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Abstract: Cisplatin utilization is known to be limited due to numerous side effects, especially to the ones related
to kidney tissue injury. The application of antioxidants, as potential supportive drugs, to prevent oxidative cisplatin
tissue damage appears intuitive. In this work, we explored the usage of caffeic acid phenethyl ester (CAPE) in this
respect through the analysis of standard serum biochemical parameters and the ones related to oxidative tissue
damage, the changes in arginine metabolism, and apoptosis occurrence that follow cisplatin application in rat
kidneys. Additionally, pathohistological analysis and a specific TUNEL staining for the detection of apoptosis was
studied. Cisplatin produced marked changes in serum parameters that reflect kidney tissue function, while at the
same time produced extensive tissue oxidative damage, increased arginase activity, and depleted reduced
glutathione. Moreover, both biochemical and micromorphological analyses indicated significant tubular cell
apoptosis. The application of CAPE together with cisplatin prevented the disturbance in serum biochemical and
tissue oxidative stress parameters, without affecting arginase activity. Interestingly, CAPE inhibited different
enzymes involved in the glutathione metabolism and the apoptotic process. The results of the present study
indicate that CAPE could be used as supportive therapy for oncological patients receiving cisplatin since it
attenuates the nephrotoxicity of this chemotherapeutic.
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Nephroprotecive effects of caffeic acid phenethyl ester

1. Introduction

Cisplatin (CP) is a potential antineoplastic drug used for the treatment of various solid tumors such
as ovarian, testicular, lung, bladder, breast, and cervical cancers [1]. One of the mechanisms underlying
the cytotoxicity of CP is cell apoptosis resulting from DNA damage in both cancer and non-cancer cells
[2]. The disturbance in cellular oxidative capacity, e.g. depletion of reduced glutathione (GSH), further
leads to an excessive reactive oxygen species (ROS) production which is responsible for the cell
damage [3-6]. Apart from DNA damage and apoptosis induction the produced ROS, which depends on
the concentration and length of exposure to cisplatin, this drug affects mitochondrial membrane
potential and induces lipid peroxidation, protein oxidative modification, and autophagy [2,3]. Increased
production of superoxide and hydroxy radicals stimulates proinflammatory cytokine and enzyme
production, which consequentially lead to various histopathological changes such as interstitial edema
and inflammatory cell infiltration [7]. Cisplatin exerts its side effects through the disturbance in the
function of different tissues, up to know the most common side effects related to CP includes
myelosuppression, ototoxicity, nephrotoxicity, cardiotoxicity, etc. [8].

The exact mechanism of CP-induced nephrotoxicity has not been precisely defined, however, it is
known that CP penetrates through the proximal tubule epithelial cells by passive diffusion and exerts its
toxicity there, particularly in the S3 segment of the tubular cells. Cisplatin-induced nephrotoxicity is
followed by a disturbance in glomerular filtration, reduced levels of potassium, and increased
concentration of serum creatinine and urea [9,10]. Thus, nephrotoxicity makes the usage of CP limited,
especially in the higher doses [11]. Although the primary target for CP are the cells undergoing division
(cancer cells) and not nonproliferating/quiescent ones, the toxicity towards proximal tubule cells is
highly specific [12]. The additional mechanism which is associated with CP nephrotoxicity is the
conjugation of CP with GSH by brush border enzymes, making this an initial step in the toxicity of CP
[12].

Caffeic acid phenethyl ester (CAPE) is a flavonoid extracted from honeybee propolis, with
potential anti-inflammatory, antioxidant, antidiabetic, antiproliferative and antineoplastic features [13-
15]. Propolis is used in the traditional medicine of many nations, especially in Asia for more than a
thousand years [13]. Among the honeybee product associated flavonoids, CAPE is among the most
toxic ones, however, it is estimated that a daily intake of around 70 mg is safe for human use [13]. The
antioxidant effects of CAPE are based on neutralizing the oxidative stress-related parameters, inhibition
of enzymes (e.g. lipoxygenase), suppression of lipid peroxidation, and activation of antioxidant enzymes
[14,16]. The effects of CAPE on CP-induced kidney damage were evaluated on a single previous
occasion [13,16] where the protective action is associated with ROS scavenging.

