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Abstract

Gentamicin (GNT) is a potent aminoglycoside antibiotic widely used to treat life-threatening bacterial infections. We aim to
investigate the potential protective effect of ursodeoxycholic acid (UDCA) against GNT-induced nephrotoxicity. In this study, 24
male Wistar rats were used and randomly divided into four groups of six animals each. Control group received 0.5%
carboxymethyl cellulose orally for 15 days, GNT group received GNT 100 mg/kg/day i.p. for 8 days, UDCA group received
UDCA orally for 15 consecutive days at a dose of 60 mg/kg/day suspended in 0.5% carboxymethyl cellulose and UDCA-
pretreated group received UDCA orally for 7 days then co-administered with GNT i.p. for 8 days at the same fore-mentioned
doses. Serum levels of kidney function parameters (urea, creatinine, uric acid and albumin) were measured. Renal tissues were
used to evaluate oxidative stress markers; malonaldehyde (MDA), reduced glutathione (GSH) and the anti-oxidant enzyme
superoxide dismutase (SOD) activities and nuclear factor kappa light-chain enhancer of activated B cells (NF-«B) and kidney
injury molecule-1 (KIM-1) mRNA levels. Immunohistochemical expression of endothelial nitric oxide synthase (eNOS) and
caspase-3 and histological and ultrastructural examination were performed. Treatment with GNT increased the serum levels of
renal function parameters and renal MDA, NF-kB and KIM-1 mRNA levels, while it decreased GSH and SOD activities. Marked
immunohistochemical expression of caspase-3 was observed after GNT administration while it decreased eNOS expression.
Histological and ultrastructural alterations were also evident in renal corpuscles and tubules. In contrast, pretreatment with
UDCA reversed changes caused by GNT administration. These results suggest that UDCA ameliorates GNT-induced kidney
injury via inhibition of oxidative stress, inflammation and apoptosis.
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Introduction Gram-negative bacteria. Its bactericidal effect is through bind-

ing of prokaryotic ribosomes that leads to mistranslation and
Gentamicin (GNT) is an aminoglycoside antibiotic widely  inhibition of protein synthesis (Davies and Davis 1968).
used for the treatment of serious infections caused by various ~ Despite its powerful bactericidal effect, its clinical use is
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limited due to its toxic effects on various tissues including the
kidney. Although most of the administered dose of GNT is
excreted in urine, a small fraction of GNT accumulates in the
renal cortex and remains there even after discontinuation of
GNT administration (Akao et al. 2002; Nagai and Takano
2004). Unfortunately, 24% of patients who were treated with
GNT for more than 7 days developed renal damage (Selby et
al. 2009).

Gentamicin-induced nephrotoxicity is characterized by tu-
bular damage and renal dysfunction. These toxic effects are
related to the selective accumulation of GNT within the prox-
imal convoluted tubules in human (Luft et al. 1977) as well as
experimental animals (Pattyn et al. 1988) reaching a concen-
tration of 50 to 100 times greater than serum. This is because
GNT is endocytosed through receptor-mediated endocytosis
by megalin, a membrane glycoprotein present in the apical
membrane of the proximal convoluted tubules (Nagai and
Takano 2004; Watanabe et al. 2004). In proximal tubular cells,
GNT accumulates in the lysosomes (El Mouedden et al. 2000)
and passes in a retrograde manner through the Golgi complex
and endoplasmic reticulum to the cytoplasm (Sandoval and
Molitoris 2004). The accumulation of GNT in the proximal
tubules leads to structural changes ranging from loss of brush
border to tubular necrosis (Sardana et al. 2015; Whiting and
Brown 1996).

The exact mechanism of GNT-induced nephrotoxicity is
not well-known. Previous experiments have linked GNT-
induced nephrotoxicity and oxidative stress. In this regard,
GNT reduces the anti-oxidant defense mechanisms and in-
creases the production of free radicals in the kidney, such
as superoxide anion, hydroxyl radicals, hydrogen peroxide
and reactive nitrogen species (Abdel-Raheem et al. 2009;
Balakumar et al. 2010). These free radicals destroy the
tubular epithelial cells, which in turn leads to defective
tubular reabsorption and kidney dysfunction (Baliga et al.
1999; Maldonado et al. 2003). Other data suggested in-
volvement of renal inflammation in GNT-induced kidney
damage. This includes inflammatory cell infiltration, in-
creased expression of inducible nitric oxide synthase
(iNOS) and nuclear localization of the nuclear factor kappa
light-chain enhancer of activated B cells (NF-kB) in renal
tissue of GNT-treated animals (Bae et al. 2014).
Furthermore, activation of the apoptotic pathways has been
shown underlining GNT-induced renal damage (Bae et al.
2014; Jia et al. 2013). Due to the fact that the use of GNT
is unavoidable, researchers should find a pharmacological
agent that specifically exhibits anti-oxidant and anti-
inflammatory effects to counteract its damaging effect on
renal tissue.

Ursodeoxycholic acid (UDCA), a hydrophilic bile acid,
was used in Chinese medicine to treat non-alcoholic fatty
liver (Shi et al. 2012). It was approved by the FDA for
treatment of primary biliary cirrhosis (Ikegami and
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Matsuzaki 2008). Its hepatocellular protective effect has
been studied before, where it has been shown to have
anti-oxidant property. In fact, UDCA restores the activities
of anti-oxidant mechanisms, superoxide dismutase (SOD)
and catalase (CAT), increases levels of reduced glutathione
(GSH), reduces the generation of reactive oxygen species
(ROS) and activates the nuclear factor E2-related factor-2
(Nrf2), a cellular sensor for oxidative stress (Akbulut et al.
2015; Okada et al. 2008; Rodrigues et al. 1998). Several
studies have demonstrated the cytoprotective actions of
UDCA on many organ systems. In this regard, Akbulut et
al. (2015) demonstrated that UDCA protects hepatocytes
from the toxic effect of cyclosporine. In addition, UDCA
protects against diabetic renal injury through its anti-
oxidant activities (Cao et al. 2016a). UDCA also inhibits
bile acid-induced apoptosis on liver tissue in vivo
(Rodrigues et al. 1998). Furthermore, UDCA suppresses
apoptosis of dopaminergic neurons in an in vitro model
of Parkinson’s disease (Chun and Low 2012). Other exper-
iments have also demonstrated anti-inflammatory actions
for UDCA. Notably, UDCA attenuates the inflammatory
response of the inflammatory bowel disease both in vivo
and in vitro (Poupon 2012; Ward et al. 2017).

To the best of our knowledge, the effect of UDCA on GNT-
induced nephrotoxicity has not been explored yet. Based on
the above-mentioned data, we hypothesize that UDCA could
ameliorate GNT-induced oxidative stress, inflammation and
renal damage. Therefore, we aim to investigate the possible
protective effects of UDCA on GNT-induced renal damage in
rats.

Material and methods
Animals

Adult male Wistar albino rats weighing 180-200 g were ob-
tained from the animal house of the Faculty of Medicine,
Assiut University, Assiut, Egypt. They were maintained at
24+1 °C and 12/12 h dark/light cycle. The animals had free
access to standard diet and tap water ad libitum. All experi-
mental procedures were approved by the Institutional Animal
Care and Use Committee at Faculty of Medicine, Assiut
University and animal care followed the guidelines of the
National Research Council.

