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Abstract: Introduction: Ifosfamide (IF) is a cytostatic that
exhibits adverse nephrotoxic properties. Clinically, IF-in-
duced nephrotoxicity takes various forms, depending on
applied dose and length of treatment.

Objectives: The aim of the study was to evaluate the two
proteins: osteopontin (OP) and fatty acid binding protein
(FABP), as markers of kidney function in rats treated with
ifosfamide.

Material and Methods: Rats receiving a single IF dose
(250 mg/kg b.w.; group 1) or treated with five consecutive
IF doses administrated on following days (50mg/kg b.w.;
group 3), compared with control groups 2 and 4, respec-
tively, were studied. Kidney function was assessed using
classical (urea, creatinine) and novel (FABP, OP) labora-
tory parameters and by histopathology.

Results: Single IF dose administration resulted in signif-
icant total proteinuria with urinary concentrations and
24-hour excretions of both FABP and OP comparable to the
appropriate control. In rats treated with five consecutive IF
doses, the urinary concentrations and 24-hour excretion of
both FABP and OP were significantly higher compared to
the appropriate control. The development of cystitis was
revealed in groups 1 and 3, which was not accompanied by
significant histopathological kidney damage.

Conclusions: Both OP and FABP may be useful labora-
tory markers of tubulopathy in the early stage of chronic
nephrotoxicity of ifosfamide.
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1 Introduction

Ifosfamide [3-(2-chloroethyl)-2-[(2-chloroethyl)-amino]
tetrahydro-2H-1,3,2-oxazaphosphorin-2-oxide] is a cyto-
static that belongs to the family of the oxazaphosphorine
alkylating agents [1]. Besides ifosfamide (IF), the group
also contains cyclophosphamide (CP), trofosfamide and
mafosfamide [2].

Ifosfamide was discovered in the 1960s and intro-
duced into common clinical practice in the 1970s [3]. It
exerts antineoplastic activity and it is also administrated
in the treatment of osteosarcoma, neuroma, multiple
myeloma and leukemias [2]. IF is a prodrug and to acquire
antineoplastic activity, it must be metabolized to cyto-
toxic agents. The main IF metabolic pathway is oxidation,
mainly involving hepatic cytochrome enzymes. IF oxida-
tion takes place via two major routes. One pathway, with
the involvement of CYP3A4, CYP2B6 and CYP2C9 (with
less participation of CYP2C8 and CYP2C19), leads to the
formation of isophosphoramide mustard and acrolein.
The second pathway, catalyzed by CYP3A4, CYP3A5 and
CYP2B6, leads to the formation of chloroacetaldehyde
(CAA) [1,2]. Those metabolites are responsible for the cyto-
toxic effects of IF result from their ability of attaching to
the nucleophilic N-7 position of one of the nitrogenous
base of DNA, guanine (the other alkylation sites include
N-1 and N-3 position of adenine, N-3 position of cytosine
and 0-6 of guanine). Depending on the position of the
alkylated nitrogenous DNA base, intra- and interstrand
DNA cross-links are formed and the final consequence
of this cross-link formation is the activation of apoptotic
mechanisms, leading to cell death [2,4].

The administration of oxazaphosphorines is asso-
ciated with many adverse drug reactions due to the fact
that the same active metabolites produce toxic effects.
Similarly to the other cytostatics, common side effects
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observed during oxazaphosphorine’s pharmacother-
apy include: alopecia, myelosuppression (manifested by
anemia, neutropenia and thrombocytopenia), nausea,
vomiting and hypersensitivity reactions [2,4]. The more
specific toxicities related to both IF and CP involve hem-
orrhagic cystitis, neurotoxicity and nephrotoxicity [1].
The urinary bladder is damaged mostly by CP, whereas
IF is regarded to impair kidney functions. The observed
differences in toxicity between CP and IF results from the
quantitative aspects of the metabolism of those drugs and
the amounts of the synthetized acrolein, phosphoramide
mustard and chloroacetaldehyde. The latter is considered
to be a potent nephrotoxic compound [2]. Both IF and CP
undergo similar metabolic pathways with production of
the same metabolites. However, approximately 45% of the
administrated IF dose is converted to CAA, while metabo-
lism of CP mainly leads to acrolein overproduction. There-
fore, the main CP toxicity profile is related to acrolein-in-
duced cystitis, while IF is regarded as the more potent
nephrotoxic agent [1,2].