This study aims to investigate the potential protective effect of CAPE on CP-induced kidney
damage in a rat model by analyzing the biochemical and histopathological changes. There are several
proposed pathways through which the nephrotoxicity of CP could be targeted by a potential
nephroprotective agent [17], and in the present study, we addressed four of them, namely oxidative
stress, CP metabolizing one, inflammatory, and apoptotic.

2. Materials and Methods
2.1. Drugs and Chemicals

The CAPE (>97%, powder, Sigma Aldrich, USA) was prepared fresh on a daily basis
(dissolved in 0.1% ethanol in 0.9% NaCl) and injected intraperitoneally (i.p.) to animals in a dose of 10
pmol/kg/day throughout the experiment [18]. Cisplatin was purchased from TEVA (Actavis D.O.0O.,
Serbia) in a form of a solution (50 mg/100 mL) and was applied once to animals via i.p. route in a dose
of 8 mg/kg [7,19]. All other chemicals and reagents used in this research were purchased from Sigma
Aldrich (USA) or Carl Roth (Germany) and were of the highest purity. A general anesthetic used for
anesthetizing the animals was ketamine, purchased from Richter Pharma AG (Wels, Austria).
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2.2. Animals and Housing

Male Wistar rats weighing from 200 to 250 g, 7 weeks old, were obtained from the Vivarium of
the Institute of Biomedical Research, Faculty of Medicine, Ni$, Serbia. Animals were housed in
plexiglas cages in a temperature-controlled room (22 + 2°C) with 12 h light-dark cycle. Rats were fed
with standard food and tap water provided ad libitum. A week before the commencement of the
experiment animals were allowed to acclimatize to the laboratory environment and cage distribution.
The experiment was conducted in accord to ethical principles of the European Union (EU Directive of
2010; 2010/63/EU), and the Guide for the Care and Use of Laboratory Animals (8th edition, National
Academies Press), and ones given by laws of the Republic of Serbia (approval No. 323-07-01762/2019-
05).

2.3. Experimental Design

For this experiment, animals were divided into four identical groups consisting of 6 animals
each. All animals were treated daily for 5 days by an i.p. injection, as follows:

I Group - Vehicle group — daily treated with an injection of 0.1% ethanol in 0.9% NaCl 1

mL/kg;

Il Group — CAPE treated group — daily treated with an injection of CAPE (10 umoL/kg/day) for

five days;

111 Group - CP treated group — treated with a single CP injection (8 mg/kg) on the 3rd day of the

experiment;

IV Group —CP and CAPE treated group — treated with CAPE for five days (10 umoL/kg/day),

and a single injection of CP (8 mg/kg) on the 3rd day.

All animals, at almost 9 weeks of age, were sacrificed by ketamine overdose, five days after the
experiment beginning. Blood was taken by cardiac puncture, and renal tissue was dissected for
biochemical (frozen and stored at —80 °C) and histopathological (fixated in 10% formalin) analyses.

2.4. Serum Biochemical Analyses

From each animal, blood was taken by a cardiac puncture using a Vacutainer system and was
left to clot at room temperature before centrifugation (635 x g, 15 min at 4 °C). The serum obtained by
centrifugation was used for the determination of urea, creatinine, sodium, potassium, and calcium levels
using Olympus AU680 Chemistry-Immuno Analyzer.

2.5. Tissue Biochemical Analyses

The frozen kidney tissue sample was cut into fine pieces and homogenized (RJ 22713-00, IKA®
Works de Brasil Ltda Taquara, RJ, Brazil) in ice-cold distilled water (10% homogenate, w/v). After
homogenization samples were centrifuged at 8008xg for 10 min at 4 °C in order to obtain clear
supernatants which were further used for the determination of tissue biochemical parameters. Protein
homogenate concentrations were determined following standard Lowry’s protocol [20] using a bovine
serum albumin standard curve.

2.5.1. Catalase (CAT) and Peroxidase (POD) Activity Determination

Tissue catalase (CAT) and POD activity were determined by the spectrophotometric method
described by Goth [21] and Chance and Maehly [22], respectively. The activity of CAT was estimated
through the enzyme's ability to dissolve the substrate (H2O;), whereby enzymatic reaction is stopped by
the addition of ammonium molybdate. The yellow complex of molybdate and the remaining H.O, was
measured at 405 nm using an automated microplate reader (Multiscan Ascent, Labsystems, Helsinki,
Finland). Enzyme activity was expressed in catalytic units per gram of protein (kU/g). The activity of
POD was determined in a reaction mixture consisted of kidney tissue homogenate, H,O,, pyrogallol,
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and phosphate buffer (pH 6.0). The end product, purpurogallin, was measured at 420 nm using an
automated microplate reader (Multiscan Ascent, Labsystems, Helsinki, Finland), and the activity was
expressed as nmol/g of proteins.

