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It is well documented that ifosfamide (IFO) therapy is associated with sever nephropathy in the form of Fanconi syndrome.
Although oxidative stress has been reported as a major player in IFO-induced Fanconi syndrome, no mechanism for this effect has
been ascertained. Therefore, this study has been initiated to investigate, on gene expression level, the mechanism of IFO-induce
nephrotoxicity and those whereby carnitine supplementation attenuates this serious side effect of IFO. To achieve the ultimate
goals of this study, adult male rats were assigned to one of four treatment groups, namely, control, L-carnitine, IFO, and IFO
plus L-carnitine. Administration of IFO for 5 days significantly increased serum creatinine, blood urea nitrogen (BUN), and total
nitrate/nitrite (NOx) production in kidney tissues. In addition, IFO significantly increased mRNA expression of inducible nitric
oxide synthase (iNOS), caspase-9, and caspase-3 and significantly decreased expression of glutathione peroxides (GPx), catalase
(CAT), and Bcl2 in kidney tissues. Administration of L-carnitine to IFO-treated rats resulted in a complete reversal of the all
biochemical and gene expression changes, induced by IFO, to the control values. Data from this study suggest that L-carnitine
prevents the development of IFO-induced nephrotoxicity via downregulation of oxidative and nitrosative apoptotic signaling in

kidney tissues.

1. Introduction

Ifosfamide (IFO) is an oxazaphosphorine nitrogen mustard
alkylating agent which is used in most cancer chemotherapy
and immunosuppressive protocols [1-3]. Nevertheless, high
therapeutic doses of IFO are associated with sever neph-
rotoxicity in the form of Fanconi syndrome especially in
children [4, 5]. IFO is oxidized by hepatic cytochrome P450
to IFO mustard which is responsible for its antitumour
activity [6]. On the other hand, more than 50% of IFO doses
undergo side chain dealkylation to the inactive metabolites
2- and 3-dechloroethylifosfamide and equimolar amounts of
the highly toxic metabolites chloroacetaldehyde (CAA) and
thiodiglycolic acid (TDGA) [7, 8]. It is well documented that
local formation and accumulation of CAA and TDGA in

human kidney are the major player in IFO-induced neph-
ropathy [7, 9]. Hence, despite the coadministration of mesna
which has low reactivity with CAA, treatment with IFO
is associated with severe proximal tubular dysfunction in
the form of fanconi syndrome [10]. This syndrome is a
generalized dysfunction of the proximal tubule and is charac-
terized by excessive urinary excretion of glucose, phosphate,
bicarbonate, amino acids, and other solutes excreted by this
segment of the nephron [10, 11].

Nitric oxide (NO) is mediator and regulator of inflam-
matory responses and its overproduction triggers many dis-
eases as malignancy, rheumatoid arthritis, and organ toxicity
[12-15]. The effect of NO depends on the production site,
nitric oxide synthase (NOS), duration of action, and level
of reactive oxygen intermediates present. In kidney, NO



FiGure 1: Chemical structure of ifosfamide. C;H;5Cl,N,O,P MW.
261.09.

mediates many physiologic functions and plays an important
role in nephrotoxicity pathogenesis [16]. NO is generated
by three isoforms of NOS (the neuronal, endothelial, and
inducible). In normal kidney tissues, inducible NOS (iNOS)
is induced by cytokines and its activity elevates NO level
which is responsible for cell death [17, 18]. Expression of
iNOS increased in glomerular infiltrating macrophages or
mesangial cells of nephrotoxic nephritis [19]. Endothelial
NOS (eNOS) is expressed in endothelial cells of renal and
glomeruli and plays a role in intrarenal vascular tone by
direct relaxation of afferent arteriole [20]. Neuronal NO
(nNOS) is expressed in macula densa and plays a role in
regulation of tubule-glomerular response [21, 22].

