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A B S T R A C T   

Ifosfamide (IFO) kidney damage is an important organ toxicity in children and adults undergoing chemotherapy. 
Previous evidence has shown that IFO toxic metabolites such as acrolein and are associated with mitochondrial 
dysfunction, depletion of antioxidants, oxidative stress and may predispose the kidney to IFO toxicity. Bioactive 
food compounds such as ellagic acid (EA) found in fruits has been described as antioxidant and mitochondrial 
protective agents against toxicity-related mitochondrial damage and oxidative stress. In current study, the 
protective effects of EA on IFO-induced nephrotoxicity in male Wistar rats were investigated with histopatho
logical, biochemical, and mitochondrial methods. The rats were randomly divided into four groups, control, IFO, 
IFO + EA, and EA groups. EA (25 mg/kg, i.p. daily) were administered to animals for 2 consecutive days and IFO 
(500 mg/kg, i.p.) was administered on third day. The results showed that pretreatment EA significantly increased 
mitochondrial succinate dehydrogenases (SDH) activity, and protected mitochondrial swelling, mitochondrial 
membrane potential (MMP), reactive oxygen species (ROS) formation, lipid peroxidation (LPO) and depletion 
glutathione (GSH). Histopathological findings demonstrated that EA had protective effects and reduced histo
pathological abnormalities caused by IFO. These results showed that EA administration protects the kidneys 
against mitochondrial dysfunction, oxidative stress and histopathological abnormality induced by IFO. Taken 
together, our results demonstrated that EA played a protective role against IFO-induced nephrotoxicity through 
mitochondrial protection and antioxidant properties.   

1. Introduction 

Ifosfamide (IFO) is a commonly used alkylating agent in cancer 
therapy and is belong to the nitrogen mustard analog [1]. This drug 
almost in combination with other chemotherapeutic agents is used for 
treatment of some refractory lymphomas, sarcomas and testicular tu
mors both in children and in adult individuals [1]. Despite the good 
effectiveness of IFO in the treatment of above cancers, unfortunately, 
various toxicities have been reported in both children and adults after its 
administration [2]. Due to structural similarity of IFO to cyclophos
phamide and production of active metabolites such as acrolein and 
chloroacetaldehyde, it is probable to induce central nervous system 

(CNS) toxicity, cardiotoxicity, hepatotoxicity, nephrotoxicity [3]. One of 
the most common toxicities after treatment with IFO is nephrotoxicity. It 
has been reported acute as well as chronic kidney dysfunction with 
range of moderate to severe in 18–28% of patients treated with IFO [4]. 
IFO-induced nephrotoxicity is associated with mainly injury to the renal 
tubules, hemorrhagic cystitis (due to injury to urinary epithelium), 
glycosuria at normal serum glucose levels, Fanconi syndrome (proximal 
tubular damage) with urinary potassium and phosphorus wasting, 
non-anion gap metabolic acidosis (proximal renal tubular acidosis) and 
aminoaciduria [5]. The mechanism of IFO-related neurotoxicity has not 
been fully elucidated, but it seems that its activation to toxic metabolites 
be important in induction kidney damage. It has been reported that this 
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prodrug is metabolized to its active metabolites by cytochrome P450 3 A 
(CYP3A) family, mainly CYP3A4 and CYP3A5 [6]. This process leads to 
hydroxylation of IFO and generation therapeutic and toxic metabolites 
phosphoramide mustard and acrolein [6]. Despite above pathway in IFO 
metabolism, this drug also is detoxified to N-dechlorethylation, and 
creates 2-dechloroethylifosfamide (2-DCE) and 3-dechlorethylifosfa
mide (3-DCE). The production of 2-DCE and 3-DCE yields equal 
amounts of chloroacetaldehyde [6]. The metabolites responsible for 
toxicity of IFO are acrolein, chloroacetaldehyde and itself therapeutic 
metabolite, phosphoramide mustard. The produced phosphoramide 
mustard, after metabolic activation alkylate or bind with many intra
cellular molecular structures, in cancerous and normal cells [7]. More
over, acrolein and chloroacetaldehyde as main toxic metabolites of IFO 
can induce mitochondrial dysfunction and oxidative stress [8,9]. In the 
kidneys mitochondrial damage and oxidative stress are linked to 
inflammation, cell death via necrosis/apoptosis, and tissue injury [10]. 
Therefore, it seems that a promising strategy to reduce the toxicity of 
IFO, especially nephrotoxicity be the use of antioxidant and mitochon
drial protective agents without interfering with therapeutic mechanism 
of the drug. 