2.5.2. Tissue Oxidative Damage Parameters Determination

Xanthine oxidase (XO) activity was determined in a reaction medium containing kidney tissue
homogenate and xanthine (0.6 mM) [23]. The production of uric acid in a reaction mediated by XO was
determined spectrophotometrically (V-1800 Shimadzu spectrophotometer (Japan)) and the amounts
were calculated using a standard curve constructed with uric acid. The results are expressed as U/g of
Kidney tissue proteins.

The amount of lipid peroxidation was estimated through the levels of malondialdehyde (MDA)
using a standard method that utilizes thiobarbituric acid [24]. The concentration of MDA in kidney
tissue was calculated using a standard curve and the results obtained after measuring the sample
absorbance using an automated microplate reader (Multiscan Ascent, Labsystems, Helsinki, Finland) are
expressed as nmol of MDA per mg of tissue proteins.

The kidney tissue homogenate concentration of H.O, was determined following a previously
described method [22], which is based on the oxidation of phenol red arising from the degradation of
H20; in the presence of horseradish peroxidase. The colored product intensity was measured at 610 nm
using an automated microplate reader (Multiscan Ascent, Labsystems, Helsinki, Finland), and the
concentration was expressed as umol/mg of proteins.

Tissue total oxidative status (TOS) was measured following a previously described method
[25]. Tissue homogenates and reagents | (xylenol orange) and Il (o-dianisidine) were shortly incubated
(3 min), after which the absorbance of the mixture was measured at 560 nm using an automated
microplate reader (Multiscan Ascent, Labsystems, Helsinki, Finland). The obtained results are
expressed as umol/mg of tissue proteins.

2.5.3. Determination of Arginine Metabolism-Related Parameters

Total nitrite and nitrate (denoted as NO) concentrations were determined using Griess reagent
following the previously described method [26] using an automated microplate reader (Multiscan
Ascent, Labsystems, Helsinki, Finland). The amounts of NO were expressed as umol/g of tissue
proteins.

The amount of citrulline in heart tissue homogenate was determined according to a standard
method that is based on a reaction with diacetyl monoxime and thiosemicarbazide [24]. The absorbance
of the developed color was measured at 530 nm using an automated microplate reader (Multiscan
Ascent, Labsystems, Helsinki, Finland), and the results were presented as mmol/g of proteins.

Kidney tissue arginase activity was determined using a biochemical method based on a reaction
between ornithine and ninhydrin. The absorbance of the reaction mixture was measured at 515 nm using
an automated microplate reader (Multiscan Ascent, Labsystems, Helsinki, Finland), and the obtained
values were corrected with those obtained from the control [24]. The results are expressed as mU per
gram of kidney tissue proteins.

2.5.4. Glutathione and Glutathione-Related Enzymes Determination

Tissue GSH concentrations were estimated using a standard method previously described by
Ellman [27], where after short incubation of supernatants with DTNB reagent the absorbance of the
reaction mixture was measured at 412 nm using an automated microplate reader (Multiscan Ascent,
Labsystems, Helsinki, Finland). The amount of GSH was determined based on the standard curve of
GSH and expressed as umol of GSH/mg of proteins.

The activity of glutathione S-transferase (GST) was determined in a reaction mixture (at 310 nm
using an automated microplate reader (Multiscan Ascent, Labsystems, Helsinki, Finland)) containing
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GSH, 4-nitrobenzyl chloride according to the previously described method [27]. The enzyme activity in
kidney tissue homogenate was expressed as nmol/L/mg of protein.

The activity of glutathione reductase (GR) was determined following the method described in
detail [22]. The reaction mixture consisted of oxidized glutathione (2 mmol/L), kidney tissue
homogenate, DTNB (3 mM), and NADPH (2 mM). The change in the absorbance was determined
spectrophotometrically at 412 nm using an automated microplate reader (Multiscan Ascent, Labsystems,
Helsinki, Finland). The activity of GR was expressed in nmol/L/min/g of tissue proteins.