L-carnitine, an endogenous mitochondrial membrane
compound, is derived from two sources: endogenous synthe-
sis in liver and kidney and from exogenous dietary sources
for instance red meat and dairy products [23, 24]. The main
physiological function of L-carnitine is facilitating long-
chain fatty acids transport into mitochondria for entering f3-
oxidation cycle and energy production [25]. Although recent
studies have reported that L-carnitine attenuates cyclophos-
phamide and IFO-induced renal metabolic damage, no
mechanism for this effect has been ascertained. Therefore,
the current study has been initiated to investigate, on gene
expression level, the mechanism of IFO-induced nephrotoxi-
city and those whereby carnitine supplementation attenuates
this serious side effect of IFO.

2. Material and Methods

Holoxan vials (Baxter oncology GmbH, Germany) contains
1g IFO in a dry lyophilized powder form. The content of
each vial was freshly dissolved in sterile water immediately
before injection. The chemical structure of IFO is shown
in Figure 1. L-carnitine was kindly supplied by Dr. Zaven
Orfalian, Sigma-Tau Pharmaceuticals, Pomezia, Roma, Italy.
It was freshly dissolved in normal saline prior to injection.
Primers used in this study were purchased from Metabion
International AG (Germany). All other chemicals used were
of highest analytical grade.

2.1. Animals. Adult male Wistar albino rats, weighing 180—
200 g, were obtained from the Animal Care Center, College
of Pharmacy, King Saud University, Saudi Arabia and were
housed in under controlled environmental conditions (25°C
and a 12h light/dark cycle) with free access to pulverized
standard food and tap water. The protocol of this study has

Oxidative Medicine and Cellular Longevity

been approved by Research Ethics Committee of College of
Pharmacy, King Saud University.

2.2. Experimental Design. A total of 40 rats were divided
randomly into 4 groups of 10 animals each. Group 1 (con-
trol group) were intraperitoneally (i.p.) injected with nor-
mal saline (2.5 mL/kg/day) for 10 successive days. Group
2 (carnitine-supplemented group) were given L-carnitine
(200 mg/kg/day, i.p.) for 10 successive days [26]. Group 3
(IFO group) received normal saline for 5 successive days
followed by IFO (50 mg/kg/day, i.p.) for 5 successive days
[27]. Group 4 (IFO-carnitine-supplemented rats) received
the same doses of L-carnitine as group 2 for 5 days before
and 5 days concomitant with IFO (50 mg/kg/day, i.p.) [26].
Immediately after the last dose of treatment, animals were
sacrificed by decapitation after exposure to ether in desic-
cator kept in a well-functioning hood and blood samples
were obtained. Serum was separated for measurement of
creatinine and blood urea nitrogen (BUN). Both kidneys
were quickly excised and kept in —80°C for measuring nitric
oxide production and mRNA expression of GPx, CAT, Bcl2,
caspase-9, caspase-3, iNOS, eNOS, and nNOS.

2.3. Methods

2.3.1. Quantification of mRNA Expression by Real-Time Poly-
merase Chain Reaction

Total RNA Extraction. Total RNA were extracted from
kidney tissues by Trizol method as previously described [28].
In brief, RNA was extracted by homogenization in TRIzol
reagent (Invitrogen, life technology, USA). The homogenate
was incubated for 5min at room temperature. Chloroform
was added, and vortexes and subjected to centrifugation.
The aqueous phase was isolated and the total RNA was
precipitated by ethanol. After centrifugation and washing the
total RNA was finally eluted in diethyl pyrocarbonate-treated
H, 0. The quantity was characterized using a UV spectropho-
tometer (NanoDrop 8000, Thermo Scientific, USA). The
isolated RNA has an A 260/280 ratio of 1.9-2.1.

First-Strand cDNA. First-strand cDNA was synthesized from
5 ug of total RNA by reverse transcription with a SuperScript
first-strand synthesis kit (Invitrogen, life technology, USA),
according to the manufacturer’s instructions.