Drugs and chemicals

Ursodeoxycholic acid (SEDICO, 6th October City, Egypt)
was suspended in 0.5% carboxymethyl cellulose.
Carboxymethyl cellulose was dosed as 0.5 ml/100 g orally.
GNT used was a commercially used ampule (Gramycin® 80/
2 ml ampule).
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Experimental design

Twenty-four rats were divided into four groups, with six rats
per group. Allocation of animals in their groups was complete-
ly random, where rats were numbered from 1 to 24 and divid-
ed into groups 1-4 in group orders using a random digit table
in a two-digit manner. Animal groups were treated as follows:
control group received 0.5% carboxymethyl cellulose for
15 days, GNT-treated group received vehicle and injected
with GNT intraperitoneally at a dose of 100 mg/kg/day for
8 days, UDCA-treated group received UDCA orally by gastric
tube at a dose of 60 mg/kg/day for 15 consecutive days and
UDCA-pretreated group received UDCA in a dose of 60 mg/
kg orally once daily for 7 consecutive days, then UDCA co-
administered with GNT for 8 consecutive days.

Sample preparation

Two hours after the last dose of UDCA, rats were anesthetized
with ketamine (100 mg/kg) and then, blood samples and kid-
neys were collected for biochemical and histological exami-
nation. Serum was separated by centrifugation at a speed of
4000 rpm for 10 min at 4 °C using a cooling centrifuge
(Beckman model L3-50, USA) and stored at —20 °C.
Kidney tissues were processed and divided into four parts:
the first part was fixed in 10% formalin buffer saline for his-
topathological and immune-staining and another part was ho-
mogenized in ice-cooled phosphate buffer saline using a ho-
mogenizer (Potter-Elvehjem rotor-stator homogenizer, USA)
to obtain 10% homogenate. Aliquots of the kidney homoge-
nate were stored at 0—4 °C prior to biochemical analysis. The
third part was frozen in liquid nitrogen and stored at — 80 °C
for PCR reaction. The last part was processed for electron
microscopy.

Assessment of renal function parameters

The kidney tissue homogenates were used to determine the
kidney function parameters.

Determination of serum urea

Urea in rat serum was measured according to Fawcett and
Scott (1960). We used a kit purchased from Biodiagnostic
Co., Giza, Egypt and followed the manufacturer’s instruc-
tions. Briefly, urea in the samples was hydrolyzed by urease
enzyme. The ammonium ions formed are measured by the
Berthelot reaction. The blue dye indophenol product reaction
absorbs light proportional to initial urea concentration. The
absorbance was measured spectrophotometrically at 580 nm.

Determination of serum creatinine

Creatinine was measured in rat serum as described by
Bartels et al. (1972). We used a kit purchased from
Biodiagnostic Co., Giza, Egypt and followed the manufac-
turer’s instructions. Briefly, creatinine forms a colored com-
plex with picric acid in an alkaline medium. The absorbance
of the samples was measured spectrophotometrically at
510 nm. The density of the color is proportional to the cre-
atinine concentration.

Determination of serum uric acid

Serum uric acid levels were determined using a uric acid
Liquizyme kit (Egyptian Company for Biotechnology,
Cairo, Egypt) following the manufacturer’s instructions. The
assay is based on oxidation of uric acid to allantion by uricase
with production of hydrogen peroxide and carbon dioxide.
Peroxide reacts with 4-amino-antipyrine and
dichlorohydroxybenzen sulfonate (DCHBs) in the in absor-
bance at 546 nm is proportional to uric acid concentration in
the sample.

Determination of serum albumin

Serum albumin was measured according to Dumas et al.
(1997). A kit purchased from the Egyptian Company for
Biotechnology, Cairo, Egypt, was used. Briefly, albumin
binds to the indicator dye bromocresol green (BCG) in
pH 4.1 to form a blue-green-colored complex. The intensity
of the blue-green color is directly proportional to the concen-
tration of albumin in the sample. The absorbance was mea-
sured spectrophotometrically at 623 nm.

Determination of urine albumin/creatinine
ratio

Urine samples were spun at 4000 rpm to remove cell de-
bris. Urine creatinine was measured according to Jaffe’s
method. A kit purchased from the Egyptian Company for
Biotechnology, Cairo, Egypt, was used. Briefly, creatinine
reacts with picric acid under alkaline condition to form a
yellow-red complex. The absorbance was measured at
492 nm and it is directly proportional to creatinine in the
sample. Urine albumin was measured according to Dumas
et al. (1997) using a kit purchased from the Egyptian
Company for Biotechnology, Cairo, Egypt. The assay is
based on binding of albumin to an indicator dye,
bromocresol green, in pH 4.1 to form a green-colored com-
plex. The absorbance was read at 623 nm. The intensity of
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the green color is directly proportional to albumin in the
sample. The urine albumin/creatinine ratio defines the
urine albumin excretion.

Determination of renal somatic index

Animals were weighed and then sacrificed. Kidneys were im-
mediately removed, washed several times with 0.9% sterile
saline solution to remove any blood from the tissue and then
blotted with filter papers to absorb excess saline solution.
Then, each kidney was weighed. The renal somatic index
(RSI) was calculated according to the following equation:
RSI = (weight of the kidney in gram/final body weight in
gram) x 100.

Assessment of oxidative stress biomarkers

The supernatant of the renal tissue homogenates was used to
estimate the renal levels of oxidative stress biomarkers.

Estimation of reduced glutathione activity

Reduced glutathione activity in kidney homogenates was
determined using Ellman’s reagent according to the
method described by Ellman (1959). The assay is based
on the reduction of Ellman’s reagent [5, 5'-dithio-bis (2-
nitrobenzoic acid)] by SH groups to form 1 mol of 2-
nitro-5-mercaptobenzoic acid per mole of SH. The
nitromercaptobenzoic acid has an intense yellow color
and is directly proportional to the GSH concentration.
The absorbance was measured spectrophotometrically at
412 nm.

Estimation of the renal content
of malonaldehyde

The renal content of malonaldehyde (MDA), the end product
of lipid peroxidation, was estimated according to a previously
published method (Mihara and Uchiyama 1978). The princi-
pal of the method is that MDA reacts with thiobarbituric acid
(TBA) to form a pink color. Briefly, 0.5 ml of tissue homog-
enate, 3 ml of 1% O-phosphoric acid and 1 ml of 0.6% TBA
were added in succession to a centrifuge tube. The tubes were
incubated in a water bath at 95 °C for 45 min. After cooling
to room temperature, 2 ml of n-butanol was added to the
mixture and vortexed for 1 min. Then, the butanol phase
(upper layer) was separated by centrifugation at 2000 rpm
for 10 min. The intensity of the red color was measured at
535 and 520 nm.

@ Springer

Estimation of superoxide dismutase activity

The hepatic SOD activity was estimated according to the
method described by Marklund (1985) and depending on
the inhibition of pyrogallol autoxidation by SOD. The in-
hibition is directly proportional to the activity of SOD in
the tested sample. In brief, 50 ul of tissue homogenate was
added to 1 ml of 24 mmol/l pyrogallol in 10 mmol/l HCI1
and 1 ml of Tris—EDTA buffer (pH 8.6). Changes in the
absorbance at 420 nm were recorded for 3 min at 1 min
intervals. One unit of SOD activity is defined as the
amount of the enzyme causing 50% inhibition of auto-
oxidation of pyrogallol.

Estimation of renal contents of nitrite/nitrate

Nitrite production, an indicator of nitric oxide (NO) synthesis,
was estimated according to the previously described method
(Montogomery and Dymock 1961). Briefly, in an acid medi-
um and in the presence of nitrate, the formed nitrous acid
diazotizes sulphanilamide and the product are coupled with
NEDD (N-(1-naphthyl) ethylenediamine). The resulting azo-
day has bright reddish-purple color that can be measured ca-
lorimetrically at 540 nm.

