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Autophagy localization and cytoprotective role in cisplatin-induced acute kidney injury

Shanika Karunasagara, Geum-Lan Hong, Da-Young Jung, Si-Yun Ryu*, Ju-Young Jung*

Department of Veterinary Medicine & Institute of Veterinary Science, College of Veterinary Medicine,
Chungnam National University, Daejeon 34134, Korea

Abstract: Autophagy is a fundamental cellular process that maintains homeostasis and cell integrity, under stress conditions.
Although the involvement of autophagy in various conditions has been elucidated, the role of autophagy in renal structure is not
completely clarified. Our aim was to investigate the cytoprotective effect of autophagy against acute kidney injury (AKI) through
cisplatin deteriorative pathway, which leads to AKI via renal cell degradation. For in vivo experiments, male Sprague Dawley rats
were divided in to 2 groups (n = 6/group) as control, Cis-5D. Following a single intraperitoneal injection of cisplatin, rats were
sacrificed after 5 days. Blood urea nitrogen (BUN)), creatinine (Cr) and histological alterations were examined. Further, expression of
key regulators of autophagy, light-clain 3 (LC3), p62, and Beclin1, was evaluated by immunohistochemistry (IHC). The rats exhibited
severe renal dysfunction, indicated by elevated BUN, Cr. Hematoxylin and eosin staining revealed histological damages in cisplatin-
treated rats. Furthermore, IHC analysis revealed increased expression of LC3, Beclinl and decreased expression of p62. Furthermore,
expression of aforementioned autophagy markers was restricted to proximal tubule. Taken together, our study demonstrated that
cisplatin can cause nephrotoxicity and lead to AKI. This phenomenon accelerated autophagy in renal proximal tubules and guards

against AKI.
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Introduction

Nephrotoxicity is one of the major side effects of chemotherapy and
accounts for up to 60% of all reported acute kidney injury (AKI) cases with a
considerable mortality rate [1]. Several factors, such as oxidative stress,
inflammation, mitochondrial dysfunction, and direct cytotoxicity to tubular
epithelial cells, are responsible for the development of nephrotoxicity [2].
AKI by ischemia, sepsis, or nephrotoxins leads to conditions of renal stress,
further leading to cell death, tissue damage, loss of renal function, and conse-
quently kidney failure [3-7]. In the present study, we used cisplatin to induce
nephrotoxicity to cause AKI.

Cisplatin (cis-diamminedichloroplatinum [II]; CDDP) is a platinum-con-
taining anticancer drug widely use for the treatment of solid cancers, includ-
ing breast, head, neck, lung, testis, and ovary [2]. However, cisplatin induces a
number of toxicities, such as nephrotoxicity, gastrotoxicity, myelosuppres-
sion, ototoxicity, and allergic reactions. Furthermore, nephrotoxicity is consid-
ered as the major dose-dependent side effect [8]. According to previous
reports, 20% of patients who receive high-dose cisplatin treatment suffer from
renal dysfunction, whereas approximately one-third of patients present kid-
ney injury after initial intervention [2]. Pathophysiological characteristics of
cisplatin-induced kidney injury include induction of renal vasoconstriction,
decrease in renal plasma flow, and reduction in glomerular filtration rate.
Moreover, this condition may increase serum creatinine (Cr) and reduce
serum magnesium and potassium levels. In addition, it is conceived that cis-
platin may cause permanent diminution of renal functions. The major patho-
logical phenomena of cisplatin-induced nephrotoxicity are injury of kidney
tubular cell and death [1].