The average incidence of IF-related kidney dysfunc-
tion is reported to be as high as 5-30% [1]. The most fre-
quent presentation of IF nephrotoxicity is in the form of
disturbances of both the proximal and distal tubules,
with potentially fatal Fanconi syndrome development
[5,6]. IF-induced tubulopathy is not fully elucidated but it
is hypothesized that it is strongly related to CAA, which
interferes with the biochemical processes of the nephron
cells (especially the tubules), with impairment of cell
energy homeostasis, intensification of oxidative stress
and finally morphological and functional disturbances of
the tubules [2].

The currently used laboratory diagnostics of kidney
function (e.g. tubular handling of sodium, glucose, phos-
phate, calcium, bicarbonate, amino acids and urinary
acidification and concentration as functional markers
of proximal and distal tubules, respectively) offer only a
general assessment of renal tubular secretion and resorp-
tion. Similarly, due to numerous limitations, creatinine
and urea assessment is also not an ideal method reflecting
glomerular filtration. Also, proteinuria is a general sign
of various kidney diseases of different pathophysiologi-
cal background. However, despite all reservations, all of
those parameters are currently widely used as the present
routine laboratory diagnostics of kidney function [7,8].

However, there is an ongoing search for novel bio-
markers characterized by improved sensitivity and selec-
tivity in the biochemical assessment of kidney activity,
especially reflecting early renal tubular dysfunction. The
current research focuses on “renal troponins” - proteins
released by renal tubules cells into the blood and urine
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in response to their damage, analogous to the tropon-
ins released by damaged cardiomyocytes [9,10]. Two of
the “kidney troponins”, currently being investigated are
osteopontin (OP) and fatty acid binding protein (FABP). In
kidneys, both compounds exert antioxidant activity and
they are overproduced and released into urine by injured
kidney tubules in response to oxidative stress. As men-
tioned above, CAA is an intermediate IF metabolite, gen-
erating an enhanced synthesis of oxygen and nitrogen free
radicals, contributing to kidney damage. Therefore FABP
and OP are considered to be indirect evidence of oxidative
stress in the kidneys [11,12]. The urinary assessment of
those proteins can be adopted as markers of nephrotoxic-
ity induced by IF.

The aim of our study was to assess the usefulness of
osteopontin and fatty acid binding protein as markers
of kidney function in rats treated with ifosfamide. The
results of this experimental study may be of clinical rele-
vance. The findings may be a rationale for the wider intro-
duction of the laboratory assessment of both OP and FABP
as new markers of nephrotoxicity in oncological patients
treated with ifosfamide.

2 Methods

Ethical approval: The experiment described in this paper
was carried out following the approval of the 2nd Local
Ethical Commission operating in the Institute of Pharma-
cology of the Polish Academy of Science in Krakow. Pro-
cedures of the experiment were consistent with EU law
(Directive EU 2010/63 of the Parliament and of the Council
of 22 September 2010) and Polish law (The Law on pro-
tection of animals used for scientific and educational pur-
poses, of 27 May 2015).

2.1 Experimental animals

The experiment was carried out on 40 albino Wistar
rats aged 10 weeks, with an average initial body weight
of 251.89 + 20.76 g; equal numbers of males and females.
The randomization of both females and males rats in all
studied groups resulted from the necessity to avoid poten-
tial gender-related differences (e.g. hormonal) affecting
the metabolism of ifosfamide and the endogenous pro-
duction of nephrotoxic CAA in the course of metabolic
pathway of the drug. Therefore, each group included both
male and female rats. We did not perform the analysis
of the results obtained separately for females and males
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individuals, as it would require a significant increase of
the number of study animals.

2.2 Housing and husbandry

During the entire time of the experiment animals stayed
in the animal house, ensuring the following standard
and monitored living conditions: with the ventilation
system allowing air turnover of 8-10 times per hour, at
20-24°C, humidity of 60-70%, 130-325 lux lighting, with a
light-darkness cycles of 12h-12h , with noise < 30 dB, fed
with standard laboratory feed (Labofeed, Kcynia, Poland)
and with access to water ad libitum. The experiment was
performed following a preliminary 10 day quarantine.