Studies have reported that dietary polyphenolic compounds could 
modulate kidney damages [11]. These studies have suggested that the 
diet rich in grain, fruits, and vegetables is related to a lower incidence of 
kidney diseases [11]. In recent years, several polyphenolic compounds 
such as ellagic acid (EA) have attracted attention as nephroprotective 
agents, particularly due to antioxidant potential and mitochondrial 
protective effects [12]. EA is found in vegetables and fruits, such as 
blackcurrants, walnuts, grapes, raspberries and strawberries [13]. The 
antioxidant, anti-inflammatory, mitochondrial protection effects of EA 
have reported in various studies [14–18]. Beneficial effects of EA have 
reported on nephrotoxicity, nephropathy and kidney injury in different 
models. It has reported that EA can increase superoxide dismutase (SOD) 
levels and reduce serum malondialdehyde (MDA) levels in streptozocin 
induced diabetic nephropathy [14]. A recent study showed that EA is 
able restore lead-induced nephrotoxicity via anti-inflammatory, anti-
apoptotic and free radical scavenging activities [19]. Further, EA 
reversed the swelling of mitochondrial kidney, reduced the mitochon
drial ROS content, and prevented loss of MMP [20]. It was suggested 
that EA treatment triggers SIRT1 overexpression and enhances renal 
tolerance to oxidative stress in renal tissues [21]. Moreover, EA via 
SIRT1 expression, suppresses p53 and promotes cell survival via 
expression of antioxidant enzymes [21]. Overall, above studies suggest 
that EA deserves to be further studied as a nephroprotective agent. For 
this purpose, in the current study, we investigated a preventive strategy 
to reduce IFO-induced nephrotoxicity by EA with mitochondrial, his
topathological and biochemical approaches in the adult Wistar rats. 

2. Materials and methods 

2.1. Chemicals 

2′,7′-Dichlor-fluorescein (DCF), Rhodamine123, Ellagic Acid, N-(2- 
hydroxyethyl) piperazine-N′-(2-ethanesulfonic acid) (HEPES), Bovine 
Serum Albumin (BSA), Hank’s Balanced Salt Solution (HBSS), Dimethyl 
sulfoxide (DMSO), Rotenone, D-mannitol, Sucrose, Ellman’s reagent 
(5,5′-dithiobis-(2-nitrobenzoic acid, 3-morpholinopropane-1-sulfonic 
acid (MOPS), Monopotassium phosphate, 2-Amino-2-hydroxymethyl- 
propane-1,3-diol (TRIS), 4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo
lium bromide (MTT), Sodium succinate, Potassium chloride and Mag
nesium chloride were purchased from Sigma (St. Louis, MO USA). 
Ifosfamide (IFO) with purity 99% and CAS number 3778–73–2 was 
obtained from 22 Bahman Training Pharmacy (Ardabil, Iran). 

2.2. Animals 

A total of 36 male Wistar rats with 8 weeks of age and 180–220 g 

weight, were obtained from the Pasteur Institute of Iran (Tehran, Iran). 
Rats were acclimatized in the Animal House of the Faculty of Pharmacy, 
Ardabil University of Medical Sciences for two weeks and housed in 
cages under a 12 h light/dark cycle, at 25 ± 2 ◦C with 50 ± 20% hu
midity. Animals had free access to standard diet for rats and water. The 
protocols were approved by the Animal Ethics Committee of the Ardabil 
University of Medical Sciences (No. IR.ARUMS.AEC.1400.027). 

2.3. Study design 

The administration doses of EA and IFO were chosen according to the 
previous studies [22,23]. Male Wistar rats were weighed and randomly 
divided into 4 groups (n = 6) as follows: Group I (Control): Animals 
received intraperitoneal normal saline for 4 days. Group II (IFO): Ani
mals received IFO (500 mg/kg BW, i.p.) on the third day. Group III (IFO 
+ EA): Animals received EA (25 mg/kg/day; i.p.) for 2 consecutive days, 
with IFO (500 mg/kg BW, i.p) single dose on the third day. Group IV 
(EA): Animals received EA (25 mg/kg/day; i.p.) for 2 consecutive days. 
On the fourth day, 24 h after last administration, the rats were anaes
thetized (50 mg/kg ketamine+10 mg/kg xylazine). Blood samples and 
kidneys were collected to examinate of biochemical, mitochondrial and 
histopathological analyses. 