Real-Time Polymerase Chain Reaction. Real-time PCR was
performed using KAPA FAST qPCR kit master mix (KAPA
Biosysems, USA) and 2724¢t method. GAPDH gene was
used as the endogenous control. PCR assay was optimized
by varying the PCR conditions such as the concentration of
cDNA, primers concentration, amplification cycle number,
and annealing temperature. Briefly, a standard 25 yL reaction
mixture contained in final concentration of 1x KAPA SYBER
qPCR master mix buffer, 0.3 uM of each forward and reverse
primers, for GPx, CAT, iNOS, nNOS, eNOS, caspase-9,
caspase-3, Bcl2, and GAPDH (Table 1), 100 ng of cDNA and
RNase, DNase free water. The reaction was done in an ABI
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TABLE 1: Sequences of oligonucleotide primers for quantitative real-time PCR.

Gene name Forward Reverse
iNOS CCCTTCCGAAGTTTCTGGCAGCAGC GGGTGTCAGAGTCTTGTGCCTTTGG
eNOS GGGCTCCCTCCTTCCGGCTGCACC GGATCCCTGGAAAAGGCGGTGAGG
nNOS CTGTGACAACTCTCGATACAACATC GAGTCTATAGTTGAGCATCTCCTGG
Caspase-9 TCACGGCTTTGATGGAGATG AGAGAGGATGACCACCACGAA
Caspase-3 AAATTCAAGGGACGGGTCATG GAGCTTGTGCGTACAGTT
Bcl2 AGAGGGGCTACGAGTGGGAT CTCAGTCATCCACAGGGCGA
GPx CGGTTTCCCGTGCAATCAGT ACACCGGGGACCAAATGATG
Catalase CGACCGAGGGATTCCAGATG ATCCGGGTCTTCCTGTGCAA
GAPDH AACTCCCATTCCTCCACCTT GAGGGCCTCTCTCTTGCTCT
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FiGURE 2: Effects of ifosfamide (IFO), L-carnitine, and their combination on serum creatinine (a) and BUN (b). Rats were randomly divided
into 4 different groups of 10 animals each: control, L-carnitine, IFO, and IFO-carnitine supplemented. Carnitine supplementation was
induced in rats by daily intraperitoneal injection of L-carnitine (200 mg/kg/day) for 10 successive days. IFO nephrotoxicity was induced
in rats by administration of IFO (50 mg/kg/day, IP) for 5 successive days. IFO-carnitine-supplemented rats were given the same doses of
L-carnitine (200 mg/kg/day) for 5 days before and 5 days concomitant with IFO (50 mg/kg/day, IP). At the end of the treatment protocol,
serum creatinine and BUN were measured. Data are presented as mean = S.E.M. (n = 10). * and * indicate significant change from control
and IFO, respectively, at P < 0.05 using ANOVA followed by Tukey-Kramer as a post-ANOVA test.

96-Well Optical Reaction Plate placed on ice before cDNA
template was added. The standard thermal cycling conditions
of initial 50°C for 2min and 95°C for 10 min followed by
40 cycles at 95°C for 15sec and 60°C for 1 min were used.
All reactions were performed using an ABI 7500 System
(Applied Biosystem, life technology, USA). Experiments were
performed in triplicates for all data points. Each qPCR
reaction included no-template controls.

2.3.2. Determination of Total Nitrate/Nitrite Concentrations
in Kidney Tissues Homogenates. Total nitrate/nitrite (NOx),
an index of nitric oxide (NO) production, was measured as
the stable end-product nitrite according to the method of
Miranda et al. [29]. This assay is based on the reduction of
nitrate by vanadium trichloride combined with detection by
the acidic Griess reaction. The diazotization of sulphanilic
acid with nitrite at acidic pH and subsequent coupling with
N-(10 naphthyl)-ethylenediamine produced an intensely

colored product that is measured spectrophotometrically at
540 nm. Levels of NOx were expressed as mmol/g wet tissue.

2.3.3. Assessment of Serum Blood Urea Nitrogen and Creati-
nine. Blood urea nitrogen and serum creatinine concentra-
tions were measured spectrophotometrically according to the
methods of Tabacco et al. [30] and Fabiny and Ertingshausen
[31], respectively.