2.3 Sample size and allocating animals to
experimental groups

After quarantine, animals were randomly assigned to
individual groups (each of 10 animals, with equal ratios of
males and females). The study was carried out on animals
receiving a single dose of IF (group 1) with a matched
control (group 2), and on animals receiving five doses of
IF (group 3) with a matched control (group 4). During this
stage of the experiment, the animals were in cages of two
animals of the same sex

2.4 Experimental procedures in groups 1and 2

Animals in group 1, after determination of body weight,
received a single intraperitoneal dose of 250 mg/kg b.w.
of ifosfamide (Holoxan, Baxter), and rats in the group 2
received a single intraperitoneal dose of saline. After
the injection, each animal was placed for 24 hours in an
individual metabolic cage, with unlimited but monitored
access to water and feed. After 24 hours, body weight and
temperature, the amount of consumed feed and water,
and diuresis were measured. After this, animals were sac-
rificed by injection of pentobarbital (Morbital, Biowet,
Putawy). First, the animals were placed in the anaesthetic
chamber and treated with isoflurane. Then, the anaes-
thetic dose of 60 mg/kg b.w. of pentobarbital was adminis-
tered, and blood was collected from the heart under deep
anaesthesia. Finally, the additional dose of 100 mg/kg b.w.
of the drug was administered. After confirmed cessation of
vital functions, laparotomy was performed, with bilateral
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nephrectomy and cystectomy. For maintenance of their
integrity, urinary bladders were collected along with 2-3
mm of the proximal urethra, carefully dried and emptied
by delicate compression. Kidneys were hulled of the sur-
rounding fat capsule. Collected organs were weighed on
an analytical scale in order to determine their wet weight,
and then placed in containers with 4% formalin solution,
until preparation as histopathology specimens.

2.5 Experimental procedures in groups 3 and 4

Animals in group 3 received five intraperitoneal doses of
50 mg/kg b.w. of ifosfamide (Holoxan, Baxter). In group
4, placebo treatment with saline instead of IF was used.
Each individual was weighed before each administration
of the drug, in order to determine a precise dose. During
the time of administration of subsequent doses, animals
were housed in collective, unisex cages. After administra-
tion of the last dose of IF or saline, animals were placed
for 24 hours in individual metabolic cages, for determina-
tion of the same parameters as those measured in groups 1
and 2. Further procedures were the same as those applied
to animals in groups 1 and 2, described above.

2.6 Rationale for ifosfamide applied doses

The single IF administered dose to group 1 was identical
with the total amount of the drug administered in the
form of five divided doses to animals in the group 3, and
was consistent with IF doses used in other experimental
studies [13,14]. According to literature data, IF admin-
istered in a larger single dose (400 — 500 mg/kg b.w.)
exerts an intensified nephrotoxic effect, manifested with
Fanconi syndrome [15,16]. Moreover, the choice of the
applied IF dose was also consistent with the clinical data.
In accordance with the official Summary of the Holoxan
Product Characteristics [17], a single, high dose of ifosfa-
mide at 200 mg/kg b.w is associated with an increased risk
of adverse effects, including uro- and nephrotoxicity.

The IF dosing regimen used in group 3 to induce
kidney dysfunction was also based on literature data - the
application of a total dose of 250-400 mg/kg b.w. of IF in
rats for 3-5 days is a nephrotoxic dose [18,19]. Moreover,
the dosing regimen used in our experiment is consistent
with clinical practice - as recommended, ifosfamide is
administered as monotherapy in adults in divided doses
of 30-60 mg/kg, for 5 days [17].
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2.7 Laboratory parameters determined in
serum and urine

Blood was collected, clotted and centrifuged. Resulting
serum was stored frozen at -80°C until tested. Similarly,
urine samples were centrifuged and frozen. Biochemical
measurements were done using the SIEMENS ADVIA 1200
laboratory analyser. Classic parameters of renal function
were determined in serum: urea [mmol/L] and creatinine
[pmol/L].

Urea [mmol/L], creatinine [pmol/L], and total protein
[g/L] were determined in urine, and based on the 24-hour
diuresis, a diurnal elimination of those compounds was
also calculated, expressed as [mmol/24 h], [umol/24h],
and [mg/24 h], respectively. Urea clearance (CL _) and
creatinine clearance (CL_) were also calculated, using the
commonly used formulas:

Cr urine [umol/L] * diuresis [mL/min]
CLcr =

Cr plasma [pmol/L]

urea urine [mmol/L] = diuresis [mL/min)]
CLurea =
urea plasma [mmol/L]

Moreover, the immunoenzymatic method (ELISA) was
used to determine urinary concentrations [ng/mlL] of two
proteins: osteopontin and fatty acid-binding protein. Com-
mercial ELISA kits were used (Shanghai Sunred Biological
Technology Co.) and the manufacturer’s instructions were
followed. Similarly to creatinine and urea, considering the
observed diuresis, a 24-hour elimination of those proteins
with urine was estimated [ng/24 h].

