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Abstract

This study aimed to establish the relationship between two endoplasmic reticulum (ER) stress proteins, glucose-regulated
protein 78 (GRP78/BiP) and PKR-like endoplasmic reticulum kinase (PERK), and oxidative stress markers in cisplatin
(CIS)—induced and gentamicin (GEN)-induced nephrotoxicity.

The study consisted of five groups: control (saline solution only), CIS D2 (2.5 mg/kg for 2 days), CIS D7 (2.5 mg/kg for
7 days), GEN D2 (160 mg/kg for 2 days), and GEN D7 (160 mg/kg for 7 days). All rats were sacrificed 24 h after the last
injection for standard clinical chemistry, and ultrastructural and histological evaluation of the kidney.

CIS and GEN increased blood urea nitrogen (BUN) and serum creatinine (Cr) levels, as well as total oxidant status (TOS),
while decreasing total antioxidant status (TAS) level in CIS D7 and GEN D7 groups. Histopathological and ultrastructural
findings were also consistent with renal tubular damage. In addition, expression of markers of renal inflammation (tumor
necrosis factor-o (TNF-or) and interleukin 1p (IL-1p)) and ER stress markers (GRP78 and PERK) was significantly increased
in the kidney tissue of rats treated with CIS and GEN for 7 days.

These findings suggest that CIS and GEN administration for 7 days aggravates nephrotoxicity through the enhancement of
oxidative stress, inflammation, and ER stress—related markers. As a result, the recommended course of action is to utilize
CIS and GEN as an immediate but brief induction therapy, stopping after 3 days and switching to other drugs instead.
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Introduction

Cisplatin (cis-diamminedichloroplatinum, CIS), an anti-
neoplastic drug, is frequently used to treat solid tumors.
In addition to its therapeutic benefits, it has serious side
effects such as nephrotoxicity, neurotoxicity, ototoxicity,
and hepatotoxicity (Manohar and Leung 2018; Ghosh
2019). CIS accumulates particularly in renal proximal
tubule epithelial cells and causes cellular damage, and
hence nephrotoxicity is supposed to be the primary side
effect (Xu et al. 2015). The mechanisms of CIS-induced
nephrotoxicity are associated with oxidative stress, apop-
tosis, inflammation, fibrogenesis, mitochondrial dysfunc-
tion, and endoplasmic reticulum (ER) stress (Yao et al.
2007; Inagi 2009).

Gram-negative bacterial infections are commonly
treated with gentamicin (GEN), an aminoglycoside anti-
biotic (Balakumar et al. 2010). Tubular necrosis, tubular
fibrosis, inflammation, renal failure, and a lower glomer-
ular filtration rate are the mechanisms of GEN-induced
kidney damage (Abd-Elhamid et al. 2018; Vysakh et al.
2018). Furthermore, oxidative stress is responsible for
eventual cellular necrosis in renal tubules and thus plays a
key role in GEN-induced nephrotoxicity (Balakumar et al.
2010).

Numerous cellular processes, such as protein folding,
modification, and regulation of protein biosynthesis, occur
in the ER. ER homeostasis is disrupted under a variety of
physiological and pathological conditions, resulting in ER
stress (Wei et al. 2021). Under stress circumstances, the
ER’s ability to fold proteins is reduced, which causes an
accumulation of unfolded and improperly folded proteins
in the ER lumen. Activating transcription factor 6 (ATF6),
protein kinase R (PKR)-like endoplasmic reticulum kinase
(PERK), and inositol-requiring protein 1 (IRE1) are the
three primary ER stress sensors. Under normal circum-
stances, these sensors are coupled to binding immuno-
globulin protein (BiP), also known as glucose-regulated
protein 78 (GRP78), an ER-localized chaperone. When
ER stress occurs, PERK dissociates from GRP78/BiP and
activates eukaryotic initiation factor-2a (eIF2a), resulting
in a decrease in the amount of proteins that can enter the
ER (Foufelle and Fromenty 2016).

