypan blue staining. In contrast to apoptotic
cells, the cell membrane of necrotic cells is disrupted. Thus, the dye trypan blue
can invade the necrotic cell and stain the cytoplasma blue.

Analysis and quantification of apoptotic and necrotic cells were carried out by
light microscopy in a blinded fashion by two independent researchers. To deter-
mine the apoptotic and necrotic index of mesangial cells in tissue sections, the

number of apoptotic and necrotic cells within 50 glomeruli was counted and
divided by the total number of mesangial cells within these glomeruli. The
apoptotic and necrotic index values within the tubulointerstitium of each tissue
section were calculated by counting the total number of positive cells in 30
sequentially selected 0.5-mm2 grids at a 3100 magnification.

Statistical analysis. One-way analysis of variance with the Bonferroni correc-
tion was performed to analyze the data obtained in this study. A P value of ,0.05
was considered to reflect statistically significant data. Graphs represent the
mean 6 1 standard deviation.

RESULTS

Determination of cytotoxic effects in renal tissue culture cell
lines. (i) AmB application. In this study, renal tissue culture
cell lines, i.e., rat mesangial cells (ARMC), canine distal tubu-
lar cells (MDCK), rat medullary interstitial cells (RMIC), and
porcine proximal tubular cells (LLC-PK1) representing four
physiologically relevant units of the nephron were used to
investigate the cytotoxic effects of AmB on the kidney. These
cell lines were exposed to AmB at concentrations of 0, 0.5, 1.0,
2.5, or 5.0 mg/ml for 1 h. Subsequently, apoptotic cells were
detected immunohistochemically by the end labeling of DNA
strand breaks (TUNEL assay) or necrotic cells by the trypan
blue exclusion assay.

As shown in Fig. 1, all untreated cell lines revealed an
apoptotic and necrotic index value of ,1%. In contrast, a high
necrotic index (,90%) was determined in all cell lines incu-
bated with 5.0 mg of AmB per ml.

ARMC exposed to AmB showed no significant signs of ap-
optosis. Treatment of MDCK with 2.5 mg of AmB per ml
resulted in a significant increase of apoptotic cells (8% 6 1%,
P , 0.05) compared to untreated control cells. In a dose-
dependent fashion, marked apoptotic effects (49% 6 5% to
93% 6 6%) were observed in RMIC and LLC-PK1 incubated
with 1 or 2.5 mg of AmB per ml.

To confirm that the toxic cell alterations induced by AmB
are due to apoptosis, histone-associated DNA fragmentation,
which is characteristic of this type of cell death, was measured
by ELISA. To further underpin that the observed cell death is
due to apoptosis rather than indiscriminate DNA digestion, a
caspase-3 inhibitor was used to specifically block the apoptotic
pathway prior to performing the above-mentioned ELISA.

Table 1 reveals that the determination of apoptosis by mea-
suring histone-associated DNA fragmentation using LLC-PK1

exposed to AmB gave concordant results compared to the
results derived from the TUNEL staining (Fig. 1). The dose-
dependent induction of apoptosis by AmB was completely
blocked by the application of 100 mmol of caspase-3 inhibitor
(Table 1). Cytosolic aspartate-specific proteases, called caspases,
are responsible for the deliberate disassembly of a cell into
apoptotic bodies. Caspase-3 is situated at a pivotal junction in
the apoptotic pathway (35, 36). Therefore, by inhibiting caspase-3
the cell becomes unable to undergo apoptosis, and cellular
damage would be due to indiscriminate DNA fragmentation
rather than to specific apoptotic cell death.

(ii) Concomitant application of AmB and rhIGF-1. It has
been demonstrated in several reports that IGF-1 prevents ap-
optotic cell death in neuronal cells (3, 10, 26, 35), as well as in
cardiac fibroblasts (28). In the kidney, IGF-1 was found to
accelarate recovery in renal failure (18) and to improve the
acute nephrotoxic effects of cyclosporine (24). Since our results
show so far that AmB does not cause significant apoptosis in
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mesangial cells and since mesangial cells are known to be the
only cells of the kidney to produce IGF-1 intrinsically (2, 9, 34),
we hypothesize that IGF-1 might elicit a protective effect in
toxic renal injury. Therefore, in a next set of experiments, we

investigated whether the preincubation of renal tissue culture
cell lines with rhIGF-1 prior to the application of AmB reduces
apoptosis. Table 2 reveals that RMIC, as well as LLC-PK1,
showed a significant rhIGF-1 dose-dependent reduction of
AmB-induced apoptosis.