Autophagy is an intracellular process that entails the transfer of cytoplas-
mic constituents to the lysosome to be degraded and recycled. This cellular
process is up-regulated in various pathological and stress conditions to elimi-
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nate damaged components, thereby providing defense against
the diseased condition. Although autophagy in kidney was
first identified in 1970, clarifying the role of autophagy in
kidney tubules is still in the nascent stage [9,10]. Previous
investigations have reported that in nephrotoxic and septic
AKI conditions, autophagy is vigorously induced in proxi-
mal tubular cells [11]. Further, deletion of genes, such as
Atg5 and Atg7 related to autophagy, attenuates autophagy
induction in AKI, thereby worsening kidney injury [12-14].
In addition, cisplatin takes part in mitochondrial dysfunction
and increases the reactive oxygen species production in auto-
phagy deficient renal proximal tubular cells, thereby leading
to AKI [15,16]. However, it is still unclear how autophagy is
activated in AKI, and further examinations are needed to
determine the exact mechanism behind this process.

In the present study, we performed cisplatin-induced neph-
rotoxicity to evaluate AKI using histology and immunohisto-
chemistry (IHC). We also studied the role of autophagy and
its localization under AKI condition to evaluate the expres-
sion of key markers light-clain 3 (LC3), p62, and Beclinl.
Moreover, we focused on the relationship between cisplatin
treatment and autophagy progression.

Materials and Methods

Experimental animals

For this experiment, 4-week-old Sprague Dawley (SD) rats
(n =18, purchased from www.orientbio.com) were used, and
animals were fed with standard diet and water ad libitum
under controlled temperature, humidity and lighting condi-
tions (22 £ 2°C, 55 = 5%, and 12:12 light:dark cycle, respec-
tively) throughout the experimental period. All experimental
protocols regarding animals were approved by the Interna-
tional Ethics Committee at Chungnam National University
(CNU-00068). After 7 days of acclimation, rats were divided
in to 2 groups as control and Cis-5D. After single intraperito-
neal injection of cisplatin (5 mg/kg, Sigma, USA), except for
the control group, rats were sacrificed after 5 days. Blood
sample of each animal was analyzed at the beginning and
end of the experimental period.

Renal function analysis

Blood urea nitrogen (BUN) and Cr levels were measured
to evaluate the pathogenesis of acute renal failure. Blood
samples were obtained from retro-orbital plexus of rats
before and after (5 day) cisplatin treatment and incubated for
30 min in an ice-cold box before centrifugation at 2,000 x g
for 10 min at 4°C to collect the supernatant. Serum concen-
tration of BUN and Cr were measured using an automatic
blood chemical analyzer (IDEXX Laboratories, Inc., USA).

Preservation of renal tissue

Experimental animals were anesthetized via an intraperito-
neal injection of tiletamine (30 mg/kg) plus zolazepam (10
mg/kg), and perfusion in kidneys was preserved through the

abdominal aorta in vivo. The rats were initially perfused
briefly with phosphate buffered saline (PBS; osmolality 298
mosmol/kg H,O; pH 7.4) to rinse all the blood, followed by
perfusion with periodate lysine paraformaldehyde (PLP)
solution for 5 min. Next, kidneys were removed and cut into
sagittal slices of 1-2 mm thickness and were overnight post-
fixed in PLP solution at 4°C. Tissues were dehydrated and
embedded in wax (polyethylene glycol 400 disterate, Poly-
sciences, USA). Then, the fixed slices were cut transversely
at a thickness of 5 um using a microtome (Leica RM2135,
Leica, Germany), and wax sections were stained with hema-
toxylin and eosin for histological examination and IHC studies.

IHC analysis

After dewaxing, sections were treated with 0.5% Triton X-
100-PBS solution for 30 min and washed 3 times with PBS.
Nonspecific binding sites were blocked with normal goat/
horse serum diluted to 1:10 in 0.3% PBS for 30-60 min, and
incubated at 4°C overnight with the following primary anti-
bodies: anti-LC3 (1:100, Sigma, Germany), anti-p62 (1:100,
Santa Cruz, USA) and anti-Beclinl (1:100, Abcam, UK).
After rinsing with PBS, sections were incubated with second-
ary antibody (biotinylated secondary goat anti-rabbit anti-
body; 1:200, VECTASTAIN, Vector Laboratories, USA) for
30 min. For color development, sections were treated with a
mixture of 0.05% 3,3-diaminobenzidine containing 0.01%
H,0, at 20-23°C until the brown color was visible and then
washed with TBS, followed by washing with tap water for
10 min. For clearing, sections were treated with alcohol and
xylene. Finally, stained sections were examined using light
microscope (Nikon eclipse 80i, Nikon Corporation, Japan) at
400 x magnification. Images were captured at 5 different
places of renal cortex, outer and inner stripes of outer medulla
and inner medullary regions, and LC3, p62 and Beclinl pos-
itive staining were evaluated.