2.4. Assessment of histopathological abnormality in kidney tissue 

24 h after the last administration, the kidneys from all groups were 
simultaneously harvested and immediately fixed in 10% formalin. 
Briefly, using ascending concentrations of alcohol, the tissue samples 
were dehydrated and cleaned by xylene to remove alcohol. The tissue 
samples were placed in paraffin and allowed to harden. Subsequently, 
the paraffin blocks were cut to 5-µm sections by microtome and floated 
in the water bath. Then, the sections were mounted onto microscopical 
slides and dried in an oven at 60 ◦C. Afterward, the section were stained 
with hematoxylin and eosin (H&E) and histological examinations were 
carried out using light microscopy. The ↱severity of pathological lesions 
was assigned as follows: score - = normal; score ↱↱+ = ↱ mild↱; score +
+= moderate↱; score + ++ = severe↱. 

2.5. Assessment of lipid peroxidation in tissue samples 

MDA levels as indicator of lipid peroxidation were using thio
barbituric acid-reactive substances (TBARS) test [24]. Briefly, 100 mg 
kidney tissue was homogenized by a glass homogenizer in 1 ml 0.1% of 
trichloroacetic acid (TCA). The homogenate was centrifugated at 10,000 
x g for 10 min and the obtained supernatants were placed in 4 ml of 0.5% 
thiobarbituric acid (TBA) and 20% TCA. The samples were left in boiling 
water for 20 min, and after centrifugation at 10,000 x g for 10 min, the 
absorbance was measured at 535 nm. The kidney tissue MDA amount 
presented as nmol MDA/mg protein. 

2.6. Assessment of GSH and GSSG in tissue samples 

The concentrations of the reduced glutathione (GSH) and oxidized 
disulfide (GSSG) were measured in kidney tissue as oxidative markers 
[25]. Briefly, 100 mg kidney tissue was homogenized by a glass ho
mogenizer in 1 ml phosphate buffer, and centrifuged at 10,000 x g for 
10 min at 4 ◦C. The obtained supernatants were collected and used for 
detection of GSH and GSSG. For measurement of GSH and GSSG, 100 µL 
supernatant were mixed with 3 ml of reaction solution containing (GSH 
reductase, 1 mM EDTA, 150 μM NADPH, 3 mM MgCl2, 500 mM Tris-HCl 
and 10 mM DTNB) and (500 mM Tris-HCl and 10 mM DTNB), respec
tively incubated for 15 min at 25 ◦C. The absorbance of the assay 
mixture was measured at 412 nm. 
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2.7. Isolation of renal mitochondria 

Briefly, blood, lipid and connective tissues were removed from the 
kidneys and were washed with normal saline solution (4 ◦C). The whole 
kidney tissue was cut, minced and homogenized with a glass homoge
nizer in an isolation buffer (75 mM sucrose, 225 mM D-mannitol and 0.2 
mM EDTA, pH 7.4). The homogenate was centrifuged at 1000 g for 10 
min, and the obtained supernatant was centrifuged at 10,000 g for 10 
min. All procedures of were performed on the ice at 4 ◦C. The mito
chondrial pellet was kept on ice and used within 4 h and used for 
measurement of mitochondrial toxicity parameters [26]. Mitochondrial 
protein concentration was measured by Bradford method with bovine 
serum albumin (BSA) as a standard. 

2.8. Assessment of mitochondrial succinate dehydrogenase activity in 
isolated mitochondria 

The MTT assay was used to measurement SDH as mitochondrial 
function test. Renal isolated mitochondria were suspended in mito
chondrial assay buffer (20 mmol/L HEPES, 0.5 mmol/L KH2PO4, 10 
mmol/L NaCl, 0.5 mmol/L EGTA, 2 mmol/L MgCl2, 140 mmol/L KC; 
supplemented with 10 mmol/L succinate and 1 mg/ml rotenone). Then, 
100 µL of isolated mitochondria (100 µg/well) 25 plus µL of MTT day 
(0.5 mg/ml) were added to 96-well plates and incubated at 37 ◦C for 30 
min. After incubation, 100 µL of DMSO was added to each well to 
dissolve the formazan crystals. The absorbance was measured using an 
ELISA reader at 570 nm [27]. 