2.8 The measurement of wet weight of
kidneys and urinary bladders collected
during the laparotomy, and their histopatho-
logical assessment

Directly after cystectomy and nephrectomy, collected
organs were weighed on an analytical scale for determina-
tion of the bladder wet weight - BWW [mg] and kidney wet
weight - KWW [mg]. The measurement of the wet weight
is an indirect, approximate parameter of the organs’ func-
tional status, reflecting advancement of edema due to the
inflammation [20,21].

Microscopic specimens from urinary bladders and
kidneys collected during the autopsy were prepared
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according to the methodology described in details in our
previous work [22]. Final specimens were stained with
hematoxylin - eosin (H&E).

The histopathological assessment was provided by
a specialist in pathomorphology, using a classical light
microscope (Delta Optical) at the 100x magnification.

2.9 Statistical methods

Results of determined living and laboratory parameters
were expressed as mean + SD and they were statistically
analysed with comparison paired groups 1 and 2, and 3
and 4. First, normality of distribution was verified using
the Shapiro-Wilk test. Then, the obtained results (group
1vs. 2, and group 3 vs. 4) were analysed using the t-Stu-
dent test (for values demonstrating a normal distribution)
or the Mann-Whitney test (for values demonstrating no
normal distribution). The level of statistical significance
was p <0.05.

3 Results

3.1 Numbers of analysed and lost animals

All animals completed the experiment, although treat-
ment with ifosfamide worsened their overall welfare,
manifested by abnormalities in values of basic living
parameters described below. Thus, in each of the studied
groups we obtained results from 10 rats. Moreover, in the
overall assessment, the IF-treated animals also showed
reduced motor activity compared to individuals from the
respective control groups.

3.2 The living parameters

Animals that received a single IF dose were characterised
by significantly lower 24-hour water and feed intake, com-
pared to controls. This was probably a reflection of gener-
alised, systemic toxic effects of IF. Despite a significantly
lower diurnal water intake, the diuresis was comparable
in both groups 1 and 2. Moreover, in the case of rats treated
with a single IF dose, a tendency for lower body weight
and temperature was observed, although these changes
were not statistically significant.

Contrary to groups 1 and 2, no difference related to
24-hour water intake was demonstrated in groups 3 and
4, with still comparable diuresis in both groups. Other
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parameters were not significantly different in those
groups, except for diurnal feed intake.

Detailed data of living parameters in groups 1-4 are
presented in Tables 1 and 2.

3.3 The laboratory parameters assessed in
serum

Significantly higher levels of serum urea [mmol/L] was
found in rats receiving a single dose of IF compared to
control animals (10.93 + 2.12 and 6.34 + 0.71 respectively;
p=0.01). The creatinine level [umol/L] was not signifi-
cantly different in both groups (34.68 + 748 vs. 28.87 + 1.66
for groups 1 and 2, respectively).

Animals treated with five doses of IF were charac-
terised by a significant increase of both urea (7.13 + 1.03
[mmol/L]), and creatinine (34.09 + 3.73 [umol/L]) levels
compared to the control group (6.34 + 0.76 [mmol/L];
p=0.05 and 28.85 + 1.77 [umol/L]; p<0.01; respectively).

3.4 The laboratory parameters assessed in
urine

Animals treated with a single IF dose were characterised
by statistically significant proteinuria — the total protein
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concentration in urine of animals from group 1 was nearly
5 times higher, which was accompanied by a nearly 5-fold
higher 24-hour elimination of protein with urine. The
other assessed low weight molecular parameters (urea,
creatinine) had comparable concentrations and diurnal
elimination values, although the calculated urea clear-
ance in rats treated with IF was nearly twice as low com-
pared to the control group.

Contrary to animals treated with a single dose of IF,
neither significant differences related to urinary protein
concentration nor their diurnal elimination were observed
in rats treated with five doses of IF. Also, values of urinary
concentration, 24-hour elimination and clearance of cre-
atinine were not different in control animals and those
treated with IF. Rats in the group 3 demonstrated a sig-
nificantly reduced urea clearance, with a decrease in urea
urinary concentration.

Detailed data of living parameters in groups 1-4 are
presented in Tables 3 and 4.