Determination of myeloperoxidase activity

The myeloperoxidase (MPO) activity in the kidney was
determined according to the method described by
Manktelow and Meyer (1986). MPO activity was
assayed by measuring the H,0, released following oxi-
dation of dimethoxybenzedine spectrophotometrically at
460 nm. In this assay, renal homogenate was diluted 1:1
with 0.5% hexadecyl trimethyl ammonium bromide on
ice. The homogenate was centrifuged at 4000 rpm for
15 min at 4 °C. The supernatant was transferred to a
glass test tube containing 2 ml of chloroform. The tube
was allowed to stand for 20 min, then 1 ml of the top
aqueous phase was pippeted out and centrifuged at
8000 rpm for 15 min. A total of 200 ul supernatant
was placed in a glass tube and mixed with 500 pl phos-
phate buffer saline and 600 pl of Hanks balanced salt
solution containing 0.25% bovine serum albumin. Then,
100 pl of 0.125% dimethoxybenzedine and 100 pl of
0.05% H,0, were added and the mixture was vortexed
for 1 min. The reaction mixture was allowed to stand at
room temperature for 15 min. The enzymatic reaction
was terminated by addition of 0.5 ml of 1% sodium
azide. The released H,O, in the reaction medium after
the oxidation of dimethoxybenzedine by MPO was mea-
sured spectrophotometrically at 460 nm.
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Real-time PCR

Total RNA was isolated from the tissues using RNA extraction
kit according to manufacturer’s instructions (GF-1 Total RNA
Extraction, Vivantis Technologies, Malaysia). RNA concen-
tration was estimated using SPECTROstar™"® spectrometer
(BMG Labtech, France) following the manufacturer’s instruc-
tions. Single-stranded cDNA was synthesized from 1 pg total
RNA using cDNA synthesis kit (2-step RT-PCR kit, Vivantis
Technologies, Malaysia) following the manufacturer’s in-
structions. Total reaction of 20 ul was performed in real-
time PCR plate. Amplification reaction mixture contains
2.5 ul of cDNA, 2 ul of each primer (10 uM), 10 ul SYBR
Green master mix (Thermo Scientific, USA) and 3.5 ul of
RNA free water. The samples were incubated in the real-
time thermocycler (Applied Biosystems StepOne, USA) as
per one cycle and for 35 cycles of the following reactions:
initial denaturation (95 °C, 3 min), denaturation (95 °C,
30 s), annealing (varies depending on gene, 30 s), extension
(72 °C, 40 s) and final extension (72 °C, 5 min). The primers
used for NF-kB were 5’ TGGGACGACACCTCTACACA-3'
(sense) and 5" GGAGCTCATCTCATAGTTGTCC-3' (anti-
sense) and for KIM-1 were 5'-GTACACTCACCATG
GTAACC-3' (Sense) 5'-AACGCAGCGATTGTGCATCC-3'
(anti-sense). B-actin primers were 5'-CCACCATGTACCCA
GGCATT-3' (sense) and 5'-ACGCAGCTCAGTAA
CAGTCC-3 (anti-sense).

Immunohistochemistry

Sections at 4 pwm thickness prepared from different animal
groups were deparaffinized and rehydrated and endogenous
peroxidase activity was blocked with 3% H,0, in methanol.
Sections were pre-treated in citrate buffer (pH 6.0) in a micro-
wave. Sections were incubated at room temperature with rab-
bit polyclonal antibodies specific for the rat targets. The anti-
bodies used were anti-caspase-3 and anti-endothelial nitric
oxide synthase (eNOS) antibodies (Thermo Scientific, USA,
dilution 1:1000). Then, the tissue sections were rinsed with
TBS containing 0.05% Tween 20 twice and incubated with
secondary antibody; goat anti-rabbit I[gG-HRP conjugate
(Vivantis Technologies, Malaysia) at a dilution of 1:5000,
for 1 h at 4 °C. After another wash with TBS containing
0.05% Tween 20, the immunoreactivity was developed with
0.05% diaminobenzidine (DAB) and 0.01% H,O, for 1-
3 min and the tissue sections were observed for brown color
formation under bright field using a light microscope. Slides
were counterstained with hematoxylin. Sections were
photographed under a light microscope (Olympus BX50,
Tokyo, Japan) and figures were made using CorelDraw soft-
ware. The percent of area occupied by the immunopositive
cell color was measured in four separate microscopic fields
in each slide using a digital imaging software program

(ImageJ software). The mean area for each slide was obtained
and then, the mean + SEM was calculated for each group.

Histological examination

Fixed kidney tissues were dehydrated in ascending grades of
ethanol, cleared in xylene, embedded in paraffin and sectioned
at a thickness of 5 um. Sections were stained with hematox-
ylin and eosin and periodic acid-Schiff (PAS) according to
previously described methods (Drury and Wallington 1980).
Stained sections were photographed under a light microscope
(Leica Q 500 MCO, Germany) and figures were made using
CorelDraw software.

Kidney samples for electron microscopy were prepared
according to previously described methods (Bozzola 1998).
Briefly, samples were immersed in 4% glutaraldehyde in
cacodylate buffer for 24 h and then post-fixed in osmium
tetraoxide in phosphate buffer for 2 h. Semi-thin sections
(1 pm) were cut, stained with toluidine blue and examined
using a light microscope. Ultrathin sections (500-800 A) were
prepared from selected areas in semi-thin sections, mounted
on copper grids and contrasted with uranyl acetate and lead
citrate. They were subsequently examined and photographed
using a JEOL100 CX Japan transmission electron microscope
at 80 kV at the Assiut University Electron Microscopic Unit.

Statistical analysis

Data are presented as mean + SE. Statistical analysis of the
data was carried out using one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test for
post-hoc analysis. Statistical significance was acceptable to a
level of p <0.05. Data analysis was accomplished using the
Statistical Package for Social Sciences (SPSS) software pro-
gram (version 20). All measurements were performed in a
triplicate manner to keep SE to a minimum as possible.

Results

Effect of UDCA on GNT-induced changes in renal
function parameters

In order to study the protective effect of UDCA on GNT-
induced deterioration of renal function, we pretreated our rats
with UDCA once daily for 7 consecutive days then co-
administered with GNT intraperitoneally for 8 consecutive
days. Our results showed that GNT significantly increased
serum levels of urea, whereas pretreatment with UDCA sig-
nificantly decreased serum levels of urea by a fold of change
of —0.72 compared to the GNT-treated group (Fig. la and
Table 1). Similarly, GNT significantly increased serum creat-
inine levels, whereas pretreating rats with UDCA significantly
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decreased serum creatinine levels by a fold of change of —
0.58 compared to GNT-treated rats (Fig. 1b and Table 1).
Additionally, GNT significantly increased serum uric acid
levels, while administration of UDCA before GNT signifi-
cantly decreased serum uric acid levels by a fold of change
of —0.34 compared to GNT-treated animals (Fig. 1¢c and Table
1). Moreover, rats treated with GNT showed significantly de-
creased serum albumin, whereas animals pretreated with
UDCA showed a significant increase in serum albumin by a
fold of change of 0.28 compared to GNT-treated animals (Fig.
1d and Table 1). Furthermore, animals treated with GNT
showed a significant increase in urinary excretion of protein,
estimated by the urine albumin/creatinine ratio, whereas

UDCA GNT+UDCA

ool L K :
Control  GNT  UDCA GNT+UDCA

UDCA pretreatment significantly decreased urinary excretion
of protein by a fold of — 0.23 compared to GNT-treated group
(Fig. 2a and Table 1).