2.9. Assessment of mitochondrial swelling in isolated mitochondria 

Mitochondrial swelling is widely performed in suspensions of iso
lated mitochondria by measuring light scatter at 540 nm. Decrease the 
absorbance at 450 indicates mitochondrial swelling and mitochondrial 
permeability transition (MPT) pore opening [25]. Renal isolated mito
chondria were suspended in mitochondrial swelling buffer (20 mmol/L 
HEPES, 0.5 mmol/L KH2PO4, 10 mmol/L NaCl, 0.5 mmol/L EGTA, 2 
mmol/L MgCl2, 140 mmol/L KC; supplemented with 10 mmol/L succi
nate and 1 mg/ml rotenone). Then, 100 µL of isolated mitochondria 
(100 µg/well) was added to 96-well plates and the absorbance was read 
at 540, during 10 min 

2.10. Assessment of mitochondrial membrane potential collapse in 
isolated mitochondria 

The MMP collapse was assessed by monitoring the mitochondrial 
uptake of a fluorescence dye, rhodamine 123, using flow cytometry on 
FL-1 channel. One milligram/ml of mitochondrial protein was sus
pended in MMP buffer (5 mM KH2PO4, 68 mM D-mannitol, 220 mM 
sucrose, 10 mM HEPES, 2 mM MgCl2, 2 μM rotenone, 50 μM EGTA, 5 
mM sodium succinate, 10 mM KCl and 5 µM rhodamine 123 at 37 ◦C for 
15 min. Then the above MMP buffer was replaced with fresh MMP buffer 
without rhodamine 123 and incubated again for 15 min. The fluores
cence intensity of rhodamine 123 for 2 × 104 particles, was measured on 
the FL1 channel using flow cytometry (Cyflow Space-Partec, Germany). 

2.11. Assessment of mitochondrial membrane potential collapse in 
isolated mitochondria 

The MMP collapse was assessed by monitoring the mitochondrial 
uptake of a fluorescence dye, rhodamine 123, using flow cytometry on 
FL-1 channel [25]. One milligram/ml of mitochondrial protein was 
suspended in MMP buffer (5 mM KH2PO4, 68 mM D-mannitol, 220 mM 
sucrose, 10 mM HEPES, 2 mM MgCl2, 2 μM rotenone, 50 μM EGTA, 5 
mM sodium succinate, 10 mM KCl and 5 µM rhodamine 123) at 37 ◦C for 
15 min. Then the above buffer was replaced with fresh MMP buffer 
without rhodamine 123 and incubated again for 15 min in dark. The 

fluorescence intensity of rhodamine 123 for 2 × 104 particles, was 
measured on the FL1 channel using flow cytometry (Cyflow 
Space-Partec, Germany). 

2.12. Assessment of mitochondrial ROS formation in isolated 
mitochondria 

The mitochondrial ROS formation was assessed by H2DCF, using 
flow cytometry on FL-1 channel [25]. One milligram/ml of mitochon
drial protein was suspended in respiration buffer (50 mM EGTA, 0.5 mM 
MgCl2, 10 mM Tris, 0.32 mM sucrose, 0.1 mM KH2PO4, 5 mM sodium 
succinate, 20 mM MOPS and 10 µM H2DCF) at 37 ◦C for 15 min. Then 
the above buffer was replaced with fresh respiration buffer without 
H2DCF and incubated again for 15 min in dark. The fluorescence in
tensity of H2DCF for 2 × 104 particles, was measured on the FL1 channel 
using flow cytometry (Cyflow Space-Partec, Germany). 

2.13. Statistical analysis 

All results were presented as mean ± standard error of the mean 
(SEM). Statistical analyses were conducted by the one-way analysis of 
variance, followed by hoc Tukey’s test and were performed using the 
GraphPad Prism Software, version 9.0 (GraphPad Software, San Diego, 
CA, USA) for Windows. P < 0.05 was chosen as the level of significance, 

3. Results 

3.1. The effect of EA on IFO-induced histopathological abnormalities 

All H&E-stained sections from various experimental groups were 
histologically evaluated. Kidney sections from the control group showed 
apparently normal morphology regarding tubules, glomeruli and inter
stitial tissue. Also, the kidney sections of the EA group did not show any 
significant histopathological abnormalities. However, the histopatho
logical evaluation of the kidneys of IFO-treated animals showed severe 
renal damage such as vacuolar degeneration of tubules, cloudy swelling, 
interstitial hemorrhage, tubular cast and moderate tubular necrosis. In 
the EA+IFO group the severity of the IFO-induced histopathological 
abnormalities, mentioned above was decreased compared to the IFO 
group (Fig. 1 and Table 1). 