3.5 The assessment of FABP and osteopontin

Rats that received a single IF dose demonstrated similar
urinary concentrations of FABP and osteopontin in urine,
and similar values of 24-hour elimination of those proteins
with urine, comparing to corresponding control animals.

Table 1: Results of parameters obtained in groups 1 and 2 during 24-hour monitoring in metabolic cages after administration of a single
ifosfamide dose or saline, respectively (mean + SD; NS — non-significant).

body weight body temperature feed intake water intake diuresis
gl [°cl [g/24h] [mL/24h] [mL/24h]
group 1 262.66 36.50 4.55 13.50 8.96
+24.64 £0.25 +£3.72 £7.19 +£7.49
group 2 297.10 37.33 24.00 26.13 6.28
+10.89 +0.87 +6.18 +4.02 +2.27
p value NS NS <0.01 0.01 NS

Table 2: Results of parameters obtained in groups 3 and 4 during 24-hour monitoring in metabolic cages after administration of five doses of

ifosfamide or saline, respectively (mean + SD; NS — non-significant).

body weight body temperature feed intake water intake diuresis
gl [°cl [g/24h] [mL/24h] [mL/24h]
group 3 251.53 36.98 11.70 21.70 6.78
+62.60 £0.38 £3.59 £15.29 £2.91
group 4 277.45 37.92 20.38 29.90 5.91
+63.19 £0.25 +2.39 +3.21 +1.24
p value NS NS <0.01 NS NS
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Table 3: Biochemical parameters assessed in the urine of rats from groups 1 and 2 (mean + SD; NS - non-significant).

urea urea excretion urea clearance creatinine creatinine creatinine clea-total protein  protein excre-
[mmol/L] [mmol/24h]  [mL/min] [umol/L] excretion rance [g/L] tion [mg/24h]
[umol/24h] [mL/min]

group 1 949.25 5.72 0.38 6750.10 42.21 0.85 3.91 23.57
+532.44 +0.61 +0.10 +4340.89 +13.76 +0.24 +1.51 +14.83

group 2 1003.97 5.97 0.67 6100.00 36.23 0.87 0.81 5.34
+176.71 +2.28 +0.31 +1028.35 +13.32 +0.33 +0.41 +4.19

p value NS NS 0.03 NS NS NS 0.01 0.04

Table 4: Biochemical parameters assessed in the urine of rats from groups 3 and 4 (mean + SD; NS - non-significant).

urea urea excretion urea clearance creatinine creatinine creatinine clea-total protein  protein excre-
[mmol/L] [mmol/24h]  [mL/min] [umol/L] excretion rance [g/L] tion [mg/24h]
[umol/24h]  [mL/min]

group 3 701.58 4.71 0.47 6237.50 42.21 0.87 0.63 4.59
+207.21 +2.28 +0.24 +1582.89 +19.74 +0.45 +0.55 +3.38

group 4 1058.63 5.93 0.66 8162.50 45.56 1.10 1.05 5.72
+193.43 +1.28 £0.15 +2285.32 +14.14 +0.37 +0.65 +4.15

p value <0.01 NS 0.05 NS NS NS NS NS

[ng/mL] [ng/mL]
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Figure 1: Urinary FABP concentrations [ng/mL] in study groups
(comparison for paired groups: 1-2 and 3-4; both appropriate control
groups are marked as black bars; * - p<0.01).

The urinary concentration of FABP was 10.46 + 2.12 in rats
treated with a single IF dose vs. 10.69 + 3.68 in appropriate
controls [ng/mL], while the concentrations of osteopon-
tin in those groups were: 21.53 + 5.70 vs. 24.43 + 791 [ng/
mL], respectively. The 24-hour urinary excretion of FABP
was 97.34 + 50.91 in the group with IF treatment vs. 64.18
+ 28.48 [ng/24h] in the controls, while the 24-hour urinary
osteopontin elimination with urine was 199.71 + 92.63 and
146.38 + 61.42 [ng/24h], respectively.

Figure 2: Urinary osteopontin concentrations [ng/mL] in study
groups (comparison for paired groups: 1-2 and 3-4; both appropriate
control groups are marked as black bars; * - p<0.01).