Although the mechanisms of CIS- and GEN-induced
nephrotoxicity are not fully understood, the importance
of increased oxidative stress and inflammatory cascades
in many tissues has been highlighted. Several studies
have shown that oxidative stress and inflammation are
linked to ER stress (Jaikumkao et al. 2016; Hazman et al.
2018). Tumor necrosis factor-o (TNF-a)—induced inflam-
matory response increases intracellular oxidative stress
and induces ER stress by increasing the expression level
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of ER sensor proteins such as PERK (Zhao et al. 2021).
CIS treatment is reported to increase the expression of
ER stress markers, such as PERK, IRE-1a, and CCAAT-
enhancer binding protein homologous protein (CHOP),
and inflammatory response markers (TNF-a and IL-1f)
in HEK-293 and mouse kidney cells (Singh et al. 2018).
In addition, the expression levels of calpain, caspase 12,
GRP78, and CHOP proteins have been shown to increase
significantly in GEN-induced nephrotoxicity, suggesting
that GEN therapy causes ER stress and activates ER-medi-
ated cell death markers (Jaikumkao et al. 2016).

There has been little research showing the effects of CIS
and GEN treatment on ER stress. The goal of this study
was to establish how two nephrotoxic drugs (CIS and GEN)
affect the expression of GRP78 and PERK proteins, both of
which are ER stress markers of oxidative stress, after 2 and
7 days of treatment.

Materials and methods
Animals and experimental design

The study involved 40 male Wistar rats (200-250 g). During
the experiment, all of the rats were kept in a room that meets
the requirements of an experimental animal laboratory (12 h
light, 12 h dark cycle, constant temperature of 22 +3 °C).
The Ethics Committee of Animal Research at Kahraman-
maras Sutcu Imam University granted permission for the
experimental protocol (Approval number: 2017/03-09). All
experimental procedures were carried out in accordance
with the National Institute of Health “Guide for the care
and use of laboratory animals” rules.

Rats were divided into five groups and received the fol-
lowing treatments:

e Control (n=38) received intraperitoneal (ip) injection of
vehicle (0.9% NacCl solution).

e CIS D2 (n=38) received ip injection of CIS (Kocak
Farma, Turkey) at a dose of 2.5 mg/kg for 2 days.

e CIS D7 (n=38) received ip injection of CIS at a dose of
2.5 mg/kg for 7 days.

e GEN D2 (n=38) received ip injection of GEN (Genta,
Ulagay, Turkey) at a dose of 160 mg/kg for 2 days.

e GEN D7 (n=8) received ip injection of GEN at a dose
of 160 mg/kg for 7 days.

Twenty-four hours after the last injection, rats were
sacrificed for immunohistochemical, ultrastructural, and
histopathologic evaluation of the kidney and blood sam-
ples were collected in tubes. The doses were prepared in
accordance with earlier research that documented toxicity
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and effectiveness in laboratory animals (Amin et al. 2004;
Ozcicek et al. 2018).

Histopathological analysis

The kidney tissues of rats were fixed in 10% formalin in
phosphate buffer for 48 h before being processed by routine
histological techniques and embedded in paraffin blocks.
The sections (5 um thickness) were prepared from the par-
affin blocks using a rotary microtome (Leica, 2125RT) and
stained with hematoxylin and eosin (H&E). Tubular dam-
age was evaluated in ten fields for each slide at 200 X mag-
nification as follows: O=none, 1 = <10%, 2=11-25%,
3=26-45%, 4=46-75%, and 5=76% (Malik et al. 2015).

Immunohistochemical analysis

Sections taken on adhesive slides were deparaffinized and
boiled in a microwave oven in Tris—=EDTA buffer (100 X,
ab93684; Abcam) for antigen retrieval. The slides were then
washed with phosphate-buffered saline (PBS) and treated
with 3% hydrogen peroxide solution and blocked with nor-
mal goat serum (Invitrogen-50062Z). Anti-GRP78 BiP/
HSPAS5 (1:100, PB9640; Boster), anti-PERK (1:100, bs-
2469R; Bioss), anti-TNF-a (1:100, ab6671; Abcam), and
anti-IL-1p (1:100, ab9787; Abcam) primary antibodies were
used to incubate the sections overnight at 4 °C. Following a
PBS rinse, the sections were incubated with anti-rabbit IgG
secondary antibody (1:200, 65-6140; Thermo Scientific) for
30 min at room temperature. The slides were then washed
with PBS and incubated with horseradish peroxidase (HRP,
1:200, 43-4323; Thermo Scientific) for 10 min. The slides
were placed in diaminobenzidine (DAB, ab64238; Abcam),
then counterstained with Mayer’s hematoxylin and mounted.
For immunohistochemical evaluations, ten different fields
were examined with a Carl Zeiss Axio Imager A2 micro-
scope with a camera attachment at 200 X magnification and
the staining intensity in each section was scored as strong
(++ ++), medium (+++), weak (++), or absent (+).