3.2. The effect of EA on IFO-induced oxidative stress markers 

IFO treatment led to a significant increase in oxidative stress markers 
such as GSH, GSSG and MAD levels in kidney tissue, compared with the 
control group. However, pretreatment of EA, in the EA + IFO group 
reduced oxidative stress markers and normalized these markers, 
compared with the IFO group. Treatment of animal with EA produced 
non-significant changes in oxidative stress markers, compared to the 
control group (normal saline) (Table 2). 

3.3. The effect of EA on IFO-induced mitochondrial dysfunction 

As shown in Fig. 2A, mitochondrial SDH activity as indicator of 
function test of mitochondria were significantly (p < 0.01) down- 
regulated in animals exposed to IFO, compared with the control 
group, in isolated mitochondria obtained from rat kidney tissue. Pre
treatment of EA for two consecutive days significantly increased of SDH 
mitochondrial activity. There is not a significant difference between 
mitochondrial SDH activity of the EA group and the control group. 

3.4. The effect of EA on IFO-induced mitochondrial dysfunction 

Information on mitochondrial swelling status in isolated mitochon
dria obtained from rat kidney tissue is shown in Fig. 2B. Mitochondrial 
swelling in rats exposed to IFO were increased to 1.5-fold compared with 
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that of the control group. While, in the EA + IFO group, EA significantly 
(p < 0.01) decreased IFO-induced mitochondrial swelling. The rats that 
received EA alone for two consecutive days did not show significant 
alteration in mitochondrial swelling status of isolated mitochondria 
obtained from rat kidney tissue, compared with the control group. 

3.5. The effect of EA on IFO-induced mitochondrial ROS formation 

The effect of EA on IFO-induced mitochondrial ROS formation in 
isolated mitochondria obtained from rat kidney tissue is shown in Fig. 3. 

A significant increase in the mean of fluorescence intensity of DCF, as 
refection of ROS formation was observed in IFO group, when compared 
with the control group. While, treatment with EA in the EA +IFO group 
significantly decreased the mean of fluorescence intensity of DCF. The 
rats that received EA alone for two consecutive days did not show sig
nificant alteration in the mean of fluorescence intensity of DCF, 
compared with the control group. 

3.6. The effect of EA on IFO-induced MMP collapse 

Exposure to IFO in the IFO group resulted in a significant increase in 
the mean of fluorescence intensity of rhodamine 123 and translocation 
of the histogram from left to right (Fig. 4). Treatment with EA in the EA 
+IFO group significantly decreased the mean of fluorescence intensity of 
rhodamine 123 as refection of MMP collapse. The rats that received EA 
alone for two consecutive days did not show significant alteration in the 
mean of fluorescence intensity of rhodamine 123, compared with the 
control group. 

4. Discussion 

It has been reported that mitochondria play an important role in the 
pathogenesis of different forms of renal disease and nephrotoxicity 
induced by chemicals and drugs [28]. Due to functions such as filtration 
and reabsorption, the renal cells are one of the most energy-demanding 
cells and require their mitochondria to produce energy via oxidative 
phosphorylation [29]. In kidneys, mitochondria also perform vital ac
tivities for survival of the renal cells such as the catabolism of 
branched-chain amino acids, glutaminolysis, the management of meta
bolic by-products, nucleotide biosynthesis, fatty acid beta-oxidation, 
redox balance, heme metabolism, calcium homeostasis, cellular death 
regulation, etc. [30]. In the renal cell especially in tubular cells, to 
maintain the activity of the transmembrane electrochemical gradients 
and the ATPase pumps, there are the high number mitochondria. In the 
tubule, the proximal segment is the most enriched in mitochondria and 
the site of the secretion and the reabsorption. Moreover, the proximal 

Fig. 1. Histopathologic section of kidneys from 
different experimental groups. thick black ar
rows = vacuolar degeneration of tubules; thin 
arrows = interstitial hemorrhage; white arrows 
= tubular necrosis. (A) Normal view of the 
control group. (B) Ifosfamide induced vacuolar 
degeneration of tubules, cloudy swelling, 
interstitial hemorrhage, Bowmen’s space with 
proteinaceous filtrate, tubular cast and moder
ate tubular necrosis in the kidney tissue. (C) 
Microscopic appearance of EA+IFO group in 
kidney tissue. (D) Microscopic appearance of 
the ellagic acid group in the kidney tissue. H&E 
400×.   