Effect of UDCA on GNT-induced kidney injury

The kidney injury molecule-1 (KIM-1) is a transmembrane
protein used as a sensitive marker for renal injury by sev-
eral researchers (Han et al. 2002; Vaidya et al. 2006). We
sought to investigate the effect of pretreatment with UDCA
on GNT-induced renal expression of KIM-1 at the mRNA
levels. We observed that GNT markedly increased KIM-1
mRNA levels, whereas pretreatment with UDCA

Table 1 Effect of UDCA on

gentamycin-induced changes in Parameters Normal group GNT-treated UDCA group GNT + UDCA
kidney function parameters group
Urea (mg/dl) 23.16 £0.541  111.54 £ 1.071* 1589 +0.513*°  31.12 + 0.884*°
Creatinine (mg/dl) 0.66 + 0.028 3.63 £ 0.085" 0.54 + 0.023*° 1.53 + 0.075*°
Uric acid (mg/dl) 2.52 +0.087 6.59 + 0.090° 3.16 + 0.059*° 436 + 0.067*°
Albumin (g/dl) 3.85 £ 0.056 2.57 + 0.080° 3.67 £ 0.067° 3.28 + 0.060*°
Urine albumin/creatinine ra- 28435 + 4.185  420.80 + 4.228*  285.38 + 4.765" 324.97 + 3.745%°
tio (mg/g)

Data are expressed as mean + SEM (n = 6) and analyzed by one-way ANOVA followed by post-hoc Tukey’s test
GNT, gentamicin; UDCA, ursodeoxycholic acid

*Significantly different from the normal group at p < 0.05

® Significantly different from the GNT group at p < 0.05
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Fig.2 Effect of pretreatment with a b
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significantly decreased KIM-1 mRNA levels compared to
GNT-treated animals (Fig. 2b).

Effect of UDCA on GNT-induced oxidative stress

In order to investigate whether UDCA alleviates GNT-
induced oxidative stress, we investigated the renal tissue
GSH activities in response to pretreatment with UDCA. We
observed that renal GSH activities were significantly de-
creased in GNT-treated rats by a fold of —0.52 compared to
the control rats. In contrast, pretreatment with UDCA signif-
icantly increased the renal GSH activities by a fold of 0.31
compared to the GNT alone-treated rats (Fig. 3a and Table 2).

We also examined the effect of pretreatment with UDCA on
the activity of SOD enzyme in renal tissue. We observed a
significant decrease in renal SOD activities, whereas pretreat-
ment with UDCA significantly increased the activity of SOD
in renal tissue by a fold of 1.3 compared to the GNT alone-
treated animals (Fig. 3b and Table 2).

Effect of UDCA on GNT-induced lipid peroxidation
and nitric oxide production

In order to test whether UDCA alleviates lipid peroxidation
induced by GNT, we estimated the renal tissue levels of
MDA, the end product of lipid peroxidation. We observed

Fig.3 Effect of pretreatment with b
UDCA on gentamycin-induced
L . —~ 5.00
alterations in renal oxido- g 6.00-
nitrosative stress biomarkers. 7 {— a,b i
Representative graphs of GSH (a) = oS 2 4.00 'E‘
and SOD (b) activities and MDA g s é’
(¢) and NOx (d) levels. Data > 4.00- a 5 g 3.004
expressed as mean + SEM (n = 6). 3 S )
a Significantly different from the = S % 2.00:
normal group at p <0.05. b = 2004 S =
Significantly different from the T ':g;:’ o 1.00
GNT group at p <0.05 8 R »
0.00 ' 000 L Kee& el 777
Control ~ GNT UDCA GNT+UDCA Control ~ GNT UDCA GNT+UDCA
c d
= 12.504 . 60.00f
2 g
2 1000 ab B
b =
= @ 40.00
=) 7.504 =
E g
R £ 2000
S 250 =
= : 2
. 0.00—L |
Control ~ GNT UDCA GNT+UDCA Control  GNT ~ UDCA GNT+UDCA
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Table 2 Effect of UDCA on

gentamycin-induced changes in Parameters Normal group GNT group UDCA group GNT + UDCA

renal oxido-nitrosative stress

biomarkers GSH (umol/g wet tissue) 5.82 +0.139 278 £ 0.177° 5.95+0.156° 3.65 + 0.142%°
SOD (U/mg wet tissue) 391 +£0.101 1.73 £0.078* 4.13 £ 0.087° 3.99 + 0.064°
MDA (nmol/ g wet tissue) 6.78 + 0.115 12.33 £ 0.322% 7.22 +0.151° 8.77 + 0.218*°
NOx (umol/g wet tissue) 19.815 + 0.804 65.46 + 1.460° 20.09 + 0.880° 29.09 + 0.933*°

Data are expressed as mean = SEM (n = 6) and analyzed by one-way ANOVA followed by post-hoc Tukey’s test

GSH, reduced glutathione; SOD, superoxide dismutase; MDA, malondialdhyde; NOx, nitric oxide end products;
GNT, gentamicin; UDCA, ursodeoxycholic acid

#Significantly different from the normal group at p < 0.05
® Significantly different from the GNT group at p < 0.05

that GNT injection significantly increased renal levels of
MDA compared to control animals, whereas renal MDA
levels significantly decreased in response to pretreatment
with UDCA by a fold of —0.29 compared to rats treated with
GNT alone (Fig. 3c and Table 2).

A large body of evidence has linked oxidative stress with
NO production (Araujo and Welch 2006; Ikari et al. 2005; Ou
et al. 2010). Therefore, we investigated renal nitric oxide pro-
duction as indicated by renal tissue levels of nitric oxide end
products (NOx), nitrite/nitrate, in response to pretreatment
with UDCA. We observed that GNT injection significantly
increased the renal NOx levels compared to control animals.
Whereas, pretreatment with UDCA significantly decreased
the renal levels of NOx by a fold of —0.56 compared to
GNT-treated rats (Fig. 3d and Table 2).

Fig. 4 Effect of pretreatment with a
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Effect of UDCA on GNT-induced alteration in renal
MPO activities, RSI and NF-kB mRNA renal levels

In order to test whether pretreatment with UDCA ameliorates
GNT-induced increased neutrophil infiltration in the renal tis-
sue, we tested the renal myeloperoxidase (MPO) activities,
indicative of neutrophil infiltration. We observed a significant
increase in renal MPO activities in animals injected with GNT
compared to the control animal. Whereas, a significant de-
crease in renal MPO activities was observed in rats pretreated
with UDCA by a fold of —0.33 compared to rats treated with
GNT alone (Fig. 4a and Table 3). Additionally, we determined
the RSI, which is kidneys’ weights normalized as percentage
of total body weight (100 x (kidneys’ weights) / total body
weight), in response to UDCA pretreatment. We observed that
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Table 3 Effect of UDCA on
gentamycin-induced changes in Parameters Normal group GNT group UDCA group GNT + UDCA
MPO and RSI in renal tissue
MPO (U/g wet tissue) 8.36 = 0.089 12.79 £ 0.116* 8.38 + 0.168° 8.52 + 0.103°
RSI 0.35 % 0.009 0.57 + 0.010° 0.37 £ 0.010° 0.43 + 0.006°

Data are expressed as mean + SEM (n = 6) analyzed by one-way ANOVA followed by post-hoc Tukey’s test

MPO, myeloperoxidase; RS/, renal somatic index; GN7, gentamicin; UDCA, ursodeoxycholic acid

#Significantly different from the normal group at p < 0.05

® Significantly different from the GNT group at p < 0.05

treatment with GNT alone increased RSI by a fold of 0.63
compared to normal rats. However, pretreatment with
UDCA significantly decreased RSI by a fold of —0.25 com-
pared to GNT alone-treated rats (Fig. 4b and Table 3).
Furthermore, we evaluated the renal expression of nuclear
factor kappa B (NF-«B), the key factor for renal inflammation,
at the mRNA level in response to UDCA pretreatment. We
observed that GNT treatment significantly increased the rela-
tive expression of NF-kB mRNA in renal tissues compared to
control animals (Fig. 4c). In contrast, pretreatment animals
with UDCA showed a significant reduction in renal mRNA
expression of NF-kB (Fig. 4c).