Electron microscopy examination

After being fixed with 2.5% glutaraldehyde in 0.1 M phos-
phate buffer, the kidney tissue samples were postfixed with
1% osmium tetroxide, dehydrated using a graded alcohol
series, cleaned with propylene oxide, and embedded in epon
for transmission electron microscopy (TEM). An ultrami-
crotome (UCT-125; Leica Microsystems GmbH, Vienna,
Austria) was used to cut ultrathin sections that were then
contrasted with uranyl acetate and lead citrate. Finally, con-
trasted sections were analyzed and photographed using a
TEM (JEM-1011; JEOL Ltd, Tokyo, Japan).

Biochemical analysis

Blood samples, collected via cardiac puncture from sacri-
ficed rats, were placed in serum-separating tubes. Following
coagulation, serum samples were obtained by centrifugation
at 3000 rpm for 10 min and stored at — 80 °C until biochemi-
cal examination. In a biochemistry autoanalyzer (Siemens
Advia 1800 Chemistry Analyzer), blood urea nitrogen
(BUN) and creatinine (Cr) levels were assessed using a spec-
trophotometric method. Total oxidant status (TOS) and total
antioxidant status (TAS) in serum were analyzed using com-
mercial colorimetric kits (Rel Assay Diagnostics, Turkey).
TOS and TAS values were expressed as micromoles of H,0,
equivalent per liter and millimoles of Trolox equivalent per
liter, respectively.

Statistical analysis

Statistical analysis was conducted using R.3.3.2 software
and IBM SPSS version 22 (IBM SPSS for Windows ver-
sion 22; IBM Corporation, Armonk, New York, USA). The
Shapiro—Wilk test was used to evaluate the data and deter-
mine whether the variables conformed to a normal distribu-
tion. One-way ANOVA was used to compare the differences
between groups in variables with normal distribution. For
normally distributed variables, pairwise comparison post
hoc tests Tukey HSD test and Dunnett test (when variances
were homogeneous), and Tamhane T2 test (when variances
were not homogeneous) were used. The Levene test was
used to determine the homogeneity of the variances. The
Kruskal-Wallis H test was used to assess the differences in
the variables that were not distributed normally between the
groups. Assessment of variables that did not show normal
distribution was performed with post hoc (pairwise compari-
sons) Dunn’s test. Statistical significance was accepted as
p <0.05. Statistical parameters were expressed as mean + SD
and median (min-max).

Results
Histopathological examinations

The control group sections revealed that the tubules and
glomeruli had typical morphology (Fig. 1a). The CIS D2
(Fig. 1b) and GEN D2 (Fig. le) groups showed minimal
degeneration in the proximal tubules. In the CIS D7 group,
however, atrophic glomeruli, necrotic cell debris spilled
into the tubule lumen or degenerated epithelial cells, cel-
lular vacuolization, hyaline casts, and inflammatory foci
containing inflammatory cells were notable (Fig. 1c, d).
The GEN D7 group showed coagulation necrosis of tubular
epithelial cells, degenerated tubules, degenerated epithelial
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Fig. 1 Representative photomicrograph of H&E staining. a The con-
trol group show normal glomeruli (g), proximal (p), and distal (d)
tubules (200 ). b Sections from the CIS D2 group show cellular vac-
uolation (black arrowheads) and mild degeneration (arrows) in tubule
epithelial cells (400X). ¢, d Sections from the CIS D7 group show
atrophied glomeruli with widening of Bowman’s space (white aster-
isk), glomerular lobulation (white curved arrow), hyaline casts (white
arrowheads), debris accumulation in the tubular lumen (black curved
arrow), tubular necrosis with sloughed necrotic cells (black asterisks),
cellular vacuolation (black arrowheads), and foci of inflammatory cell
infiltration (I) (400 X). e Sections from the GEN D2 group show mild
degeneration in tubule epithelial cells (arrows) (400X). f, g Sections
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from the GEN D7 group show coagulation necrosis of tubular epithe-
lium (white arrows), interstitial cellular infiltration (I), tubular degen-
eration (black asterisk), and tubular lumen with sloughed epithelial
cells (black curved arrow) (400 %). h Comparison of tubular damage
between groups. Kruskal-Wallis H test; a: 0.05; post hoc: Dunn test.
“The difference between this group and control group was statistically
significant. "The difference between this group and CIS D2 group was
statistically significant. “The difference between this group and CIS
D7 group was statistically significant. “The difference between this
group and GEN D2 group was statistically significant. “The difference
between this group and GEN D7 group was statistically significant.
Bar statistics: median; error bars: 95% confidence interval
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cells spilled into the tubule lumen, and inflammatory cell
infiltration (Fig. 1f, g). Tubular injury scoring was signifi-
cantly higher in the CIS D7 and GEN D7 groups than that
in the control group. When compared to the control group,
the difference in the CIS D2 and GEN D2 groups was also
statistically significant (Fig. 1h).