Table 1 
Kidney tissue microscopic scoring between groups treated with normal saline, 
IFO, EA + IFO and EA.  

Histopathological changes Control IFO IFO + EA EA 

Vacuolar degeneration of tubules - +++ + - 
Cloudy swelling - +++ + - 
Interstitial hemorrhage - +++ + - 
Tubular cast - ++ + - 
Moderate tubular necrosis - +++ + - 

Scores represent values obtained from tissue sections of six animals of each 
group. score - = normal; score + ↱↱ = ↱ mild↱; score ++= moderate↱; score +++

= severe↱. IFO, Ifosfamide; EA, Ellagic Acid. 

Table 2 
Statistical significance of oxidative stress markers (GSH, GSSG and LPO) in rats 
treated with normal saline, IFO, EA + IFO and EA.  

Groups GSH (nmol/mg) GSSG (nmol/mg) MDA (nmol/mg) 

Control 64 ± 3.18 12 ± 2.35 35 ± 2.7 
IFO (500 mg/kg) 38 ± 2.58a 39 ± 2.47a 57 ± 1.9a 

IFO + EA (25 mg/kg) 48 ± 4.20b 28 ± 3.11b 33 ± 2.4b 

EA (25 mg/kg) 65 ± 1.45b 11.4 ± 2.15b 29 ± 3.1  

a Significant difference (P < 0.01) with control group. 
b Significant difference (P < 0.01) with IFO-treated group. IFO, Ifosfamide; 

EA, Ellagic Acid. 
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tubular cells have a series of polyspecific solute transporters, which are 
involved in transportation of drugs from the peritubular blood into the 
urine or contrariwise [31]. Therefore, toxic effects on renal mitochon
dria can result in alterations in the mitochondrial function, decreased 
production of energy, increased formation of harmful ROS cell injury 
and tissue death. In different experimental and clinical studies have 
shown that drugs can induce of acute kidney injury (AKI), chronic kid
ney injury (CKI), nephrotoxicity and kidney damages via alterations 
mitochondrial functions [32–34]. Toxic effects of drugs and chemicals 
are associated with increased ROS production, reduced electron trans
port chain (ETC) activity, a loss of membrane potential, mitochondrial 
swelling and oxidative stress [34]. Our results in the current study 
confirmed that IFO-induced nephrotoxicity is associated with reduced 
ETC activity (SDH), ROS formation, the loss of MMP, mitochondria 
swelling in mitochondria, which resulted to GSH depletion, oxidative 

stress and histopathological abnormality in kidney tissue, as final 
consequence. Previous studies consistent with our results have sug
gested that IFO can promote tubulo-interstitial injury, proximal tubular 
dysfunction (PTD), complete or incomplete Fanconi syndrome through 
mitochondrial damages, especially in proximal tubular injury [35,36]. 
As mentioned above, among of the segments of the nephron, proximal 
tubular cells have a high number of mitochondria, consumes large 
amounts of energy and are exposed to high concentrations of IFO and its 
toxic metabolites [37]. IFO penetrates to the proximal tubular cells via 
human organic cation transporter 2, and metabolized to into an active 
nitrogen mustard (DNA damage) and two nephrotoxic agents (acrolein 
and chloroacetaldehyde) [38]. Acrolein and chloroacetaldehyde can 
damage to mitochondria and cellular energy metabolism through inhi
bition of ETC and increase cellular vulnerability to oxidative stress [39, 
40]. In our work, histopathological studies and oxidative stress markers 

Fig. 2. The graphs represent the mitochondrial SDH activity (A) and mitochondrial swelling (B) in isolated mitochondria obtained rat kidney tissue. Columns 
represent mean ± SEM, n = 6. ***p < 0.001 compared with the control group; ###p < 0.001 compared with the ifosfamide group. IFO, ifosfamide; SDH, succinate 
dehydrogenase; EA, ellagic acid. 