2.5.5. Tissue DNAase Activity Determination

Kidney tissue alkaline and acidic DNAas activity were determined following the previously
described methods by [28]. A substrate used for the reaction was calf thymus DNA (10% w/v). In the
case of alkaline DNAse, the reaction was carried out in a Tris-HCI buffer with pH set at 7.4, while in the
case of acidic DNAse the reaction was carried out in acetate buffer at an optimum pH of 5.0. After the
incubation, the amount of remaining DNA was determined spectrophotometrically at 260 nm using V-
1800 Shimadzu spectrophotometer (Japan). Enzyme activity was calculated in units (U) and final results
were expressed as U/mg of tissue proteins.

2.6. Pathohistological Examination

Dissected kidney tissue samples were fixed in 10% solution of neutral formalin, processed
routinely, and molded into paraffin. The paraffin blocks were sectioned at a thickness of 4 um, then
deparaffinized, rehydrated, and stained with hematoxylin and eosin (H&E) following by standard
protocols. Kidney sections taken from each animal were examined using a light microscope Olympus
BX50 (Olympus, Japan) connected with a digital camera Leica DFC 295 (Leica Microsystems,
Germany). Pathohistological analysis of kidney tissue [29] was based on the estimation of changes like
degree of tubular degeneration, necrosis, inflammation, hyaline casts occurrence, vascular congestion,
and dilatation of Bowman's capsule. All kidney samples were observed for studied parameters with a
detailed examination of the entire H&E section for each animal by a pathologist unaware of the
treatment protocol. The pathohistological changes were graded as follows: absent (-), mild (+),
moderate (++), and severe (+++).

2.7. TUNEL Staining

Analysis of terminal deoxynucleotidyl transferase (TdT) deoxyuridine triphosphate nick end
labeling (TUNEL) stained tissue sections was performed using in situ cell death detection kit (TUNEL
Assay Kit - HRP-DAB (ab206386)) according to the manufacturer's instructions. Evaluation of
apoptosis was performed using a light microscope Olympus BX50 (Olympus, Japan) on TUNEL stained
samples from each study group. The TUNEL stained apoptotic cells appeared as brown-colored nuclei,
while nuclei of normal, intact cells appeared blue/green. The occurrence of TUNEL positive apoptotic
in the tubule epithelium cells was examined by a pathologist unaware of the treatment protocol
(magnification x 200).

2.8. Statistical Analysis

Results were expressed as the mean = SD. Statistically significant differences were determined
by one-way analysis of variance (ANOVA) followed by Tukey's post hoc test for multiple comparisons
(GraphPad Prism version 5.03, San Diego, CA, USA). Probability values (p) less or equal to 0.05 were
considered to be statistically significant.
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3. Results and Discussion

Five-day treatment with CAPE (10 umol/day) had no significant impact on the studied serum
kidney damage-related parameters (Figures 1A-F) which were found to be almost identical to the ones
measured in the control group (I group). Cisplatin applied on its own (group 1) caused a statistically
significant disturbance in serum urea, creatinine, and sodium levels (Figures 1A, B, and D), while the
levels of uric acid, potassium, and calcium remained unaffected (Figures 1C, E and F). Obtained serum
biochemical parameters reflecting kidney function revealed that the application of CAPE in combination
with CP (group IV) prevented an increase in urea and creatinine (Figures 1A and B), while it had no
effects on other studied serum parameters.
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Figure 1. Serum biochemical parameters related to kidney function obtained from animals belonging to

different experimental groups: (A) urea, (B) creatinine, (C) uric acid, (D) sodium, (E) potassium
and (F) calcium levels. Data are given as mean + SD, ANOVA followed by Tuckey’s post hoc test.
*p<0.001, **p<0.001 vs. Control (Group I); #p<0.001 vs CP (Group IlI)

Studied antioxidant parameters, CAT and POD, were found to be significantly decreased in
animals treated with CP (group I11) compared to the untreated animals (group 1) (Table 1). After the
application of CAPE in CP-treated animals (group 1V), the CAT activity was found to be significantly
higher than in the group treated only with CP (group Il1). On the other hand, in the group treated with
CAPE and CP (group V) the level of POD was significantly lower compared to the untreated animals
(Table 1).