GRP78, PERK, TNF-a, and IL-1p expression

As shown in Figs. 2 and 3, there were few positive cells in
the control group when the sections with GRP78 (Fig. 2a)
and PERK (Fig. 3a) immunolabeling were examined. CIS
D7 (Figs. 2c and 3c) and GEN D7 (Figs. 2e and 3e) groups
showed a significant increase in GRP78 and PERK expres-
sion in comparison to the control group (p <0.05). The
intensity of GRP78 immunoreactivity increased signifi-
cantly in the CIS D2 (Fig. 2b) and GEN D2 (Fig. 2d) groups
compared to the control group; however, the intensity of

Fig.2 Light microscopic image
of GRP78 immunoreactivity.

a Control group sections show
few positive cells in tubule
epithelial cells (200 ). b CIS
D2 (200 %) and d GEN D2
(200 x) groups show moderate
immunostaining cells. ¢ CIS D7
(200x) and e GEN D7 (200 x)
groups show intense GRP78
expression (arrows) in tubular
epithelium. f Comparison of
GRP78 expression between
groups. Kruskal-Wallis H test;

PERK immunoreactivity increased only in the CIS D2 group
(p<0.05, Fig. 3b, f). Although there was an increase in the
GEN D2 group, it was not statistically significant (p >0.05,
Fig. 3d, ).

As shown in Figs. 4 and 5, CIS D7 and GEN D7 groups
showed a significant increase in TNF-a and IL-1f expression
in comparison to the control group (p <0.05). The expres-
sion of these proteins was also significant in the CIS D2 and
GEN D2 groups compared to the control (p <0.05).

Electron microscopy examinations

The tubular epithelial cells, glomerular basement mem-
brane, glomerular capillaries, and endothelium had typi-
cal ultrastructural morphology (Fig. 6a). In the CIS D2
group, irregularity in the glomerular basement membrane,
tubule epithelial cell vacuolization, and lysosomal deposits
were found in some areas (Fig. 6b). The kidney tissues

BT SR

a: 0.05; post hoc: Dunn test.
“The difference between this
group and control group was
statistically significant. "The
difference between this group
and CIS D2 group was statisti-
cally significant. “The difference
between this group and CIS D7
group was statistically signifi-
cant. “The difference between
this group and GEN D2 group
was statistically significant.
°The difference between this
group and GEN D7 group was
statistically significant. Bar
statistics: median; error bars:
95% confidence interval
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Fig.3 Light microscopic image
of PERK immunoreactivity. a
Control group sections show
few positive cells in tubule
epithelial cells (200x). b CIS
D2 (200 %) and d GEN D2
(200 x) groups show moderate
immunostaining cells. ¢ CIS D7
(200x) and e GEN D7 (200 x)
groups show intense PERK
expression (arrows) in tubular
epithelium. f Comparison of
PERK expression between
groups. Kruskal-Wallis H test;
a: 0.05; post hoc: Dunn test.
“The difference between this
group and control group was
statistically significant. "The
difference between this group
and CIS D2 group was statisti-
cally significant. “The difference
between this group and CIS D7
group was statistically signifi-
cant. “The difference between
this group and GEN D2 group
was statistically significant.
°The difference between this
group and GEN D7 group was
statistically significant. Bar
statistics: median; error bars:
95% confidence interval

of the CIS D7 rats showed irregularity and thickening in
the glomerular basement membrane, flattening in some
pedicels, swelling in the glomerular endothelial cells, and
marked irregularity and thickening in the tubule base-
ment membrane, as well as tubular lumen with sloughed
cellular material, lysosomal deposits, and increased lipid
vacuoles in the tubule epithelial cells, in comparison to
the control group (Fig. 6¢, d). The GEN D2 group had a
focal irregular glomerular basement membrane, mitochon-
drial swelling, and loss of cristae in tubular epithelial cells
(Fig. 6e). When rats in the GEN D7 group were compared
to the control group, a focal duplication of the glomeru-
lar basement membrane, endocapillary proliferation, and
swelling of endothelial cells, as well as enlargement in the
intercellular space, vacuolization of tubule cells, lysoso-
mal deposits, increased lipid vacuoles, and ruptured and
vague mitochondrial cristae were observed (Fig. 6f).
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Biochemical analysis findings