2.4. Statistical Analysis. Differences between obtained values
(mean + SEM, n = 10) were carried out by one way analysis
of variance (ANOVA) followed by the Tukey-Kramer multi-
ple comparison test. P < 0.05 was taken as a criterion for a
statistically significant difference.

3. Results

Figure 2 shows the effect of IFO, L-carnitine, and their com-
bination on serum nephrotoxicity indices. Administration
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FiGure 3: Effects of ifosfamide (IFO), L-carnitine, and their combination on NOx production in kidney tissues. Rats were randomly divided
into 4 different groups of 10 animals each: control, L-carnitine, IFO, and IFO-carnitine supplemented. Carnitine supplementation was
induced in rats by daily intraperitoneal injection of L-carnitine (200 mg/kg/day) for 10 successive days. IFO nephrotoxicity was induced
in rats by administration of IFO (50 mg/kg/day, IP) for 5 successive days. IFO-carnitine supplemented rats were given the same doses of
L-carnitine (200 mg/kg/day) for 5 days before and 5 days concomitant with IFO (50 mg/kg/day, IP). At the end of the treatment protocol,
NOx level was measured in kidney tissues. Data are presented as mean + S.E.M. (n = 10). * and * indicate significant change from control
and IFO, respectively, at P < 0.05 using ANOVA followed by Tukey-Kramer as a post-ANOVA test.
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FiGure 4: Effects of ifosfamide (IFO), L-carnitine, and their combination on mRNA expression of GPx (a) and CAT (b) in rat kidney
tissues. Rats were randomly divided into 4 different groups of 10 animals each: control, L-carnitine, IFO, and IFO-carnitine supplemented.
Carnitine supplementation was induced in rats by daily intraperitoneal injection of L-carnitine (200 mg/kg/day) for 10 successive days. IFO
nephrotoxicity was induced in rats by administration of IFO (50 mg/kg/day, IP) for 5 successive days. IFO-carnitine supplemented rats were
given the same doses of L-carnitine (200 mg/kg/day) for 5 days before and 5 days concomitant with IFO (50 mg/kg/day, IP). At the end of the
treatment protocol, expressions levels of GPx and CAT were measured in kidney tissues. Data are presented as mean + S.E.M. (n = 10). *
and * indicate significant change from control and IFO, respectively, at P < 0.05 using ANOVA followed by Tukey-Kramer as a post-ANOVA
test.

of IFO alone showed a significant 342% (P < 0.001) and
216% (P < 0.001), increase in serum creatinine and BUN,
respectively, compared to the control group. Interestingly,
administration of L-carnitine with IFO resulted in complete
reversal of IFO-induced increase in serum creatinine and
BUN to the control values. On the other hand, administra-
tion of L-carnitine alone resulted in nonsignificant change in
serum creatinine and BUN.

Figure 3 shows the effects of IFO, L-carnitine, and their
combination on the level of NOx in kidney tissue. IFO
resulted in a significant 146% increase in NOx production

in kidney tissues (P < 0.001), whereas, L-carnitine alone
resulted in non-significant change. Combination of L-
carnitine with IFO decreased the level of NOx production by
IFO in kidney tissue to control values.