Effect of UDCA on GNT-induced alteration in renal
expression of endothelial nitric oxide synthase

In order to investigate the effect of UDCA on GNT-induced
change in eNOS protein expression, we employed the immu-
nohistochemical technique. In control rats, eNOS protein ex-
pression was observed in renal glomeruli (Fig. 5a, arrow heads)
as well as tubules (Fig. 5a, arrows). In contrast, kidney tissue
from rats treated with GNT showed a decrease in eNOS protein
expression in renal glomeruli (Fig. 5b, arrow heads) and tubules
(Fig. 5b, arrows) compared to control rats. On the other hand,
treating rats with UDCA before administration of GNT and co-
administration of UDCA and GNT to the end of the experiment
increased expression of eNOS in renal glomeruli (Fig. 5d,
arrowheads) and tubules (Fig. 5d, arrows) compared to GNT
only-treated rats. Surprisingly, eNOS protein expression was
intensely expressed both in glomeruli (Fig. 5c, arrow heads)
and renal tubular cells (Fig. Sc, arrows) in UDCA-treated group
compared to the control animals. Quantitative analysis of eNOS
protein expression showed a significant reduction in the expres-
sion of eNOS in rats treated with GNT compared to the control
animals, whereas pretreatment with UDCA significantly in-
creased the expression of eNOS compared to the GNT-treated
animals (Fig. Se and Table 4).

Effect of UDCA on GNT-induced alteration in renal
expression of caspase-3

To explore whether pretreatment with UDCA has an effect on
GNT-induced apoptosis, we evaluated the expression of the

apoptotic parameter caspase-3 in renal tissues using the im-
munohistochemistry technique. In control rats, the expression
of caspase-3 was minimal in both renal tubular cells and glo-
meruli (Fig. 6a, arrows). On the other hand, injection of GNT
leads to a marked increase in the expression of caspase-3 in
renal tubular cells and to a lesser extent in renal glomeruli
compared to control animals (Fig. 6b, arrow). However, pre-
treatment with UDCA significantly decreased caspase-3 in the
renal tubules and glomeruli (Fig. 6d, arrows) compared to
animals treated with GNT alone. Like control rats, administra-
tion of UDCA alone induced minimal changes in caspase-3
expression (Fig. 6¢). Quantitative analysis of caspase-3 ex-
pression by immunohistochemistry showed a significant in-
crease in the expression of caspase-3 in rats treated with GNT
compared to the control animals. However, pretreatment with
UDCA significantly reduced the expression of caspase-3 com-
pared to the GNT-treated animals (Fig. 6e and Table 4).

Histological analysis

Histological examination of sections from the renal cortex of
control animals as well as rats treated with UDCA only
showed that the cortex is crowded with renal corpuscles and
tubules of the nephrons with minimal interstitial spaces that
show minimal cellular infiltration (Fig. 7a,c, arrows). In con-
trast, a marked increase in cellular infiltrations in the renal
interstitium was observed after injection of animals with
GNT (Fig. 7b, arrows). On the other hand, pretreatment with
UDCA markedly decreased the cellular infiltration in the renal
interstitium compared to GNT-treated animals (Fig. 7d,
arrows).

At high magnification, sections from the renal cortex of
control rats as well as UDCA-treated animals showed that
the renal corpuscle is composed of a glomerular tuft of capil-
laries (Fig. 8a,c) surrounded by Bowman’s capsule with a
space, urinary (Fig. 8a,c, stars), separating the parietal layer
(Fig. 8a,c, arrow heads) from the visceral layer that adhered to
the capillary tuft. Surrounding the renal corpuscles are the
proximal convoluted tubules lined by high cuboidal cells with
dense eosinophilic cytoplasm and narrow lumens to which the
brush border microvilli extend (Fig. 8a,c, arrows) and the
distal convoluted tubules lined by low cuboidal cells and have
wider lumen (Fig. 8a,c, double-headed arrow). Animals
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Fig. 5 Immunohistochemical
localization of eNOS in renal
tissues. Representative section
from control (a), GNT (b),
UDCA (¢) and UDCA-pretreated
animals (d). a Expression of
eNOS in glomeruli and renal tu-
bules of control animals (arrows
in a). b Shows decreased eNOS
immunostaining in GNT-treated
rats. Arrows in ¢ show intense
eNOS immunostaining in the
glomeruli and renal tubular cells
of rats treated by UDCA. UDCA
treatment before gentamycin re-
versed the reduction of eNOS ex-
pression caused by GNT treat-
ment (d). Scale bars =50 um. e
Quantitative analysis of eNOS
expression in renal tissues. Data
expressed as mean + SEM (n = 6).
a Significantly different from the
normal group at p <0.05. b
Significantly different from the
GNT group at p <0.05
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treated with GNT demonstrated foci of glomerular shrinkage
with widening of the urinary spaces (Fig. 8b, star).
Additionally, renal tubules showed structural changes ranging
from cytoplasmic vacuolations (Fig. 8b, short arrows), cellular
desquamation (Fig. 8b, arrow heads), to total loss of tubular
architecture (Fig. 8b, long arrows). In contrast, kidney sec-
tions from animals pretreated with UDCA showed a retained
glomerular structure with normally appeared urinary spaces
(Fig. 8d, star) and mild cytoplasmic vacuolation of renal tu-
bular cells (Fig. 8d, arrows).

In order to examine the brush border of the renal tubular
cells and their basement membranes, we stained kidney sec-
tions with PAS. In control and UDCA-treated rats, staining
reactions were observed in the brush border of proximal con-
voluted tubular cells (Fig. 9a,c, arrow heads) and their contin-
uous basement membrane (Fig. 9a,c, arrows). In contrast,
GNT-treated animals showed foci with loss of the brush bor-
der of the proximal convoluted tubules (Fig. 9b, arrow heads)
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and discontinuous basement membranes (Fig. 9b, arrows).
However, animals pretreated with UDCA showed proximal
tubules with preserved brush borders (Fig. 9d, arrow heads)
and continuous basement membranes (Fig. 9d, arrows).

Additionally, we explored the renal medulla for the pres-
ence of casts in PAS-stained kidney sections. In control and
UDCA-treated animals, the medulla contains distal and
collecting tubules that are lined by cuboidal cells (Fig. 10a,c,
arrows) and thin segments of Loop of Henle lined by squa-
mous cells (Fig. 10a,c, arrow heads). The lumens of these
tubules appear empty. In contrast, GNT-treated animals
showed renal tubules obliterated by PAS-positive hyaline
casts (Fig. 10b, arrows). Whereas, animals pretreated with
UDCA demonstrated few renal tubules with PAS-positive hy-
aline casts (Fig. 10d, arrows).

Electron microscopic examination of the renal cortex of
control group demonstrated the presence of distinguishable
renal corpuscles. They consisted of glomerular capillaries that
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Fig. 6 Immunohistochemical
localization of caspase-3 expres-
sion in renal tissues. Caspase-3
was predominantly expressed in
renal tubular cells. Representative
micrographs of sections from
control (a), GNT (b), UDCA (c¢)
and UDCA-pretreated animals
(d). a Renal tissues from control
rats show minimal capase-3 ex-
pression. GNT injection increases
caspase-3 expression in renal tis-
sue (arrow in b). ¢ Shows mini-
mal caspase-3 expression in rats
treated with UDCA only.
Pretreatment with UDCA de-
creased GNT-induced increase in
caspase-3 expression in renal tis-
sues (arrow in d). Scale bars =
50 um. e Quantitative analysis of
caspase-3 expression in renal tis-
sues. Data expressed as mean +
SEM (n = 6). a Significantly dif-
ferent from the normal group at p
<0.05. b Significantly different
from the GNT group at p < 0.05
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were lined by fenestrated endothelium. Podocytes had euchro-
matic nuclei and foot processes resting on the surface of the
renal glomerular basement membrane (Fig. 11a). This picture
of the blood renal filtration barrier was similarly observed in
UDCA only-treated group (Fig. 11c). After treatment with
GNT, disruption of the blood renal filtration barrier was illus-
trated by ill-defined endothelial fenestrations, distorted foot
processes of podocytes, unapparent filtration slits and an

ab

ab

GNT UDCA GNT+UDCA

irregularly thickened basement membrane (Fig. 11b).
Additionally, we noticed deposition of the hyaline material
in the mesangiam (Fig. 11b). Pretreated group with UDCA
showed well-defined endothelial fenestrations, normally
looked foot processes of podocytes and uniform thickness of
the basement membrane (Fig. 11d).