When the cisplatin was applied (group I11) the activity of XO and the concentrations of MDA,
H>0,, and TOS showed a statistically significant increase compared to the group of healthy rats (group
). Besides that, the level of TOS was found to be significantly lower in the group treated with CAPE
only (group Il) compared to the untreated animals (Table 1). The protective effects of CAPE on CP
induced kidney changes were observed through all studied oxidative stress-related parameters (XO
activity and the concentration of MDA, H,O,, and TOS) which were significantly lower in the group
treated with both substances (group 1) compared to the group treated with CP only ( Table 1). The
group of animals treated with CAPE and CP had significantly lower activity of the XO, while the
concentrations of MDA and H,O, were higher when compared to the group of untreated animals (Table
1).

Interestingly, the application of a single dose of CAPE (group 1) caused a significant decrease
in GST activity compared to the control group, without affecting the GSH and GR activity (Table 1).
The concentration of GSH, as well as the activity of both metabolizing enzymes, GST and GR, was
found to be significantly lower in CP treated group (group IlI) than in the group of healthy animals.
After the CAPE treatment in CP treated rat’s kidney levels of GSH, and the activity of GST and GR
were significantly decreased compared to the control group. The same was true for the levels of GST
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when they are compared between groups IV and Ill. In the same group (group 1V) the levels of GSH
and the activity of GR were found to be higher than the group treated with CP only (Table 1).

Table 1. Kidney tissue damage parameters obtained from different experimental groups

Group | Group I Group Il Group IV
Parameter/Group (Vehicle) (CAPE (CP 8 mg/kg) (CP 8 mg/kg +
10 pmol/kg) CAPE 10 pumol/kg)

Tissue antioxidant parameters
CAT (U/g of prot.) 3495+ 10.2 366.3 + 16.7 258.8 + 42.5* 326.7 £ 24.1%
POD (nmol/g of prot.) 146.9+ 275 166.6 £ 17.5 61.4+7.9* 59.4 + 8.2*
Tissue oxidative stress-related parameters
XO (U/g of prot.) 439.1+8 466.4 +17.1 672.4 £ 8.5* 369 +11.1%*
MDA (nmol/mg of prot.) 124+1.1 13.1+1.7 20.5 £ 0.4* 15.8 £ 1.3%**
H>0, (umol/mg of prot.) 76.7+7.9 69.9+9.8 152.1 +£12.2* 133.5 + 4.8%**
TOS (umol/g of prot.) 14.8 £ 3.8 12.7+0.9™ 31.4+1.2" 15.1 + 1.6
GSH and GST metabolizing enzymes
GSH (umol/g of prot.) 1.18+0.2 1.33+0.1 0.21+0.1* 0.6 + 0.04%*
GST (nmol/g of prot.) 185.8 £ 26.5 134.5 £ 24.1%** 121.4+£7.2* 97.3 £ 20.1%*
GR (nmol/g of prot.) 49.9+0.9 41.5 + 3.9%** 26.9 £6.7* 294 £2.1*

Data are presented as mean = SD, n = 6; ANOVA, Tuckey's post hoc test *p<0.001; **p<0.01; ***p<0.05 vs. Control
group (Vehicle animals); #p<0.001; # p<0.01 vs. CP treated group.

Application of CAPE caused a significant increase in kidney tissue citrulline concentrations
(compared to the control group), while it had no significant impact on arginase activity nor NO#/NO**
concentrations (Figure 2). When administered CP led to a significant increase in arginase activity,
followed by a decrease in NO?*/NO** concentrations, with the concentrations of citrulline remaining
unchanged (Figure 2). When the CAPE was applied as a cotreatment even higher increase in arginase
activity, significantly higher than both in the control and CP-treated group, was found. Interestingly no
changes in citrulline concentrations were noted in group IV, however, a slight increase in its
concentrations could be observed, even though this increase was not statistically significant. As in the
case of rats treated with CP only the levels of NO?*/NO3* in the group that received CP and CAPE were
significantly decreased when compared to the control group (Figure 2).
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Figure 2. Arginase activity (A), citrulline (B) and nitrate/nitrite concentrations (C) measured in rat
kidney tissue. Data are given as mean £ SD, ANOVA followed by Tuckey’s post hoc test.
*p<0.001 vs. Control (Group 1); #p<0.001 vs. CP (Group III)