We measured serum BUN and Cr concentrations 24 h after
the last injection to confirm kidney damage caused by CIS
and GEN. The CIS D7 and GEN D7 groups had signifi-
cantly higher BUN and Cr concentrations than did the con-
trol group (p <0.05, Table 1). BUN and Cr concentrations
in both the CIS D2 and GEN D2 groups, on the other hand,
were not significant (p > 0.05, Table 1).

As shown in Table 1, when CIS D2 and GEN D2 groups
were compared to the control group, there was a statisti-
cally insignificant increase in TOS levels (p <0.05). While
the TAS level in the CIS D2 group was significantly higher
than in the control group (p <0.05), there was no significant
increase in GEN D2 (p>0.05). TAS levels decreased in the
serum of rats exposed to CIS and GEN for 7 days (p <0.05),
while TOS levels increased significantly (p <0.05). We also
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Fig.4 Light microscopic image
of TNF-o immunoreactivity. a
Control group sections show
few positive cells in tubule
epithelial cells (400 x). b CIS
D2 (400 %) and d GEN D2
(400 x) groups show moderate
immunostaining cells. ¢ CIS D7
(400x) and e GEN D7 (400 x)
groups show intense TNF-a
expression in tubular epithe-
lium. f Comparison of TNF-a
expression between groups.
Kruskal-Wallis H test; a: 0.05;
post hoc: Dunn test. *The dif-
ference between this group and
control group was statistically
significant. "The difference
between this group and CIS D2
group was statistically signifi-
cant. “The difference between
this group and CIS D7 group
was statistically significant.
IThe difference between this
group and GEN D2 group was
statistically significant. °The
difference between this group
and GEN D7 group was statisti-
cally significant. Bar statistics:
median; error bars: 95% confi-
dence interval

found that the CIS D7 TAS levels were significantly lower
than those in the CIS D2 group (p <0.05).

Discussion

Nephrotoxins can cause several problems in the kidneys,
from moderate dysfunction to considerable damage and
end-stage renal failure. In the workplace or another environ-
ment, nephrotoxic chemicals such as heavy metals, organic
solvents, and glycols, as well as pesticides, herbicides, and
fungicides, can be found. Antiviral, antifungal, antibacterial,
antibiotic, and immunosuppressive drugs are only a small
part of the many often-used nephrotoxic medications (IPCS
1991; Price 2002). Drug-induced nephrotoxicity continues
to be a source of worry, with financial and medical conse-
quences (Izzedine 2018).

o
Q
?

a Expression

TNF

ClsD2 CISD7 GEND2 GEND7

T
Control

CIS is a commonly used anticancer drug for chemo-
therapy patients, and it is primarily removed by renal clear-
ance. The hydrolysis of CIS is aided by the low chloride
content inside the cells. The active species that react with
glutathione in the cytoplasm and with DNA in the nucleus
have been identified as the hydrolysis product (Boulikas and
Vougiouka 2003). As a result, CIS-DNA intrachain cross-
links produce cytotoxicity in cancer cells and other normal
proliferating cells (Galea and Murray 2002).

Nephrotoxicity, leading to acute kidney injury, is one of
the most well-known serious side effects of CIS (Manohar
and Leung 2018). CIS-induced acute kidney injury is mostly
transient and reversible but may progress into irreversible
chronic kidney disease (Chiruvella et al. 2020). Proximal
tubule damage, apoptosis, oxidative stress, and inflammation
are all linked to the pathophysiology of CIS (Wang et al.
2018; Ismail et al. 2020). Several studies have suggested that
the administration of CIS causes dose-dependent necrosis in
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Fig.5 Light microscopic image
of IL-1f immunoreactivity. a
Control group sections show
few positive cells in tubule
epithelial cells (400x). b CIS
D2 (400 %) and d GEN D2
(400 x) groups show moderate
immunostaining cells. ¢ CIS D7
(400x) and e GEN D7 (400 x)
groups show intense IL-1p
expression in tubular epithe-
lium. f Comparison of IL-1
expression between groups.
Kruskal-Wallis H test; a: 0.05;
post hoc: Dunn test. *The dif-
ference between this group and
control group was statistically
significant. ®The difference
between this group and CIS D2
group was statistically signifi-
cant. “The difference between
this group and CIS D7 group
was statistically significant.
IThe difference between this
group and GEN D2 group was
statistically significant. °The
difference between this group
and GEN D7 group was statisti-
cally significant. Bar statistics:
median; error bars: 95% confi-
dence interval