On the other hand, a statistically significant increase
of urinary concentration of both proteins was observed
in rats treated with five doses of IF. In rats treated with
5 consecutive IF doses, urinary FABP concentration was
17.63 + 4.88 and osteopontin 33.44 + 10.75 vs. 12.46 + 4.19
and 21.37 + 5.42 [ng/mL] found in the appropriate control
groups, respectively. These findings were accompanied by
statistically significant increased 24-hour urinary elim-
ination of both proteins. In rats from group 3, 24-hour
urinary FABP excretion was 109.72 + 26.34 compared to
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Figure 3: 24-hour urinary FABP excretion [ng/24h] in study groups
(comparison for paired groups: 1-2 and 3-4; both appropriate control
groups are marked as black bars; * - p<0.01).

74.68 + 31.44 [ng/24h] in controls. The difference was more
emphasized for osteopontin — 208.91 + 67.69 vs. 128.95 +
50.66 [ng/24h], respectively. The aforementioned results
are illustrated in Figures 1-4.

3.6 The assessment of wet weight and the
histopathological assessment of urinary
bladders and kidneys

The measurement of the wet weight of collected urinary
bladders and kidneys demonstrated no significant dif-
ferences between groups. BWW [mg] was 120 + 54; 134 +
27; 150 + 40 and 160 + 58 in groups 1-4, respectively. The
measurement of KWW [mg] indicated the weight of the left
kidney of 910 + 17 and 870 =+ 21 in groups 1 and 2, and 951
+36 and 933 £ 25 in groups 3 and 4. The weight of the right
kidney was 944 + 14; 880 = 22; 891 + 37 and 950 + 26 in
groups 1-4, respectively.

Advanced histopathological disturbances were
revealed in urinary bladders collected from rats in the
group 1. Clusters of dilated tubules, cysts and hemorrhagic
foci were visible in most of assessed specimens. Kidneys
from animals in group 1 were slightly more congested;
besides this, their presentation was within the normal
range as observed in the group 2 (control).

An inflammatory infiltration with signs of exfolia-
tion, reactive hypertrophy and moderate hyperemia was
observed in bladder specimens collected from rats in
group 3. The structure of the kidneys in this group was
similar to that observed in the group 1; however the dil-
atation of tubules was revealed. Besides these findings,
the kidneys of rats undergoing chronic IF therapy did not
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Figure 4: 24-hour urinary osteopontin excretion [ng/24h] in study
groups (comparison for paired groups: 1-2 and 3-4; both appropriate
control groups are marked as black bars; * - p<0.01).

demonstrate significant abnormalities compared to the
kidney histology of the control animals.

The examples of microscopic images of bladders and
kidneys, observed in the studied rats treated with single
and five consecutive doses of ifosfamide, together with
appropriate control groups, are shown in Figures 5 and 6.

The aforementioned histopathological disturbances
found in microscopic images of bladders and kidneys in
the study groups have been indicated in Figures 5 and 6,
respectively, using arrows.

4 Discussion

4.1 Scientific interpretation of obtained data

As was mentioned in the Introduction, one of the main
metabolites of ifosfamide, chloroacetaldehyde, has
nephrotoxic properties. Considering the presence of iso-
forms CYP3A4, CYP3A5 and CYP2B6 synthesizing CAA in
kidneys, this organ is the most prone to injury as a result
of impairment of mitochondrial oxidative phosphoryla-
tion in proximal tubules [2,23]. CAA causes reduction of
glutathione in tubules, inhibits some transporters respon-
sible for re-absorption of proteins from pre-urine and
blocks the NADH oxidoreductase-ubiquinone complex,
an element of the mitochondrial respiratory chain. Hence,
CAA accounts for injury of renal tubules in the mechanism
of energy deficit and intensification of oxidative stress
[24,25].

Ifosfamide, depending on the dose and duration of
treatment, causes a broad spectrum of glomerular and/or
tubular dysfunctions, including Fanconi syndrome, with
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Figure 5: Urinary bladders in rats treated with a single IF dose (part
B) and with five consecutive IF doses (part D) with appropriate
control groups (part A and C, respectively). H&E staining, magnifica-
tion 100x.

the loss of phosphates, carbonates, potassium, calcium
and magnesium [5,26]. Dysfunction mostly affecting the
distal part of the nephron was also described, manifested
with impairment of urine acidification and concentration
[26]. The characteristic feature of nephrotoxicity caused
by IF is also increased urinary elimination of proteins that
undergo glomerular filtration, but are not taken back up
in injured proximal tubules, or are excreted by cells of
renal tubules in response to their injury [5,26]. It can be
adopted in estimation of the kidney functioning.