The application of CP leads to a statistically significant increase in both acidic and alkaline
DNAase activity in the rat kidney tissue (Figure 3). When the CAPE was applied as a protective agent
an increase in the activity of DNAases was partially modulated. In the case of alkaline DNAase the
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treatment regimen with CAPE, prior and after CP, significantly prevent its increase, while at the same
time had only a moderate impact on acidic DNAase (Figure 3). In the case when CAPE was
administered on its own no changes in the activity of the studied DNAases were noted (Figure 3).
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Figure 3. Alkaline (left) and acidic (right) DNAase activity in kidney tissue of rats obtained from
different experimental groups. Data are given as mean + SD, ANOVA followed by Tuckey’s
post hoc test. *p<0.001 vs. Control (Group I); #p<0.001 vs. CP (Group 1)

Rat Kidney tissue obtained from the control group and CAPE treated group showed a normal
histomorphology, without any noticeable changes in glomerular and tubular structures (Table 2, Figure
4A and B). On the other hand, treatment of cisplatin-induced extensive lesions in rat kidney cortex
manifested in a form of tubular degeneration and accumulation of hyaline casts predominantly in S1 and
S2 segments of proximal tubules (Figures 4C and D). Also, Bowman's spaces were significantly larger
compared to vehicle and CAPE treated groups, as well as with group treated with both cisplatin and
CAPE (Figures C and D, Table). Kidney tubules and blood vessels were surrounded with mild
mononuclear cell infiltration, which was present at a minimum after the treatment of CAPE (Figures 4C
and D, Table 2). Congestion of blood vessels was also observed in group Ill, however, it was still
present in the group IV (Figures 4C and D, Table 2). The degree of cellular necrosis wasn't significant
in any group receiving CP (Figures 4C and D, Table 2).

The analysis of the TUNEL kidney samples obtained from the control group and group only
treated with CAPE showed rare TUNEL positive cells (Figures 5A and B). Group treated with CP
showed a significant increase in the number of positive TUNEL cells, indicating the toxic effect of CP
on kidney tubule cells (Figure 5C). On the other side, treatment with CP and CAPE led to a significant
reduction in TUNEL positive cells and only occasional apoptotic cells could be seen (Figure 5D)
compared to group 11 (Figure 5C).
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Table 2. Pathohistological semiquantitative score of Kidney tissue samples obtained from different
experimental group of animals

Group IV
Group | Group Il Group 1 (CP and CAPE
Group/Parameter (Vehicle treated (CAPE treated (CP treated treated
animals) animals) animals) animals)
Tubular degeneration - - F++ +
Necrosis - - + +
Inflammation - - + -+
Hyaline casts - - +++ ++
Dilatation of Bowman's capsule - - +++ +
Vascular congestion - - ++ +

Degree of changes in kidney tissue: absent (-), minimal (-/+), mild (+), moderate (++), severe (+++)

Figure 4. Histopathological findings in kidney tissue specimens obtained from each group of animals:
group I and Il are animals with a normal histological kidney tissue appearance, without any
pathological substrate (A and B), while group treated with cisplatin (group 1I1) showed
extensive tubular degeneration, dilatation of Bowman's capsule and hyaline casts inside of
tubules (C); persistent tubular degeneration with focally intratubular hyaline casts and
vascular congestion was observed in group 1V (D) (H&E, magnification x200).

Kidney function was evaluated by analyzing serum levels of urea, creatinine, sodium, potassium,
and calcium, all representing useful biomarkers of acute kidney damage in routine clinical practice
(Figure 1). In the present research, treatment with a single dose of CP induced a significant increase of
serum levels of urea, creatinine, and sodium, while values of potassium and calcium were unaffected.
These findings could collaborate with pathomorphological changes associated with acute kidney tissue
injury that follow CP application, which include extensive tubular degeneration, necrosis, vascular
congestion, and mild peritubular infiltration [30]. Also, the presence of hyaline casts in the lumen of S1
and S2 segment tubules causing their obstruction and disturbance of regular diffusion and secretion
processes occurring at the tubule level [30]. On the other hand, we found that treatment with CAPE
(group V) has protective effects, since it ameliorated the disturbance in the serum urea and creatinine
levels (Figure 1A and B), while it had no results on other biochemical parameters. Interestingly, in a
study dealing with the effects of CAPE in the glycerol-induced acute kidney model, it was found that
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CAPE has no significant effect on the here studied biochemical parameters [31]. Even opposite, CAPE
application caused an increase in urea and creatinine levels, suggesting that this molecule damages
kidney tissue [31].