To investigate the effect of IFO on oxidative stress genes,
the expression levels of GPx and CAT were measured in
kidney tissues using RT-PCR Figure 4. IFO alone signifi-
cantly decreased the expression of GPx (a) and CAT (b)
mRNA in kidney tissues by 44% (P < 0.05) and 63% (P <
0.001), respectively, compared to control group. However,
administration of L-carnitine to IFO-treated rats completely
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Figure 5: Effects of ifosfamide (IFO), L-carnitine, and their combination on mRNA expression of eNOS (a), nNOS (b), and iNOS
(c) in rat kidney tissues. Rats were randomly divided into 4 different groups of 10 animals each: control, L-carnitine, IFO, and IFO-
carnitine supplemented. Carnitine supplementation was induced in rats by daily intraperitoneal injection of L-carnitine (200 mg/kg/day)
for 10 successive days. IFO nephrotoxicity was induced in rats by administration of IFO (50 mg/kg/day, IP) for 5 successive days. IFO-
carnitine supplemented rats were given the same doses of L-carnitine (200 mg/kg/day) for 5 days before and 5 days concomitant with IFO
(50 mg/kg/day, IP). At the end of the treatment protocol, expressions levels of eNOS, nNOS, and iNOS were measured in kidney tissues. Data
are presented as mean = S.EM. (n = 10). * and * indicate significant change from control and IFO, respectively, at P < 0.05 using ANOVA

followed by Tukey-Kramer as a post-ANOVA test.

normalized the decrease in antioxidant enzymes to control
values.

Figure 5 shows the effect IFO, LC, and their combination
on mRNA expression of NOS isoforms including eNOS
(a), nNOS (b), and iNOS (c) in kidney tissues using RT-
PCR analysis. IFO alone resulted in non-significant change
in the expression of eNOS and nNOS mRNA in kidney
tissues as compared to the control rats. On the other
hand, the expression level of INOS mRNA was significantly
increased by 6-fold in IFO-treated rats compared to control.
Interestingly, L-carnitine in combination with IFO resulted
in complete reversal of IFO-induced increase in iNOS level
in kidney tissue to the control values.

Figure 6 shows the effect IFO, LC, and their combination
on mRNA expression of caspase-9 (a), caspase-3 (b), and
Bcl2 (c) in kidney tissue. IFO resulted in a significant increase
in the expression of caspase-9 and caspase-3 by 6 and 8
fold, respectively, compared to control group (P < 0.001).
In contrast, IFO significantly decreased the expression levels
of Bcl2 by 0.35-fold compared to control group. However,
administration of L-carnitine to IFO-treated rats completely

normalized IFO-induced increase in caspase-9 and caspase-3
and decrease in Bcl2 expression to control values.

4. Discussion

Renal toxicity is reported in 5% of IFO-treated patients in
the form of Fanconi syndrome [27, 32-34]. This syndrome
is characterized by renal glucosuria, loss of electrolytes,
bicarbonate and lactate, generalized hyperaminoaciduria
and low-molecular-weight proteinuria [35]. Several mech-
anisms for IFO-induced nephrotoxicity have been reported
including oxidative stress, depletion of glutathione, and
inhibition of endocytosis in renal tubular proximal cells
[36, 37]. In the current study, IFO nephrotoxicity was
evidenced by increasing serum creatinine and BUN. Under
similar experimental condition, earlier and recent studies
have reported that administration of IFO (50 mg/kg) for 5
consecutive days is associated with severe nephrotoxicity in
the form of fanconi syndrome [11, 27, 38].

Nitric oxide is produced in kidney from L-arginine by the
action of NOS isoforms and played a key role in maintaining
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Figure 6: Effects of ifosfamide (IFO), L-carnitine and their combination on mRNA expression of Caspase9 (a), Caspase3 (b) and Bcl2
(c) in rat kidney tissues. Rats were randomly divided into 4 different groups of 10 animals each: Control, L-carnitine, IFO, and IFO-
carnitine supplemented. Carnitine supplementation was induced in rats by daily intraperitoneal injection of L-carnitine (200 mg/kg/day)
for 10 successive days. IFO nephrotoxicity was induced in rats by administration of IFO (50 mg/kg/day, I.P.) for 5 successive days. IFO-
carnitine supplemented rats were given the same doses of L-carnitine (200 mg/kg/day) for 5 days before and 5 days concomitant with IFO
(50 mg/kg/day, I.P.). At the end of the treatment protocol, expressions levels of Caspase9, Caspase3 and Bcl2 were measured in kidney tissues.
Data are presented as mean + S.E.M. (n = 10). * and * indicate significant change from control and IFO, respectively, at P < 0.05 using