The cells lining the PCT of the control group appeared
with euchromatic nuclei and prominent nucleoli. Apical

Table 4 Effect of the

administration of UDCA on % of protein expression Normal group GNT group UDCA group GNT + UDCA
eNOS and caspase-3 expression

against GNT-induced renal injury eNOS 29.48 + 0.456 17.89 + 0.609* 33.77 £ 0.4722“b 26.03 £ 0. 514a'b
in rats Caspase-3 9.48 + 0.305 24.83 +0.797* 9.42 + 0.407*° 14.76 + 0.609*°

Data are expressed as mean + SEM (n = 6) analyzed by one-way ANOVA followed by post-hoc Tukey’s test

eNOS, endothelial nitric oxide synthase

# Significantly different from the normal group at p <0.05
® Significantly different from the GNT group at p < 0.05
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Fig. 7 Photomicrographs of kidney sections stained with hematoxylin
and eosin. a Representative section from the kidney from control rats
shows minimal cellular infiltration (arrow). b A kidney section from
GNT-treated rats shows cellular infiltration (arrows) in the renal

cell membrane showed well-developed microvilli, while
the basal cell membrane was modified in the form of
infoldings housing elongated mitochondria. The tubular
basement membrane appeared regular and uniform
(Fig. 12a). GNT treatment induced ultrastructural changes
in the form of ill-defined microvilli at the apical cell bor-
der, cytoplasmic vacuoles, either swollen mitochondria or
cristae disintegration, accumulation of lysosomes and my-
eloid bodies and thickening of the basement membrane
(Fig. 12b). A remarkable feature of this group was the
presence of active fibroblasts in the renal interstitium dem-
onstrating dilated cisternae of rough endoplasmic reticu-
lum (Fig. 12b). In UDCA only-treated rats, cells of the
proximal convoluted tubules appeared with more or less
normal ultrastructure features (Fig. 12c). Most of the PCT
from UDCA-pretreated animals showed reappearance of
apical microvilli, with normal thickness of the tubular
basement membrane and healthy mitochondrial profiles
in spite of persistence of some swollen ones (Fig. 12d).
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section from rats pretreated with UDCA shows decreased inflammatory
cell infiltrations (arrows). Scale bar =100 pm

Discussion

Previous reports have pointed out to GNT-associated nephro-
toxicity both in human and animals (Abdel-Raheem et al.
2009; Appel 1990; Morsy et al. 2014; Sahu et al. 2014b). In
this study, we demonstrated for the first time that UDCA could
attenuate GNT-induced nephrotoxicity in rats. In our experi-
ments, we showed that UDCA reversed the adverse effect of
GNT on kidney function parameters namely, serum urea, cre-
atinine, uric acid, urine albumin and KIM-1 (Figs. 1, 2 and
Table 1). UDCA also antagonized the effect of GNT on renal
levels of MDA, GSH, SOD and nitric oxide end products
NOx (Fig. 3 and Table 2) and endothelial nitric oxide synthase
(eNOS) (Fig. 5 and Table 4). In addition, UDCA counteracts
GNT-induced changes on the renal levels of MPO and the
expression of NF-kB (Fig. 4 and Table 3). Furthermore,
UDCA pretreatment decreased the expression of the apoptotic
marker, caspase-3 (Fig. 6 and Table 4). Finally, UDCA im-
proved the structural changes in the renal glomeruli and
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Fig. 8 Higher magnification photomicrographs of kidney sections
stained with hematoxylin and eosin. a A kidney section from control
rats. b A kidney section from rats treated with GNT showing
glomerular atrophy (G) with widening of urinary space (star), cytoplas-
mic vacuolation of tubular cells (short arrows), desquamation of tubular

tubules induced by GNT (Figs. 7-12). Together, it is likely
that UDCA exerts its renoprotective effects through its anti-
oxidative, anti-inflammatory and anti-apoptotic properties.

This study in rats shows that administration of GNT pro-
duces a significant increase in the RSI, the percentage of the
kidney weight to the total body weight, compared to the nor-
mal rats (Fig. 4b). The increase in RSI is due to increase in
kidney weight caused by inflammation and edema of renal
tissues, which are the consequences of the acute tubular dam-
age caused by GNT injection (Erdem et al. 2000), whereas
pretreatment of animals with UDCA decreased the RSI com-
pared to the GNT-treated rats. This observation could be at-
tributed to the anti-inflammatory effect of UDCA as reported
by Buryova et al. (2013).

In the present study, we showed that GNT markedly ele-
vated serum creatinine and blood urea levels (Fig. 1a,b). This
marked elevation of renal function markers is an indication of
significant renal impairment (Atici et al. 2005; Schrier et al.
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epithelial cells (arrow heads) and loss of the tubular architecture (long
arrows). ¢ A kidney section from animals treated with UDCA only. d A
kidney section from rats pretreated with UDCA shows normal appeared
glomeruli and mild cytoplasmic vacuolation of the renal tubules (arrows).
Scale bar=30 um

2004). Previous reports have associated the elevation of
serum creatinine and blood urea with glomerular damage
and decreased glomerular filtration rate (GFR) (Baum et al.
1975; Laurent et al. 1990). In accordance with these obser-
vations, our ultrastructural data showed that GNT induced
alteration in the filtration barrier as well as increased de-
position of the mesangial matrix (Fig. 11b,b). Additionally,
we showed luminal casts obliterating the tubular lumens in
kidney sections from GNT-treated animals (Fig. 10b).
These obliterating casts were likely caused by shedded
brush borders and desquamated tubular cells and had been
associated with reduction of GFR (Hosaka et al. 2004). In
contrast, UDCA-pretreated animals showed significant re-
duction in serum urea and creatinine. Moreover, pretreat-
ment with UDCA decreased GNT-induced renal glomeru-
lar and tubular changes (Figs. 8d, 9d, 11d, and 12d).
Furthermore, UDCA pretreatment decreased accumulation
of luminal casts in medullary tubules (Fig. 10d). Therefore,

@ Springer



380

Cell Tissue Res (2018) 374:367-387

Fig. 9 Representative micrographs of periodic acid-Schift-stained renal
cortical sections. a A section from control animal (arrow heads point to
the brush border and arrows point to the basement membrane). b A
kidney section from GNT-treated animal showing loss of brush border
(arrow heads) and basement membrane breakdown (arrows). ¢ A kidney

it is likely that pretreatment with UDCA restored renal
function through improvement of GFR due to decrease of
the GNT-induced glomerular and tubular changes and for-
mation of casts.