To demonstrate that the observed apoptotic effects on renal
tissue culture cells are applicable to an in vivo setting, we used
a rat model for verification. Therefore, in the second part of
the study Sprague-Dawley rats were treated with AmB alone
or in combination with rhIGF-1.

Determination of clinical side effects in rats. (i) AmB appli-
cation. As shown in Table 3, Sprague-Dawley rats were given
various doses of AmB on five consecutive days, whereas ani-
mals of negative control groups did not receive AmB. Rats
treated with 5 or 10 mg of AmB/kg/day gained significantly less
weight than animals of both control groups. Moreover, rats
treated with 15 mg/kg/day lost 10% 62% of their body weight
daily.

Potassium levels in serum were obtained by careful blood
sampling from a central venous catheter which was placed in
the external jugular vein. Statistical analysis of all three AmB
treatment groups revealed a significant decrease of potassium
levels in animals which had received AmB at 10 or 15 mg/kg/
day compared to the control groups.

The urinary concentrating ability of individual rats was de-
termined by measuring the urinary specific gravity in 24-h-
collected urine specimens on the last treatment day. The uri-
nary specific gravity was significantly lower in all three AmB
treatment groups compared to the control groups.

Further assessment of renal function as reflected by serum
creatinine levels and BUN measurements did not show a sig-
nificant difference between all experimental groups (data not
shown). Serum creatinine levels ranged from 0.1 to 0.2 mg/dl in
all animals (normal range for 3-week-old rats, 0.1 to 0.3 mg/dl).
Also, all rats could preserve their serum sodium concentration.

Taken together, in the rat model AmB causes hypokalemia
and dehydration as reflected by decreased weight gain and the
loss of renal concentrating ability, which are well known clin-
ical side effects of AmB treatment in humans.

(ii) Concomitant application of AmB and rhIGF-1. As
shown in Table 3, Sprague-Dawley rats belonging to three
experimental groups were given rhIGF-1 in addition to various
doses of AmB. All animals concomitantly treated with both
drugs gained more weight than rats treated with AmB alone.
Moreover, Table 3 reveals that in animals which had received
10 or 15 mg of AmB/kg/day in combination with rhIGF-1,
serum potassium levels were significantly higher compared to
rats treated with AmB alone. The measurement of the urine
specific gravity showed that the urinary concentrating ability
was preserved in all animals which had received AmB together
with rhIGF-1.

In summary, rhIGF-1 prevents hypokalemia and dehydra-
tion in rats when applied concomitantly with AmB.

Histopathological examination of rat kidneys. Following
sacrifice of the rats, renal tissue sections were prepared to
detect apoptotic and necrotic cells by light microscopy. Quan-
tification of cell damage is reflected by the apoptotic and ne-
crotic index values as described above.

(i) AmB application. In Table 3, it is demonstrated that the
determination of the necrotic index by trypan blue exclusion

FIG. 1. Determination of the apoptotic (gray columns) and ne-
crotic (black columns) index values in renal tissue culture cell lines
after application of AmB. Confluent monolayers of rat mesangial cells
(ARMC), canine distal tubular cells (MDCK), rat medullary intersti-
tial cells (RMIC), and porcine proximal tubular cells (LLC-PK1) were
exposed to various AmB concentrations. Apoptotic cells were detected
immunohistochemically by end labeling of DNA strand breaks
(TUNEL assay) or necrotic cells by the trypan blue exclusion assay,
respectively. Each set of experiments was repeated three times. The
columns represent the means of results from all four experiments.
Standard deviations of the means are indicated by error bars. p, Value
differs significantly from that of untreated control groups (P , 0.05).
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unveiled 1% necrotic cells in renal tissue sections from rats
which received 5 or 10 mg of AmB/kg/day. However, the ap-
plication of 15 mg of AmB/kg/day resulted in a significant
increase of necrosis in tubular epithelial and mesangial cells.