ANOVA followed by Tukey-Kramer as a post-ANOVA test.

vascular tone. In nephrotoxicity, the increase in NOx pro-
duction after IFO administration could be a secondary event
following the increase in inducible nitric oxide synthase
[39, 40]. Our study showed similar correlation in which
the increase in NOx production accompanied with iNOS
increase expression level after IFO administration. These
results suggest that the NO production contributes to the
pathogenesis of IFO-induced nephrotoxicity. Low levels of
NO synthesized by the constitutive enzymes, eNOS and
nNOS, are involved in normal physiological conditions,
whereas high levels of NO produced by iNOS have a role
primarily in pathological processes induced by cytokines
and oxidative stress [41, 42]. Furthermore, NO inhibits the
ability of cells to repair damaged DNA by inhibiting DNA
repair proteins [43]. In addition, the excess production of
NO by iNOS plays an important role in many pathological
processes, such as inflammation and carcinogenesis [44]. In
the present study, the expression of eNOS and nNOS were
decreased in IFO-treated rat. The selective downregulation
of eNOS and nNOS may play a role in decreasing medullary
blood flow and secondary tissue injury. Administration of

L-carnitine in combination with IFO normalized NOx and
gene expression of iNOS. Similar result was showed that
L-carnitine administration normalized the serum and renal
lipid alterations as well as gene expression of iNOS [45].
Damage, at the cellular level by oxidants, is attenuated
by antioxidant enzyme such as GPx and CAT [46]. Catalase
and GPx catalyze dismutation of superoxide anion (O;")
into hydrogen peroxide (H,O,) which then converting H,O,
to water thus providing protection against reactive oxygen
species [47]. The reduction in activity of these enzymes may
be caused by the increase in free radical production during
IFO metabolism [48, 49]. Our study showed decrease in the
gene expression levels of GPx and CAT in kidney tissue of
IFO-treated rats. Therefore, IFO not only increased the free
radical formation in kidney tissues, but also decreased its
ability to detoxify reactive oxygen species. For that reason,
[FO-administrated rat kidneys are more susceptible to ROS
damage due to the deficiency in antioxidant defense enzyme.
Data from this study revealed that L-carnitine administration
in combination with IFO significantly increased antioxidant
enzyme. The increase in GSH level leads to increase in
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GPx activity in which the former acts as a cofactor for
later [50]. Our results are consistent with previous studies
reported that L-carnitine had similar nonenzymatic free-
radical scavenging and antilipid peroxidation activities [51,
52].

Caspases are family of cell death proteases that play an
essential role in the execution phase of apoptosis [53]. Acti-
vation of caspases 3, 8, and 9 occurs early after IFO treatment
of renal epithelial cells and inhibition of caspase activity
suppresses IFO-induced cell death [54]. Our results showed
that IFO treatment induces renal cell apoptosis by increasing
expression level of both caspase-3 and caspase-9 and decreas-
ing Bcl2. The mitochondrial apoptotic pathways are caspase-
dependent and caspase-independent pathways. Caspase-3
and cytochrome ¢ play important roles in caspase-dependent
pathway. Under this condition, IFO can activate Bax and Bak
leading to cytochrome c release from mitochondria and sub-
sequent caspase activity. The present data show that the vital
role of caspase-3 and -9 in the apoptotic cascade leading to
[FO-induced cell death. Similarly, Schwartz and his colleague
found that caspase-9 plays an important role in the apoptotic
cascade leading to cyclophosphamide-induced cell death
[55]. L-carnitine supplementation in combination with IFO
resulted in increase Bcl2 gene expression level which act as
inhibitor for caspase-3 and -9 genes expressions by blocking
mitochondrial release of cytochrome c [56].

5. Conclusion

Data from the present study suggest that L-carnitine pre-
vents the development of IFO-induced Fanconi syndrome
via downregulation of oxidative and nitrosative apoptotic
signaling in kidney tissues.
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