Another important marker of impaired kidney function is
increased excretion of albumin in urine (albuminuria).
Normally, the glomerular barrier retains albumin in the blood
and small fractions that pass the barrier are reabsorbed via
megalin, a membrane glycoprotein, through receptors mediat-
ed by endocytosis (Gorriz and Martinez-Castelao 2012; Sun et
al. 2017). Interestingly, Nagai et al. (2006) demonstrated that
GNT binds to the proximal tubular brush border membrane at
megalin receptors. More importantly, GNT competitively
inhibited reuptake of bovine serum albumin by megalin recep-
tors in the apical membrane of proximal tubular cells (Cui et al.
1996). Furthermore, GNT has been shown increasing the glo-
merular permeability to albumin (de-Barros-e-Silva et al.
1992). Here, we demonstrated that GNT increased urinary
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section from UDCA only-treated rats. d A kidney section from animals
pretreated with UDCA showing renal tubules with brush border at the
apices of their cells (arrowheads) and rests on the continuous basement
membrane (arrows). Scale bar =30 pm

excretion of albumin (Fig. 2a). This finding was associated
with changes in the blood renal filtration barrier at the ultra-
structure level (Fig. 11b). However, pretreatment with UDCA
significantly decreased urinary excretion of albumin (Fig. 2a).
Additionally, pretreatment with UDCA prevented GNT-
induced filtration barrier changes (Fig. 11d). This protective
role of UDCA could be attributed to restoration of the
glomerular barrier functions through reduction of podocyte
apoptosis by downregulation of caspase-3 and caspase 12
as shown by Cao and colleagues in a murine model of
diabetic nephropathy (Cao et al. 2016b). Another possibil-
ity is that UDCA could inhibit the interaction of GNT with
megalin. This inhibition facilitates reabsorption of albumin
by proximal tubular cells. This role of UDCA needs to be
further examined.

An important biomarker for kidney injury is the KIM-1. It
is a transmembrane glycoprotein expressed at high levels pre-
dominantly on the apical membrane of the proximal tubular
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Fig. 10 Representative micrographs of periodic acid-Schiff-stained kid-
ney sections showing part of the medulla. a Shows renal sections from
control animals. b Shows PAS-positive hyaline casts obliterating renal

cells after renal injury and not detectable in normal kidney
tissues (Luo et al. 2016). In accordance with previous reports,
we found increased expression of renal KIM-1 mRNA levels
of'rats treated with GNT (Chen et al. 2017; Luo etal. 2016). In
contrast, we observed reduction of renal KIM-1 mRNA levels
of rats pretreated with UDCA. This observation is in accord
with our histological findings at the tubular levels (Fig. 8d)
and supports the idea that pretreatment with UDCA reduces
GNT-induced renal injury.

It is well-known that free radicals play an important role in
GNT-induced nephrotoxicity (Lee et al. 2012; Otunctemur et
al. 2013; Shin et al. 2014). Free radicals induce tissue damage
by several mechanisms including degradation of membrane
phospholipids through lipid peroxidation and protein modifi-
cation (Edson and Terrell 1999; Priuska and Schacht 1995;
Yanagida et al. 2004). In accordance with Kalayarasan et
al.’s (2009) observation, we demonstrated that GNT signifi-
cantly increased in tissue levels of MDA, indicative of in-
creased lipid peroxidation (Fig. 3c). However, pretreatment

tubular lumina (arrows). ¢ Shows kidney section from UDCA-treated
animals. d A kidney section from UDCA-pretreated animals with a few
hyaline casts (arrows). Scale bar =30 pm

with UDCA greatly reduced the GNT-induced elevation of
MDA levels (Fig. 3c). Moreover, we showed that the SOD
enzyme activity has been significantly reduced in GNT-
treated rats (Fig. 3b). This reduction in renal SOD activity
could be attributed to the increased production of superoxide
anions by GNT. In contrast, pretreatment of rats with UDCA
significantly increased the SOD activity (Fig. 3b).
Furthermore, we (Fig. 3a) and others (Adil et al. 2016; Jose
etal. 2017) have demonstrated that GNT treatment significant-
ly reduced GSH activity. However, pretreatment with UDCA
significantly increased the GSH activity (Fig. 3a). These ob-
servations are in line with previous reports (Chen et al.
2011; Osorio et al. 2012) and support the idea that pre-
treatment of rats with UDCA reduced GNT-induced oxi-
dative stress. This effect could be attributed to the direct
free radical scavenging activity of UDCA as suggested by
Lapenna et al. (2002) and/or its role in upregulation of
antioxidant gene expression as reported by Mitsuyoshi et
al. (1999).
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Fig. 11 Transmission electron micrographs of renal glomeruli. a The
blood renal barrier of control rat demonstrating glomerular blood
capillary(Ge) in which red blood corpuscles reside and lined by
fenestrated endothelium (7). Basement membrane shows regular
uniform thickness (Bm). Podocyte (P) with euchromatic nucleus (n) and
foot processes (arrow head) are observed. b The blood renal barrier of
GNT-treated group showing podocytes (P) with distorted foot processes,
(arrow head) unapparent filtration slits, irregularly thickened basement
membrane (BM) and ill-defined endothelial fenestrations (1). b
Glomerular capillaries (Gc) of GNT-treated group showing deposition

Our results show that GNT increased the expression of
NF-kB (Fig. 4c). NF-kB is the key transcription factor in renal
inflammation and regulates the expression of cytokines and
adhesion molecules that lead to renal damage (Bae et al. 2014;
Sahu et al. 2014a). In the present study, we showed that
UDCA decreased the GNT-induced expression of NF-xB
(Fig. 4c¢). Our finding suggests that pretreatment with
UDCA significantly alleviates GNT-induced inflammation
by modulating the expression of NF-kB. Interestingly,
NF-kB is a downstream effector to mitogen-activated protein
kinase (MAPK) (Lee et al. 2013; Stambe et al. 2003). More
importantly, Ko et al. (2018) demonstrated that UDCA sup-
pressed p38 MAPK activation. Altogether, the anti-
inflammatory effect of UDCA could be through inhibition of
the p38 MAPK/NF-kB pathway. This role of UDCA needs to
be further explored in our model.
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of hyaline material in the messangiam (*). ¢ The blood renal barrier of
UCDA -treated rats showing podocytes (P) with euchromatic nucleus (N)
and secondary foot processes (arrow head) with filtration slits in between.
Fenestrated endothelium (1) and regular thickness of basement membrane
(Bm) are observed. d The blood renal barrier of UCDA-pretreated rats
showing a podocyte (P) extending its primary and secondary foot pro-
cesses (arrow head) in between glomerular capillaries (Gc). Basement
membrane (BM) shows uniform thickness. Endothelial fenestrations are
well-defined (7). Scale bars =2 pm

An important mechanism that underlies GNT-induced re-
nal damage is inflammation. In this regard, GNT injection
releases various inflammatory mediators including
chemokines and adhesion molecules (Akcay et al. 2009;
Bledsoe et al. 2006; Tang et al. 1994). Interestingly, the ex-
pression of these mediators is TNF-«-dependent (Burne et al.
2001; Ramesh and Reeves 2002). Importantly, elevated
TNF-« levels are associated with the activation of NF-kB
(Bae et al. 2014; Sahu et al. 2014a). We (Fig. 7b) and others
(Bledsoe et al. 2006) showed inflammatory cell infiltration in
animals treated with GNT. We also observed increased renal
tissue levels of MPO (Fig. 4a) indicative of neutrophil accu-
mulation at the site of tissue injury. The dark side of neutrophil
infiltration is that they secrete ROS that destroy the glomerular
barrier and renal tubular cells with subsequent deterioration of
the kidney function (Linas et al. 1988). Additionally, Bledsoe
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Fig. 12 Transmission electron micrographs showing proximal
convoluted tubule ultrastructure. a Proximal convoluted tubule of
control rat with well-defined microvilli at the apical border (MV), prom-
inent nucleolus (n) and basal infoldings housing numerous elongated
mitochondria (m). Tubular basement membrane is regular and of uniform
thickness (Bm). Inset shows normal mitochondrial cristae (m). b
Proximal convoluted tubule of GNT-treated rat with ill-defined microvilli
at the apical border (MV), multiple vacuoles (v), lysosomes (L) and
swollen mitochondria (m) thickening of the basement membrane (Bm).
Inset shows myeloid bodies (mb) and mitochondria with total cristae

et al. (2006) demonstrated that GNT administration induces
monocyte/macrophage migration to the site of tissue damage.
This migration could account for the cellular infiltration we
observed here. In contrast, pretreatment with UDCA de-
creased GNT-induced renal tissue infiltration with inflamma-
tory cells (Fig. 7d). In addition, pretreatment with UDCA
significantly decreased GNT-induced elevated MPO levels
(Fig. 4a). This UDCA effect on inflammatory cell infiltration
could be due to suppression of inflammatory cytokines
through inactivation of NF-kB. These data further suggest
an anti-inflammatory role for UDCA.