The comparison of both applied apoptosis detection tech-
niques, i.e., TUNEL assay and Annexin V staining, revealed no
statistically significant differences. As shown in Table 3, rats of
both negative control groups revealed ,4% apoptotic cells in
kidney tissue. In contrast, the application of 5 mg of AmB/kg/
day induced significant apoptosis in tubular epithelial cells
(Fig. 2), whereas no such alterations were observed in mesan-
gial cells In the experimental group treated with 10 mg of
AmB/kg/day, significant apoptosis was observed in tubular ep-
ithelial cells (apoptotic index, 52% 6 6%). In addition, few
apoptotic cells were detected within the mesangium (apoptotic
index, 5% 6 2%). Animals which had received 15 mg of AmB/
kg/day showed pronounced apoptosis in renal tubular epithe-
lial cells and a significant increase in apoptosis in mesangial
cells (Fig. 2).

(ii) Concomitant application of AmB and rhIGF-1. Table 3
reveals that rhIGF-1 prevented renal apoptosis in tubular ep-
ithelial cells in animals which were treated with AmB at 5
mg/kg/day (Fig. 2) and significantly reduced apoptosis in ani-
mals which had received AmB at 10 mg/kg/day or at 15 mg/
kg/day. In mesangial cells, this protective effect of rhIG-1 was
observed, too (Fig. 2).

Trypan blue exclusion did not reveal statistically significant
differences regarding necrotic cells in experimental groups
treated with 5 or 10 mg of AmB/kg/day. However, the necrotic
index of tubular epithelial and mesangial cells of rats which
had received 15 mg of AmB/kg/day was significantly reduced by
concomitant application of rhIGF-1.

DISCUSSION

With advances in medicine, there is an increasing number of
immunocompromised patients and premature neonates who
are at risk for acquiring systemic fungal infections. AmB is
widely used to fight invasive fungal infections (16, 25). AmB
causes severe renal side effects (6, 41). Its nephrotoxicity is a

limiting factor for the duration of therapy (32). In 1974, Wel-
don and Schultz documented that acute AmB nephrotoxicity in
rats results in minor histological alterations, primarily mild
swelling of the glomeruli and proximal as well as distal tubular
epthelial cells (40). AmB nephrotoxicity during long-term
treatment is known to be manifested by vasopressin-resistant
polyuria and hypokalemia associated with a reduced creatinine
clearance and tubular acidosis (15). These side effects are
attributed primarily to increased renal vascular resistance and
tubular permeability due to binding of AmB to cell mem-
branes, formation of transmembrane pores, and leakage of
electrolytes (4, 6). Further in vitro studies conducted by Joly et
al. demonstrated an increased release of LDH into the super-
natant of rabbit proximal tubular cells after incubation with
AmB in nontherapeutic high concentrations exceeding 40
mg/ml (19). Increased LDH release is a marker of cell mem-
brane disintegration and necrosis. Since AmB toxicity is revers-
ible after discontinuation of the drug (32), we speculated that
mechanisms other than necrosis are involved in its nephrotox-
icity when AmB is administered in therapeutic dose ranges.
Necrotic cells are unable to maintain homeostasis. The influx
of water and ions lead to cell lysis, followed by a release of
cytoplasmic content into the extracellular fluid resulting in an
intense inflammatory response (38). Apoptosis, in contrast, is a
mode of cell death which occurs under physiological condi-
tions, and the cell is an active participant in its own demise
(38). In vivo, apoptotic bodies are rapidly recognized and
phagocytozed without loss of tissue function (38).

The aim of the present study was to evaluate the role of
apoptosis in AmB-induced nephrotoxicity using various renal
tissue culture cell lines and the rat model. By detecting apo-
ptosis-specific DNA fragmentation, we could clearly demon-
strate that proximal tubular cells (LLC-PK1) and medullary
interstitial cells (RMIC) respond with apoptosis in a dose-
dependent fashion. In contrast, the apoptotic effect in distal
tubular cells (MDCK) was significantly lower, and no apoptotic
nuclei were observed following exposure of mesangial cells
(ARMC) to AmB. In accordance with the work of Joly et al.
(19), all four renal cell lines showed pronounced necrosis when
treated with a supratherapeutic AmB concentration (5 mg/ml).