Fig. 3. Changes of the mean of fluorescence intensity of DCF as refection of ROS formation in isolated mitochondria obtained from rat kidney tissue, among the 
groups, control group, IFO-treated group (IFO), EA + IFO-treated group (EA + IFO) and EA-treated group (EA). Columns represent mean ± SEM, n = 6. ***p < 0.001 
compared with the control group; ###p < 0.001 compared with the ifosfamide group. IFO, ifosfamide; EA, ellagic acid; ROS, reactive oxygen species; DCF, 
dichlorofluorescein. 
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showed that IFO induced interstitial hemorrhage and tubular necrosis in 
the kidney tissue, which was associated with GSH depletion and lipid 
peroxidation. 

Our results in this study and previous evidence demonstrate that the 
restoring mitochondrial functions and blocking excessive ROS produc
tion is a suitable complementary therapeutic strategy for IFO-induced 
nephrotoxicity. Accordingly, increasing evidence indicates that poly
phenolic compounds found in fruits and vegetables can reduce mito
chondrial dysfunction and oxidative stress in nephrotoxicity models 
caused by drugs and chemicals [11,12]. We found that EA as well-known 
polyphenolic compound, is able to reduce kidney damages caused by 
IFO via mitochondrial protection and antioxidant properties, which is 
associated with the increase of SDH activity, inhibition of MMP collapse 
and the decrease of ROS formation, mitochondria swelling, depletion of 
GSH and oxidative stress in the kidney tissue. Consistent with our study, 
several studies have demonstrated that EA can protect the mitochondria 
and reduce oxidative stress and toxicity induced by different chemicals 
and drugs. A recent study has reported that EA, due to its antioxidant 
properties, attenuates Cr(VI)-induced renal alterations by preserving 
mitochondrial ultrastructure and function, supporting enzymatic activ
ities, preventing oxidative stress, suppressing TNF-α [41]. A study 
similar with our finding has demonstrated that EA can reduce 
gentamicin-induced nephrotoxicity via protecting mitochondria by 
preventing of MMP loss, decreasing the mitochondrial ROS content, 
decreasing cytochrome c release and reducing mitochondrial swelling 
[20]. Further, two recent studies have shown that EA can be used as a 
phyto-chelator to reduce hepato-renal oxidative damages and patho
physiological changes induced by lead exposure, due to its potent 
antioxidant, anti-apoptotic, and anti-inflammatory effects [19,42]. 
Consistent with the last study, our histopathological evaluations 
demonstrated that EA can reduce pathophysiological alterations 
induced by IFO. Many studies have reported that EA can protect the 
kidneys against toxic agents and renal diseases through various mech
anisms such as the chelating, antifibrotic, antiautophagic, 
anti-inflammatory, antiapoptotic, antioxidant and mitochondrial pro
tective properties [43]. The findings of our study highlighted the role of 
EA as a mitochondrial protective antioxidant agent against. It seems that 
EA can act like a double-edged sword and in high concentrations cause 
renal toxicity through mitochondrial dysfunction, which should be 

considered in future studies, especially clinical studies [44]. 
In summary, the current investigation demonstrated that EA can 

provide significant protective effects against IFO-induced nephrotoxi
city. EA protected histopathological abnormalities, depletion of GSH 
and oxidative stress, as well as mitochondrial toxicity parameters which 
are the features of IFO and its toxic metabolite nephrotoxicity. Our 
findings support that the pretreatment of EA before IFO administration 
may be effective for clinical purposes, due to the mechanism of action 
IFO (alkylating agent) as well as the anticancer properties of EA. The 
beneficial effect of ellagic acid against IFO-induced nephrotoxicity 
should be further studied by using cellular, animal and clinical trial 
studies. This study suggested that ellagic acid has the potential protec
tive against IFO-induced mitochondrial toxicity and nephrotoxicity. It 
seems that this natural compound be benefit for medical uses such as 
nephroprotective agent with antioxidant and mitochondrial protection 
activities. 
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Fig. 4. Changes of the mean of fluorescence intensity of rhodamine 123 as refection of MMP collapse in isolated mitochondria obtained from rat kidney tissue, 
among the groups, control group, IFO-treated group (IFO), EA + IFO-treated group (EA + IFO) and EA-treated group (EA). Columns represent mean ± SEM, n = 6. 
***p < 0.001 compared with the control group; ###p < 0.001 compared with the ifosfamide group. IFO, ifosfamide; EA, ellagic acid. 
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