Nitric oxide (NO) has physiological and pathological roles
in many mammalian cells and tissues (Patel et al. 1999).
Previously, it has been shown that basal release of NO is im-
portant for renal functions (Kurihara et al. 2002; Radermacher
et al. 1992). Nevertheless, overproduction of NO is associated

disintegration (m). b Renal interstitium of GNT-treated group having a
fibroblast (F) with dilated rough endoplasmic reticulum cisternae (REr). ¢
Proximal convoluted tubule of UCDA-treated rats with microvilli at the
apical border (MV), euchromatic nucleus (N) and mitochondria (m). Inset
shows mitochondrial profiles (m) with preserved cristae. d Proximal con-
voluted tubule of UCDA-pretreated rats showing an euchromatic rounded
nucleus (N), reappearance of apical microvilli (MV), some swollen mi-
tochondria (m) and normal thickness of the tubular basement membrane
(bm). Inset shows other healthy mitochondria with well-defined cristae
(m). Scale bars =2 um except the inset in a and ¢ with scale bars =5 nm

with oxidative stress (Araujo and Welch 2006). In the present
study, we observed increased levels of NOx indicative of in-
creased production of NO (Fig. 3d). This overproduction of
NO has been linked to increased expression of iNOS (Buffoli
et al. 2005) induced by GNT (Ghaznavi and Kadkhodaee
2007). The eNOS however produces a small amount of NO
needed for its physiological functions (Raij and Baylis 1995).
Here, we demonstrated that GNT reduced eNOS expression
(Fig. 5b,e). In contrast, pretreatment with UDCA reversed the
effect of GNT on NO production (Fig. 3d) and eNOS expres-
sion (Fig. 5d,e). Interestingly, Furusu et al. (1998) demonstrat-
ed that expression of eNOS is negatively correlated with the
degree of renal damage in experimental animals. Surprisingly,
our results show that treating rats with UDCA increased eNOS
expression compared to control animals (Fig. 5c,e). This ob-
servation is in line with a previously published report by Ko et
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al. (2017) who demonstrated that administration of UDCA
alone increased NO production by macrophages in vitro in a
dose-dependent manner. One speculation about this observa-
tion is that UDCA directly increased the expression of eNOS
by endothelial cells as well as tubular cells.

Our immunohistochemical analysis reveals that GNT injec-
tion significantly increased renal expression of caspase-3 (Fig.
6b,e). This finding was associated with the ultrastructural
changes at the tubular level, including loss of microvilli, cy-
toplasmic vacuolization, abnormal mitochondria and accumu-
lation of lysosomes and myeloid bodies (Fig. 12b). Activation
of caspase-3 results in DNA fragmentation (Kumari and
Kakkar 2012). Caspase-3 is activated by cleaved caspase-9
(Padanilam 2003), which is activated by the release of cyto-
chrome ¢ (Jiang and Wang 2004). Previously, it has been
suggested that GNT induced cytochrome c efflux through
opening of mitochondrial permeability transition (MPT) pores
in the mitochondrial membrane (Morales et al. 2010).
Moreover, Sepand et al. (2016) documented that GNT-
induced oxidative stress was accompanied by caspase-3 acti-
vation. Furthermore, Li et al. (2018) demonstrated that expres-
sion of cleaved caspase-3 was associated with NF-«kB activa-
tion. In the present study, pretreatment with UDCA signifi-
cantly reduced GNT-induced caspase-3 expression (Fig. 6d,e).
Additionally, UDCA pretreatment decreased GNT-induced tu-
bular changes (Fig. 12d). These observations are in line with
the findings of Chen et al. (2011). In addition, several in vivo
and in vitro studies have shown that UDCA protects cells
against apoptosis by inhibiting caspase-3 activation (Amaral
etal. 2007; Cao et al. 2016b; Perez et al. 2006). Moreover, we
showed here that pretreatment with UDCA reduced GNT-
induced oxidative stress (Fig. 3a—c). Furthermore, we demon-
strated that pretreatment with UDCA decreased the GNT-
induced NF-kB expression (Fig. 4c). Taken together, reduc-
tion of caspase-3 expression with UDCA could be due to
reduction of GNT-induced oxidative stress and/or expression
of NF-kB.

According to our histological data, treatment of rats with
GNT induced significant renal damage. The GNT-induced
damage mostly affects the proximal tubules. Here, we ob-
served loss of brush border, vacuolation of tubular cell cyto-
plasm, desquamated epithelial cells and basement membrane
breakdown (Figs. 8 and 9). These observations are in line with
previously published reports (Ozbek et al. 2009; Polat et al.
2006; Quiros et al. 2016). GNT is preferentially accumulated
in the proximal convoluted tubules (Lopez-Novoa et al. 2011)
and localized in the lysosomes (Giurgea-Marion et al. 1986)
with subsequent lysosomal rupture and tubular cell damage (El
Mouedden et al. 2000). Additionally, cytokines and
chemokines released by damaged cells recruit inflammatory
cells to the site of injury that aggravate renal damage (Quiros
et al. 2011). Moreover, GNT enhances ROS production with
subsequent tubular damage through lipid peroxidation (Adil et
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al. 2016; Ozbek et al. 2009; Yanagida et al. 2004).
Furthermore, accumulating evidences suggest involvement of
apoptosis in GNT-induced tubular damage (Juan et al. 2007;
Promsan et al. 2016; Sahu et al. 2014b). Interestingly, Volpini
et al. (2004) documented that blocking of NF-«kB activation
attenuates the GNT-induced structural changes. Therefore,
controlling GNT-induced oxidative stress, inflammation and
apoptosis could alleviate GNT-induced tubular damage.
Here, we demonstrated that pretreatment with UDCA de-
creased GNT-induced morphological changes (Figs. 8 and 9).
This could be due to restoring the renal levels of MDA (Fig.
3a), GSH (Fig. 3b), SOD (Fig. 3¢), MPO (Fig. 4a) and NF-«kB
mRNA (Fig. 4¢) to the control levels.

Fortunately, UDCA was approved by the FDA in 1997 for
the treatment of patients with primary biliary cirrhosis (https://
www.fda.gov and we used ursodeoxycholic acid as search
words). Therefore, clinical use of UDCA for patients with
kidney diseases that involve oxidative stress, inflammation
and apoptosis can take a rapid and easy path.

In conclusion, we showed that pretreatment with UDCA
alleviates the GNT-induced functional and structural changes
in rat kidney. UDCA reversed GNT-induced changes in kid-
ney function markers. UDCA also reversed GNT-induced
changes in renal levels of MDA, GSH, SOD, MPO, NF-kB
and KIM-1 mRNA, eNOS and caspase-3 proteins.
Additionally, UDCA decreased the GNT-induced tubular
damage. Our results suggest that UDCA may have a therapeu-
tic potential for patients with kidney diseases that are associ-
ated with oxidative stress, inflammation and apoptosis.
Further animal and human studies are required to support
our suggestion.
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