Nonspecific DNA fragmentation may mimic apoptosis. In
this study, it was therefore important to detect apoptotic
changes by several techniques using different markers. Cyto-

TABLE 1. Quantitative measurement of histone-associated DNA
fragmentation in monolayers of porcine proximal tubular cells

(LLC-PK1) by photometric ELISA

Drug application groupa % DNA fragmentationb

6 SD

No AmB ......................................................................... 1.0 6 0.34
No AmB plus 100 mmol of caspase-3 inhibitor......... 0.8 6 0.23
AmB (0.5 mg/ml) ........................................................... 22.0 6 0.35*
AmB (0.5 mg/ml) plus 100 mmol of caspase-3

inhibitor ...................................................................... 1.5 6 0.26
AmB (1.0 mg/ml) ........................................................... 41.0 6 1.36*
AmB (1.0 mg/ml) plus 100 mmol of caspase-3

inhibitor ...................................................................... 1.0 6 0.26
AmB (2.5 mg/ml) ........................................................... 80.0 6 3.25*
AmB (2.5 mg/ml) plus 100 mmol of caspase-3

inhibitor ...................................................................... 1.0 6 0.41

a LLC-PK1 were exposed to no AmB, AmB alone, or in combination with
caspase-3 inhibitor as indicated.

b Values are the means 6 the standard deviation of data from duplicates of
seven independent experiments. p, Value differs significantly from that of the
untreated control group (no AmB) (P , 0.05).

TABLE 2. Determination of the AI of rat medullary interstitial
cells (RMIC) and porcine proximal tubular cells (LLC-PK1) by end-

labeling of DNA strand breaks (TUNEL assay)

Drug application groupa
AIb (mean % 6 SD)

RMIC LLC-PK1

AmB (1.0 mg/ml) 49 6 5 53 6 4
AmB (1.0 mg/ml) plus 50 mg of rhIGF-1 per liter 25 6 5* 23 6 5*
AmB (1.0 mg/ml) plus 100 mg of rhIGF-1 per liter 5 6 1* 3 6 1*
AmB (2.5 mg/ml) 85 6 9 93 6 6
AmB (2.5 mg/ml) plus 50 mg of rhIGF-1 per liter 36 6 6* 49 6 4*
AmB (2.5 mg/ml) plus 100 mg of rhIGF-1 per liter 3 6 1* 4 6 2*

a RMIC and LLC-PK1 were exposed to AmB alone or in combination with
rhIGF-1 as indicated.

b Values are the means 6 the standard deviation of data from four indepen-
dent experiments. p, Value differs significantly from that of the drug application
group AmB at 1.0 mg/ml or AmB at 2.5 mg/ml, respectively (P , 0.05).
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solic aspartate-specific proteases, called caspases, are respon-
sible for the deliberate disassembly of a cell into apoptotic
bodies. Caspase-3 is situated at a pivotal junction in the apo-
ptotic pathway (39). By inhibiting caspase-3, cells are unable to
undergo apoptosis. In our experiments, apoptosis was com-
pletely blocked by caspase-3 inhibitor. This suggests that the
AmB-induced cellular changes are specific for programmed
cell death rather than indiscriminate toxicity.

In our experimental setup, the major injury reflected by the
apoptotic index (AI) occurred in proximal tubular cells; nev-
ertheless, some injury could also be detected in distal tubular
cells. It is unclear why a higher AI is found in proximal tubular
cells, since physiological potassium excretion occurs primarily
in the distal tubules. Increased apoptosis in proximal tubular
cells might be responsible for increased potassium secretion,
thus exceeding the absorption threshold in the distal tubules
which might be further compromised in the presence of apo-
ptosis. Also, the AmB concentration in distal tubular cells in
vivo might be much higher compared to the tissue culture cell
situation because of the indirect effect of renal concentration
mechanisms within the medulla. Interestingly, the apoptotic
effect did not increase with repeated daily administration of 1
mg of AmB per ml (data not shown), which raises the possi-
bility that the initial injury may be responsible for subsequent
tubular damage. This hypothesis is supported by the work of
Nouwen et al., who could demonstrate that in vivo injury to
proximal tubules may alter gene expression in other areas of
the kidney (29).