proximal tubule cells, debris accumulation in tubules, hya-
line casts in tubule lumen, inflammation, and cytoplasmic
vacuolization (Gautier et al. 2010; Tomar et al. 2017; Mer-
cantepe et al. 2018). Experimental models of CIS-induced
acute kidney injury have revealed increased leukocyte and
T-cell infiltration in kidney tissue (Liu et al. 2006). Although
our data are consistent with histopathological findings in the
literature, the light microscopy examination of the group
treated with CIS for 2 days showed minimal degeneration
in the proximal tubules. We have found that CIS treatment
for 7 days causes some histopathological changes such as
necrotic cell debris or degenerated epithelial cells in the
tubule lumen, cellular vacuolization, hyaline casts, foci of
inflammation containing inflammatory cells, and glomerular
atrophy. The histopathological changes caused by the CIS
treatment were also assessed using histological scoring as
shown in Fig. 1. The destruction of cellular components and/
or the release of reactive oxygen (ROS) and free radicals,
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which cause oxidative damage, could be the origin of the
damage we observed in kidney tissues (Hazman et al. 2018;
Manohar and Leung 2018).

Focal irregularity and thickening of the glomerular base-
ment membrane, electron-dense deposits in the subendothe-
lial region, atypical podocytes, mitochondrial swelling, rup-
tured and melted mitochondrial cristae, a large number of
lysosomes, and vacuole flattening of the podocyte secondary
processes have been previously reported in ultrastructural
studies of nephrotoxicity due to CIS (Liu et al. 2015; Mer-
cantepe et al. 2018; Ahmed and Fouad 2019; Kalra et al.
2019). Consistent with the literature, we observed severe
tissue damage in kidney samples, particularly in the CIS D7
group, which also supports our light microscopic findings.

Acute kidney injury caused by acute tubular necrosis
together with increased Cr concentration is a relatively
common side effect of aminoglycoside therapy (McWil-
liam et al. 2017). Aminoglycoside-induced tubulotoxicity
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Fig.6 Transmission electron
microscopic photomicrograph
of kidney tissue. a Control
group micrograph shows a
normal tubule basal membrane
(white arrow) and mitochon-
dria (black arrow) in tubule
epithelial cells (7500 x), n:
nuclei of tubule epithelial cells.
b CIS D2 group micrograph
shows vacuolization (v) and
localized lysosomal deposits
(white arrowhead) in the tubule
epithelial cells (4000 ). ¢,

d CIS D7 group micrograph
shows marked thickening in
the tubule basement membrane
(curved arrow), increased lipid
vacuoles (L), tubular lumen
with sloughed cellular material
(asterisk), mitochondrial swell-
ing, and loss of cristae (black
arrowheads) in some tubular
epithelial cells and lysosomal
deposits (white arrowhead)
(5000x). e GEN D2 group
micrograph shows swelling
and loss of cristae in mito-
chondria (black arrowheads)
(7500 x). £ GEN D7 group
micrograph shows vacuolization
(v), increased lipid vacuoles
(L), and ruptured and vague
mitochondrial cristae (black
arrowheads) (7500 %)

Table 1 Serum levels of blood

BUN. Cr. TAS, and TOS Study groups BUN (mg/dL) Cr (mg/dL) iﬁ)?oimér:l(/)i ) TOS (pmol H,0, Eq/L)
Control 31.25+2.50 0.39+0.07 1.46+0.17 48.81+12.15
CIS D2 19.83 +2.64 0.42+0.03 1.93+0.25% 56.48 +41.12
CIS D7 281.86+60.72%° 6.08 +2.16*° 1.18+0.19*° 159.56 +29.58%°
GEN D2 29.40+5.32 0.37+0.05 1.42+0.23 50.06+9.42
GEN D7 159.25+81.45%¢ 2.96+1.71%¢ 1.20+0.10% 105.67 +55.06*¢