The current progress in diagnostics and pathophys-
iology of kidney diseases enables the determination of
blood and/or urinary proteins that allow early detection
of nephron injury. Those biomarkers appear in urine in
broadly understood nephron dysfunctions (cystatin C,
beta-2-microglobulin, neutrophil gelatinase-associated
lipocalin — NGAL); some of them are more specific for
the site of injury (e.g. proximal tubules — interleukin-18,
kidney injury molecule 1 (KIM-1), N-acetyl-beta-D-glu-
cosaminidase (NAG), liver-type fatty acid binding protein
(L-FABP); distal tubules - clusterin, renal papillary
antigen 1 (RPA-1), heart-type fatty acid binding protein
(H-FABP), osteopontin) [27-29]. New markers also allow
drawing general conclusions regarding the etiological
basis of kidney injury (they may be classified as param-
eters of renal oxidative stress, structural injury of the glo-
meruli or tubules, or immunological processes in kidneys
or renal fibrosis) [30].

Among proteins currently investigated for their use-
fulness in detailed laboratory diagnostics of kidney dys-

Figure 6: Kidneys in rats treated with a single IF dose (part B) and
with five consecutive IF doses (part D) with appropriate control
groups (part A and C, respectively). H&E staining, magnification
100x.

function, there are also the two proteins discussed above:
fatty-acid binding protein and osteopontin.

FABP is engaged in intracellular regulation of lipid
metabolism, allowing translocation of free fatty acids
(FAs) to various cellular organelles, and intensifying the
activity of enzymes that catalyse oxidation and esterifica-
tion of fatty acids [31]. Moreover, FABP is also one of the
intracellular antioxidants — free fatty acids may become
over-oxidized; therefore by binding FAs, FABP demon-
strates cytoprotective properties [31,32]. The presence of
FABP of heart-type (H-FABP) in blood plasma is biochemi-
cal evidence of extended ischaemia of the myocardium. In
this pathophysiological condition, compensatory antiox-
idative mechanisms (including H-FABP) become overac-
tive, and the protein is released into the blood from injured
cardiomyocytes [33]. Both heart- and liver type isoforms
of the fatty acid binding protein are also present in renal
tubules (H-FABP - in proximal, and L-FABP in distal ones)
[34]. These proteins are synthesized and released into the
urine by renal tubules, and partially resorbed from the
glomerular filtrate [32]. The total amount of FABP elimi-
nated with urine is considered to be the indirect marker of
oxidative injury of renal tubules, similarly to the cardio-
myocyte injury discussed above.

Osteopontin is one of proteins of the extracellular
matrix of bones participating in the dynamic regulation
of bone mineral density. The protein binds to osseous
hydroxyapatite and stimulates activity of osteoclasts,
acting as an inhibitor of crystallisation [35]. OP is also
excreted in the distal part of nephron, acting as an inhib-
itor of precipitation of mineral compounds of urine, thus
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preventing formation of urinary stones [36]. Moreover,
similarly to FABP, the protein also plays an important
antioxidative role in renal tubules. OP inhibits the activ-
ity of nitrous oxide synthase and reduces the production
of reactive nitrogen species [37]. Therefore, both OP and
FABP have a nephroprotective effect and may be treated
as indirect biomarkers of oxidative injury of renal tubules.
Therefore, higher amounts of FABP and OP found in urine
may be indirect evidence for injury of renal tubules by free
radicals, overproduced in response to CAA. We demon-
strated normal urinary concentrations and elimination of
FABP and OP in rats receiving a single dose of IF. Increased
amounts of those proteins were noted in urine of animals
receiving a chronic treatment with IF. Therefore, it may
be hypothesised that progressive administration of IF
leads to intensification of oxidative stress with concur-
rent, compensative antioxidative reaction. In our opinion,
such a reaction cannot rapidly and fully occur after single
administration of a high IF dose, thus no significant quan-
titative abnormalities related to OP and FABP were deter-
mined in the urine of rats in group 1. It should be also
underlined that FABP and OP abnormalities observed in
rats receiving 5 subsequent doses of IF were not accom-
panied by any significant changes of the low molecular
weight laboratory parameters used for the assessment of
the kidney function, which may suggest that dysregula-
tion of FABP and OP may precede possible disturbances
of classical kidney parameters. Additionally, our exper-
iment demonstrated no significant histopathological dis-
orders of the kidneys. Thus, the intensified elimination of
FABP and OP, probably also preceding structural abnor-
malities of kidneys, may be regarded as a manifestation of
developing tubulopathy in rats receiving five doses of IF.
The problem of applicability of new protein biomark-
ers to the assessment of drug-induced nephrotoxicity
was also discussed in one of our earlier studies focusing
on the urinary concentration and elimination of kidney
injury molecule 1 (KIM-1) in rats treated with single and
repeated doses of cyclophosphamide or ifosfamide [22].
The experiment also revealed the increased 24-hour
urinary elimination of KIM-1 in rats treated with repeated
IF doses, but again, the same finding was not observed
in animals receiving a single dose of ifosfamide [22]. The
results, therefore, are consistent with those ones obtained
in the presently described experiment. KIM-1 is another
“renal troponin”, also indicating dysfunction of proxi-
mal tubules. Under physiological conditions KIM-1 is not
found in urine [38,39]. Toxic and ischaemic factors that
injure proximal tubules and infringe integrity of their
cytoskeleton cause release of KIM-1 from apical mem-
branes of tubules. Thus, this protein can be also measured
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in urine as a marker of developing of tubular necrosis and
early stage of acute kidney injury (AKI) [5,6,23,40-42].