100 um Y 100

Figure 5. TUNEL stained sections from each of the study groups (magnification x 200). Control group
(A) and CAPE treated group (B) with rare TUNEL positive apoptotic cells; CP treated group
(C) with a high number of TUNEL positive (brown colored) apoptotic cells in proximal and
distal tubules; CAPE and CP treated group with occasional presence of TUNEL positive cells

(D).

Five-day treatment with CAPE significantly reflected on CAT activity disturbance following the
exposure to CP, while having a modest impact on POD activity (Table 1). The effects of CAPE on CAT
activity are debatable [7], and some studies indicate that CAPE can increase CAT activity [32]. The
impact of CAPE might be at the transcriptional and/or translational levels of this antioxidant enzyme.
However, it also could be associated with the prevention of enzyme utilization by ROS, since CAPE
could also decrease ROS [32]. Although CAPE prevented the decrease in CAT and POD induced by
CP, the amounts of H,O, remained significantly increased compared to the untreated animals,
suggesting that there must be some significant source for the generation of ROS that CAPE is not
targeting (e.g. superoxide dismutase). Also, one might speculate that a complete prevention of ROS
formation that follows CP application would not be an ideal mechanism of a protective drug, since the
absence of ROS would potentially mean an absence of CP antineoplastic activity.

One of the prime mechanisms associated with CP toxicity is the generation of ROS which
includes lipid peroxidation, different enzyme inactivation, disturbance in the cellular non-enzymatic and
enzymatic antioxidant system [33]. An increase in kidney XO activity that follows CP application,
which could be the consequence of several mechanisms, is a good source for ROS which in turn
inhibits some of the antioxidant enzymes, resulting in lipid peroxidation (e.g. MDA) and TOS increase.
This scenario was observed in the present study as well (Table 1), and the results of the present study
suggest that CAPE could play a significant role in preventing the disturbance in kidney antioxidant
status that follows CP application. By inhibiting XO activity, as is shown previously in various models
[7,32,34], CAPE could inhibit the propagation of oxidative damage induced by CP. With this in mind,
the MDA and TOS results obtained from animals treated with CAPE and CP are completely
understandable. On the other hand, CP could cause an increase in ROS production through other
different enzymatic and non-enzymatic mechanisms which might not be under influence of CAPE.
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Cellular GSH, as well as enzymes associated with its replenishment (GR) and metabolism (GST), are
involved in the regulation of numerous biological functions. The GSH itself is one of the main non-
enzymatic protector against ROS, since it prevents the oxidative coupling of SH-groups, inactivates
peroxides, and detoxifies foreign substances [11]. The levels of this non-enzymatic antioxidant were
found to be significantly decreased in rats treated with CP (group Il and 1V), which is logical since the
GSH is associated with the toxicity of CP [12]. In order for CP to exert its toxicity towards kidney
tubular cells, it has to react with GSH and then enter the cells. As a result of this one would expect a
significant drop in GSH tissue concentrations, followed by marked tubular degeneration [12], which
was the case in our study (Table 1 and 2, Figure 4C). The application of CAPE together with CP
significantly prevented the decrease in GSH concentration (Table 1), which obviously repercussed to the
tubular degeneration (Table 2, Figure 4D). However, it is important to mention that this effect was not
absolute, but rather modest having in mind that the levels of GSH were still significantly below the
values of the ones in the control group and that the tubular degeneration was still visible in group 1V.
Regarding the enzymes involved in the GSH metabolism (GST) and replenishment (GR), it is known
that their activity and function are tightly related to the toxicity of CP [35]. One of the GST forms, the
so-called Pi form, is known to be a rate-determining enzyme in the conjugation of CP with GSH, and
further toxicity of this CP conjugate [35]. The results of our study indicate that CAPE inhibits total GST
activity, thus potentially preventing the conjugation step in the cascade of events leading to CP toxicity.
These results might be explained through a direct GST inhibition by CAPE and metabolic products
generated with CAPE in the presence of tyrosinase, such as CAPE-quinone [36]. The activity of GR in
both CP and CAPE + CP groups was found to be decreased, and the treatment regimen had no impact
on the GR activity. The activity of GR also reflects GSH levels, so it is not unusual that the GSH levels
in both groups Il and IV are decreased (Table 1). One should not expect the activity of GR to be
maintained at normal, or to be returned to the values near the one found in the control group tissue,
since the CAPE is also proven, both at molecular and in silico level, to be an inhibitor of this enzyme
[37].