One-way ANOVA, post hoc: Tukey HSD test. Results are presented as mean +SD. Means within the same
column with differing superscripts are significantly different (p <0.05)

is reversible by discontinuation of the drug (Girardi et al.
2015). Intracellular accumulation of aminoglycosides is pri-
marily restricted to the S1 and S2 segments of the proximal
tubule. However, after renal ischemia, the S3 portion is also
a region with high intracellular aminoglycoside concentra-
tions. GEN-induced damage to collecting duct cells has also

been observed in animal models (Huang et al. 2020). GEN
has been shown to enter proximal tubule cells via endocy-
tosis and accumulate in the Golgi, lysosome, and ER, caus-
ing extensive kidney damage depending on the dose and
duration of administration (Wargo and Edwards 2014). After
binding to the anionic phospholipid of the proximal tubule
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cells, the aminoglycosides are immediately transferred to
the transmembrane protein megalin and taken up into the
cell via endocytosis. Megalin is a cell-surface scavenger
receptor with a molecular weight of 600 kDa and exhibits
a strong affinity for proteins that contain positively charged
amino acid domains. Megalin is highly expressed in many
tissues, including the renal proximal tubules, glomerular
podocytes, and ciliary and inner ear epithelium (Nagai and
Takano 2004). When megalin-mediated endocytosis occurs,
endosomes containing aminoglycosides are transferred
through the endocytic system and directed to lysosomes and
the Golgi complex (Servais et al. 2005). Aminoglycosides
migrate retrogradely from the Golgi complex to the ER and
ultimately to the cytoplasm. Aminoglycoside molecules in
the cytosol accumulate in the nucleus and mitochondria,
and thus mitochondrial activity is inhibited (Sandoval and
Molitoris 2004).

In the present study, although there was minimal degen-
eration in the GEN D2 group compared to the control group,
histopathological evaluation in the GEN D7 group revealed
severe damage such as coagulation necrosis in the tubule
epithelial cells, degeneration in the tubule epithelial layer,
epithelial cells shed into the tubule lumen, and inflammatory
cell infiltration in the kidney tissues. The histopathological
changes caused by the GEN treatment were also assessed
using histological scoring as shown in Fig. 1. Our results
showing GEN-induced nephrotoxicity in rats are consist-
ent with the data in the literature (Sahu et al. 2014; Adil
et al. 2016; Katary and Salahuddin 2017). The generation
of highly reactive radicals as a result of GEN-induced oxi-
dative stress could be the source of this damage, as shown
in Table 1. GEN administration increases monocyte/mac-
rophage infiltration into the site of tissue injury. Neutro-
phil infiltration causes impaired renal function by secreting
ROS, which destroys the glomerular barrier and renal tubu-
lar cells. This migration may explain the cellular infiltra-
tion we observed here (Bledsoe et al. 2006; Ansari et al.
2016). Severe ultrastructural damage observed in the GEN
D7 group is consistent with previously published reports
(Abdelsameea et al. 2016; Mahmoud 2017; Abd-Elhamid
et al. 2018). GEN disrupts cellular membrane processes by
binding to anionic phospholipids, especially mitochondrial
phospholipids. Mitochondrial damage leads to an impair-
ment in ATP production and eventually causes cell death
(Soliman et al. 2007). The rupture of the lysosomal mem-
brane due to overload releases lysosomal proteases and cath-
epsins into the cytosol and leads to proteolysis that gives rise
to the induction of tubular cell death (Quiros et al. 2011).

As it is well known, elevated levels of BUN and Cr
in serum are the two main indicators of renal injury and
dysfunction (Schrier et al. 2004). We found that BUN and
Cr levels in serum increased after 7 days of CIS and GEN
administration compared to the control group, suggesting
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renal injury in those rats. In the CIS D2 and GEN D2 groups,
there was no significant increase. A variety of studies have
reported that administering CIS and GEN for 7-8 days
increases serum BUN and Cr levels, supporting our find-
ings (Peyrou et al 2007; Sahu et al. 2014; Mahmoud 2017).
In these studies, a strong link was found between elevated
BUN and Cr levels and histopathological alterations in renal
tissue of CIS- and GEN-treated rats (Sahu et al. 2014; Wah-
dan et al. 2019). The increase in serum BUN and Cr levels
is consistent with cell damage in kidney tissue, as shown by
light microscopy and TEM.