4.2 Study limitations

The unambiguous confirmation of our hypothesis would
require a parallel assessment of plasma FABP and OP con-
centrations to exclude extra-renal sources of these pro-
teins. However, even assuming the increased synthesis
of these proteins in the peripheral tissues, their increased
excretion into urine suggests kidney dysfunction. Under
physiological conditions, most of FABP and OP undergo
to some degree the tubular resorption following filtration
in the glomeruli. Thus, the significant differences related
to urinary excretion of those proteins found in IF-treated
rats and control ones suggest kidney dysfunction. Moreo-
ver, the obtained results do not clearly indicate a possible
place of injury (proximal or distal tubules). We assayed
total FABP, without making a distinction between both
isoforms of FABP (L-FABP and H-FABP). As mentioned
above, H-FABP is the isoform more specific for proximal
tubules, whereas L-FABP for distal ones [34]. However,
considering also the presence of osteopontin in urine
(the protein more specific for the distal part of nephron)
[43], it could be assumed that IF administered repeatedly
to rats in group 3 may cause development of tubulopathy
also involving distal tubules. The analysis of the results of
classical, low molecular weight parameters brought con-
flicting results. In animals treated with both single and
repeated IF doses, decreased urea clearance accompanied
by normal urine volume were demonstrated and it may
suggest the impaired urine concentration. On the other
hand, however, to confirm the aforementioned assump-
tion, urine osmolality analysis should be conducted.
Hence, results obtained in our experiment are ambiguous
and allow only for confirmation of the general tubulopa-
thy development, with no indication of its precise locali-
zation.

4.3 Generalisation of findings to clinical
practice

The findings of our study are bringing some new aspects to
clinical practice. Considering both results obtained in the
currently described experiment and previously performed
studies, it may be stated, that IF administered repeatedly
contributes to progressive injury of renal tubules without
any structural damage at the level of light microscopy.
It is possible that kidney damage occurs later than the



570 —— tukasz Dobrek etal.

adopted time perspective in our experiment. According to
the above assumption, it should be noted that the struc-
tural changes in the kidney are preceded by an increased
urinary excretion of our study proteins. Therefore, the
novel biomarkers, such as OP, FABP or KIM-1, already
appearing in urine in the absence of any signs of struc-
tural damage of kidneys, should be considered to reflect
an early stage of kidney injury. The application of labora-
tory surveillance based on FABP and OP monitoring will
ensure better safety of pharmacotherapy with ifosfamide.

5 Conclusions

1. The single dose of 250 mg/kg b.w. of ifosfamide admin-
istered to rats caused cystitis and a significant proteinu-
ria. However, urinary elimination of the fatty acid binding
protein and osteopontin was normal, as was the histolog-
ical structure of kidneys.

2. The treatment with five repeated doses of 50 mg/kg b.w.
of ifosfamide resulted in development of cystitis in study
rats with increased excretion of the fatty acid binding
protein and osteopontin with urine, but with still normal
histological structure of kidneys.

3. The obtained results suggest that assessment of urinary
concentration and excretion of the fatty acid binding
protein and osteopontin may offer an advantage to the
usually performed laboratory analysis (urea, creatinine)
with respect to early detection of chronic, but not acute,
nephrotoxic effect of ifosfamide, probably manifesting by
functional, not yet structural tubulopathy.

4. The performed experiment suggests that patients
treated with ifosfamide should be monitored to improve
the safety of the implemented pharmacotherapy.
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