Arginase is an enzyme involved in the metabolism of arginine and by its action the amount of
substrate for polyamine synthesis increases [38]. An increase in this enzyme’s activity was noted in both
groups receiving CP and was most prominent in the group that received CP and CAPE (Figure 2A).
This increase in arginase activity was followed by a significant decrease in NO2/NOs concentrations,
which seems logical if one has in mind that NO is a negative regulator of arginase activity and/or
expression [39]. Also, arginase and nitric oxide synthase are competing for the same substrate, arginine,
and if the arginase utilizes almost all the substrate, this would decrease total NO levels (Figure 1C). A
decrease in arginase activity was found to be associated with amelioration in kidney injury, positively
correlating with a decrease in serum urea and creatinine, as well as with a decrease in tissue oxidative
damage and inflammatory cell recruitment [40]. These statements do not completely overlap with
pathohistological findings, since in group IV (CP + CAPE) event thought arginase activity is increased
(Figure 2A) the degeneration score and inflammation infiltrate are lessened compared to group Il
(Table 2). This suggests that the inflammatory infiltrate that could be modulated by a number of
cytokines and small molecules is not only NO-dependent. The activity of CAPE on the inflammatory
infiltrate could be due to the inhibition of various cytokine production, such as tumor necrosis factor o
and myeloperoxidase, as shown in the previous study [7].

The present study did not find any significant alteration in kidney tissue citrulline levels after
the CP treatment (group Il and 1V, Figure 2B). Although kidney tissue is essential for balancing the
amino acid pool in the blood, the toxicity associated with the application of CP is known only to
increase plasma glutamine [38]. Apart from the mentioned, the kidney is a place where the de novo
synthesis of arginine is conducted from citrulline [41], and the importance of increasing the level of
citrulline is essential for keeping the metabolism running. The 5-day treatment with CAPE increased
kidney citrulline levels (Figure 2B), through the mechanisms which should be further investigated more
in-depth.

Apoptosis or programmed cell death is a multistage process which includes internucleosomal
fragmentation of DNA molecule catalyzed by enzymes such as alkaline and acidic DNase, which
activity is significantly increased during the process [42-44]. One of the mechanisms through which CP
may cause DNA damage through the formation of crosslinks between neighboring guanine bases [45],
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resulting in the induction of apoptosis within tubule epithelium cells. In the present study, after the
treatment of CP levels of acidic and alkaline DNase were significantly increased, while treatment of
CAPE, prior and after CP, showed some potential in preventing an increase in these enzymes’ activities
(Figures 3A and B), especially the activity of alkaline DNAase. The DNA fragmentation could also be
assessed by the TUNEL method, which we performed in order to better corroborate the findings of the
DNAase activities. The application of CP leads to a significant increase in the number of TUNEL
positive cells (Figure 5C), which corresponds well with a statistically significant increase in both
alkaline and acidic DNAase activities (Figures 3A and B). In a group treated with CAPE and CP only a
mild increase in TUNEL positive cells (Figure 5D), followed by a slight disturbance in acidic DNAase
(Figure 3B) was noted. In a model of methotrexate-induced kidney cell apoptosis, it was found that
polyphenol-rich propolis extract prevents this process [46].

4. Conclusions

From the results of our study, we could say that CAPE prevents nephrotoxicity induced by CP
through several mechanisms. Primarily, CAPE partially prevents an increase in ROS levels thus acting
as an antioxidant, by itself or through an increase in antioxidant enzymes activities. Moreover, CAPE
might impact CP metabolism through the alterations in GSH metabolism, however, these claims need
more in-depth studies. Also, we might speculate that the nephroprotective activity of CAPE in the
cisplatin damage model is not associated with the arginase/NO pathway, but rather with some other
pathway(s). Finally, a nephroprotection of CAPE might be mediated through the inhibition of the renal
cell programmed death which might or might not be associated with a ROS scavenging activity of
CAPE. In the end, the sum results of our study suggest that CAPE might find its application in an
everyday clinical/oncological practice as a supplement during CP treatment
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