Previous studies have found that tubular necrosis caused
by CIS and GEN stimulates inflammatory reactions in the
kidney, resulting in increased migration of neutrophils and
monocytes/macrophages to the inflammation site (Balaku-
mar et al. 2010; Miller et al. 2010). Within 72 h follow-
ing CIS administration, the infiltration of macrophages and
leukocytes into renal tissue has been shown to increase
(Ueki et al. 2013). TNF-a and IL-1f, two pro-inflammatory
cytokines, play an important function in the inflammatory
response. Nephrotoxic drugs such as CIS and GEN activate
nuclear factor kappa B (NF-kB), increasing the expression of
TNF-a and IL-1p in renal tubule cells (Ince et al. 2020; Un
et al. 2021). CIS D7 and GEN D7 groups had significantly
higher TNF-o and IL-1p expression than that in control
group, which is consistent with the literature. This increase
may have been a response to the inflammation caused by
nephrotoxic drugs like CIS and GEN because during kid-
ney toxicity, injured kidney cells and immune cells produce
inflammatory mediators in response to the inflammation
caused by nephrotoxic agents. The histological findings of
this study, which demonstrated nephrotoxicity in kidney sec-
tions of rats administered CIS and GEN for 7 days, support
this claim.

As regards the pathophysiological process of nephro-
toxicity caused by GEN and CIS, oxidative stress has been
suggested to be responsible for the inflammation and ER
stress—related damage (Wu et al. 2011; Hazman et al. 2018;
Laorodphun et al. 2022). It also causes irreversible dam-
age to macromolecules such as lipid, protein, and DNA by
increasing intracellular ROS accumulation, which eventu-
ally disrupts ER homeostasis (Gémez-Sierra et al. 2020;
Laorodphun et al. 2022). The two nephrotoxic drugs have
been shown in recent studies to induce apoptosis by acti-
vating multiple ER stress markers (Jaikumkao et al. 2016;
Gomez-Sierra et al. 2020; Laorodphun et al. 2022). In this
work, rats treated with GEN and CIS for 7 days had statisti-
cally higher GRP78 and PERK protein expression in their
kidney tissues than rats in the CIS D2 and GEN D2 groups.
This increase could be attributed to oxidative stress caused
by CIS and GEN disrupting ER homeostasis.

The progression of oxidative stress can be determined
by assessing both the rate of oxidant formation and the
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levels of all types of antioxidant molecules (Davies 2000).
Evaluating TOS and TAS can account for the cumulative
and synergistic effects of all oxidant and antioxidant com-
pounds and is a simple way to demonstrate oxidant/anti-
oxidant status (Erel 2005). Previous research has found
that when oxidative stress is induced by CIS and GEN,
the TOS level increases in the renal tissue while that of
TAS decreases (Bami et al. 2017; Hakyemez et al. 2022).
In our study, after 7 days of CIS and GEN administra-
tion, serum analysis showed that TOS levels increased
significantly and TAS levels decreased when compared to
the control group, which is consistent with the literature.
Under normal circumstances, a physiological balance is
present between pro-oxidant species and antioxidant mol-
ecules. However, the disruption of this balance in favor
of oxidants causes oxidative stress which leads to patho-
logical conditions (Zafar et al. 2019). The production of
ROS by CIS and GEN is known to decrease the function
of antioxidant enzymes in the kidney (Banday et al. 2008;
Nieskens et al. 2018). In this study, we have suggested that
the oxidative stress generated by nephrotoxic substances
could be the source of imbalance between antioxidants and
oxidants, which is in favor of oxidants.

Conclusion

According to this study, CIS and GEN administration for
7 days causes tissue damage, inflammation, an increase in
expression of the ER stress proteins GRP78 and PERK,
and an elevation in serum BUN and Cr levels in rat kidney
tissue, which could be due to the oxidative stress. Because
of these effects, the risk of using these drugs seems to be
greater in patients with impaired renal function and in
those who receive prolonged therapy. As a result, we can
conclude that CIS and GEN should only be used as a short-
term induction therapy in an emergency response, and that
the related agents should be discontinued after the third day
as they will exacerbate kidney damage and therapy should
continue with other appropriate and safe drugs. Moreover,
since most tubulotoxic damage is transient and reversible,
the discontinuation of renally excreted drugs such as CIS
and GEN may prevent further iatrogenic kidney damage.
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