Nephrotoxic agents are able to induce apoptosis and/or ne-
crosis to various degrees in other organs as well. The degree of
cell damage depends on target cell- and toxic agent-specific
activation of death mediators and/or survival factors that can
lead to the common endpoint of apoptosis and/or necrosis. On
one hand, renal cells are capable of producing intrinsic survival
factors such as IGF-1, cyclooxygenase-2-derived prostaglan-
dins, and eicosanoids, which facilitate recovery from (or pre-

vent) toxic injury. (22). On the other hand, the antioxidative
capacity of renal tubular epithelial cells is limited compared to,
e.g., macrophages. It is conceivable that different cell types
require different mediators to undergo apoptosis or to survive
toxic injury. This might explain the differences of AmB con-
centration-dependent induction of apoptosis and necrosis be-
tween macrophages, renal mesangial cells, and tubular epithe-
lial cells. Comparing the cytokine and growth factor profile of
macrophages and tubular epithelial cells in response to toxic
agents is of great interest and may help us to understand the
organ specificity of drug toxicity.

In vitro, mesangial cells (ARMC) did not undergo apoptosis
after AmB exposure. Since, on one hand, mesangial cells were
reported to be the only cells of the kidney to produce IGF-1 (2,
9, 34) and, on the other hand, IGF-1 is a well known antiapo-
ptotic agent (26, 28, 30, 33, 35), it is conceivable that intrinsically
produced IGF-1 prevented apoptosis in ARMC. To investigate
whether IGF-1 is able to elicit a nephroprotective effect, we
exposed RMIC and LLC-PK1 to 50 and 100 mg of rhIGF-1 per
liter prior to the incubation with AmB. We found that rhIGF-1
significantly prevents apoptosis induced by AmB in interstitial
and proximal tubular cells in vitro in a dose-dependent fashion.

The possibility that apoptosis may contribute to clinical ad-
verse effects of AmB administration prompted us to address
this issue in vivo. Therefore, in the second part of this study, we
examined an experimental rat model of acute AmB nephro-
toxicity with clinical side effects such as polyuria and hypoka-
lemia similar to those induced by AmB in patients. Further-
more, we investigated whether acute side effects of AmB
treatment could be ameliorated by preventing apoptosis with
rhIGF-1.

We found that AmB induced apoptosis within renal tubular
epithelial and interstitial cells of rat kidneys in a dose-depen-
dent fashion. As in our in vitro findings, mesangial cells were
not affected by apoptosis in rats receiving low and medium
doses of AmB. However, a high dose of AmB caused a signif-

TABLE 3. Determination of clinical side effects and apoptotic and necrotic index values in renal tissue sections of rats
treated with AmBa

Experimental group (route)b

Clinical side effects (mean % 6 SD) Renal tissue sections (mean % 6 SD)

Daily % wt
change 6 SD

Serum potassium
(mmol/liter 6 SD)

Urine specific
gravity

Tubular epithelial cells Mesangial cells

AIc

Necrotic
indexd

AIc

Necrotic
indexd

TUNEL Annexin
V TUNEL Annexin

V

5% glucose (s.c.) 1 10 6 1.0 4.5 6 0.146 1.023 6 0.002 3 6 1 3 6 1 2 6 1 2 6 1 2 6 1 2 6 1
rhIGF-1, 4 mg/kg/day (s.c.) 1 12 6 1.6 4.6 6 0.146 1.025 6 0.002 2 6 1 2 6 1 1 6 1 1 6 1 1 6 1 1 6 1
AmB, 5 mg/kg/day (i.p.) 1 8 6 0.7* 4.5 6 0.146 1.020 6 0.002* 43 6 4* 42 6 2* 1 6 1 1 6 1 1 6 1 1 6 1
AmB, 5 mg/kg/day (i.p.), plus

rhIGF-1, 4 mg/kg/day (s.c.)
1 10 6 1.1 4.6 6 0.241 1.025 6 0.001 2 6 1 3 6 1 2 6 1 1 6 1 1 6 1 1 6 1

AmB, 10 mg/kg/day (i.p.) 1 8 6 0.3* 3.9 6 0.146* 1.005 6 0.002* 52 6 6* 54 6 4* 4 6 2 5 6 2* 4 6 1* 2 6 1
AmB, 10 mg/kg/day (i.p.), plus

rhIGF-1, 4 mg/kg/day (s.c.)
1 10 6 1.0 4.5 6 0.146 1.020 6 0.003* 18 6 2* 17 6 2* 2 6 1 2 6 1 2 6 1 1 6 1

AmB, 15 mg/kg/day (i.p.) 2 10 6 2.0* 2.9 6 0.155* 1.001 6 0.002* 92 6 6* 91 6 4* 10 6 2* 25 6 1* 24 6 1* 4 6 1*
AmB, 15 mg/kg/day (i.p.), plus

rhIGF-1, 4 mg/kg/day (s.c.)
1 8 6 1.0* 4.4 6 0.146 1.015 6 0.001* 29 6 1* 28 6 2* 3 6 1 5 6 1* 6 6 1* 1 6 1

a p, Value differs significantly from that of experimental control groups (5% glucose [s.c.] or 4 mg of rhIGF-1/kg/day [s.c.]) (P , 0.05).
b Rats were treated with AmB alone or in combination with rhIGF-1 as indicated. Animals which received 5% glucose s.c. or rhIGF-1 s.c. at 4 mg/kg/day served as

negative controls.
c Apoptotic cells were identified immunohistochemically by the detection of 39-DNA strand breaks (TUNEL assay) and by staining of PS with Annexin V.
d Necrotic cells were identified by trypan blue staining.
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icant increase of apoptosis within the mesangium. Strikingly,
the number of apoptotic cells in kidneys correlated tightly with
the degree of hypokalemia, decreased weight gain, loss of renal
concentrating ability, and dehydration. We propose here that
excess apoptosis accounts for the inability of host tubular ep-
ithelial cells to effectively remodel cell injury and thereby plays
a role in AmB-induced hypokalemia and polyuria. Other neph-
rotoxic agents, e.g., cyclosporine (31) and gentamicin (11, 29),
lead to a similar distribution of apoptosis within the rat kidney
compared to AmB. However, their spectrum of clinical side
effects differs. It is conceivable that apoptosis is a common
endpoint of toxic renal injury but that the preceding drug-
specific gene alterations determine the spectrum of clinical
side effects (12, 13, 29, 37).

Furthermore, we found that rhIGF-1 prevented apoptosis in
the kidney of animals treated with low and medium doses of
AmB and significantly reduced it in rats treated with a high
dose of AmB. Moreover, rhIGF-1 abbrogated AmB-induced
clinical side effects in all treatment groups.

Although apoptosis is physiologic, its excess could be of
pathogenic importance. Excess apoptosis leading to renal im-

pairment has been proposed by Savill (36). It is well known
that renal tissue can undergo repair and remodeling when
injured (1). However, the loss of cellularity by excess apoptosis
may prevent the ability of the kidney to effectively remodel and
repair tissue in areas of injury. Therefore, one might wish to
prevent renal cell apoptosis as an approach to broadening the
therapeutic range of nephrotoxic agents.

The mechanism by which apoptosis induces toxicity second-
ary to renal injury remains unclear. Subcellular cascades lead-
ing to apoptosis can be orchestrated by up- and downregula-
tion of a multitude of genes which encode cytokines, such as
tumor necrosis factor (7). Thus, it is conceivable that the clin-
ical side effects are directly related to the action of cytokines.

In conclusion, the present study is the first report to provide
evidence that apoptosis is involved in AmB-induced renal in-
jury in a dose-dependent fashion and that the incidence of
apoptosis correlates tightly with clinical symptoms of its neph-
rotoxicity. Furthermore, we could demonstrate that rhIGF-1
not only prevents apoptosis in AmB-treated renal tissue cul-
ture cell lines but also abrogates AmB-mediated clinical side
effects in the rat model.

FIG. 2. Photomicrographs of renal tissue sections from Sprague-Dawley rats. Apoptotic cells were detected immunhistochemically by in situ
end labeling of DNA strand breaks (TUNEL assay). All dark-stained cells are apoptotic. White arrows indicate apoptotic cells. Tubular epithelial
and mesangial cells from rats treated with 5 or 15 mg of AmB/kg gave AI values of 43% 6 4% and 25% 6 1%, respectively (left panels; see also
Table 3). Concomitant application of AmB and 4 mg of rhIGF-1 per kg resulted in a significant decrease of the AI in both cell types (right panels).
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