Statistical analysis

All data were expressed as means + standard deviation.
Statistical analysis was performed with #-test and Microsoft
Excel 2016 (Microsoft, USA) was used as the statistical soft-
ware. The p values less than 0.05 were considered statisti-
cally significant.

Results

Examination of blood parameters

Serum BUN and Cr levels were measured in both control
and cisplatin treated rats after 5 days. The results exhibited a
significant (p < 0.001) increase in both BUN and Cr levels in
the Cis-5D group compared with that in the control group
(Fig. 1). The elevated BUN and Cr levels indicated that cis-
platin can induce nephrotoxicity, thereby causing renal injury.

Evaluation of renal histological changes
The histological alterations in the kidney tissues of control
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Fig. 1. Effect of cisplatin on blood serum parameters. Blood
samples were obtained from the retro-orbital plexus of rats
before and after cisplatin treatment (5 mg/kg), except for the
control group, and rats in the cisplatin-treated (Cis-5D) group
were sacrificed after 5 days. (A) BUN. (B) creatinine “~'p <
0.001 versus control group.
BUN, blood urea nitrogen.

and cisplatin-treated rats are shown in Fig. 2. No histological
changes were observed in the control group compared with
those in the cisplatin-treated group (Fig. 2A). However, as
shown in Fig. 2B, administration of cisplatin caused severe and
widespread necrosis in the proximal tubules, which is a serious
damage to the renal structure. In Fig. 2B, there are features of
tubular necrosis including patchy denudation of tubular cells
with loss of brush border (blue arrow), tubular dilation (black
arrow), and intratubular cast formation (green arrow). Further-
more, intratubular obstruction occurred due to the denuded epi-
thelium and cellular debris (yellow arrow). These results
indicate that cisplatin treatment can induce kidney injury
especially in proximal convoluted tubule due to its toxicity.

IHC analysis of expression of autophagy related-proteins
IHC was performed to determine whether autophagy plays

Fig. 2. Photomicrograph of histological alterations in the con-
trol and cisplatin-treated Sprague Dawley rats. After intraperi-
toneal injection of cisplatin (5 mg/kg), except for the control
group, rats in the Cis-5D group were sacrificed after 5 days.
Kidney samples were fixed in formalin before routine process-
ing and wax embedding. Sections of kidney were stained with
hematoxylin and eosin and were examined by light microscopy
with focus on renal tubules to evaluate histological injury. (A)
Control group. (B) Cis-5D group. Blue arrows, patchy denuda-
tion of tubular cells; black arrows, tubular dilation; green arrows,
intratubular cast formation; and yellow arrows, tubular obstruc-
tion. Magnification 400 x.

Table 1. LC3-positive staining in main divisions of renal structure

LC3-positive stainin
Renal division P g

Control Cis-5D
Glomerulus - -
Proximal tubule + -
Intermediate tubule - -
Distal tubule + +
Collecting system + +

LC3, light-clain 3; +, LC3 positive staining; —, LC3 negative
staining.

arole in cisplatin-induced nephrotoxicity and to determine its
localization. In this study, microtubule-associated protein 1
LC3, p62, and Beclinl, the primary markers of autophagy,
were evaluated in both control and cisplatin-treated SD rats.
Localization of autophagy process was examined in both cor-
tex and medulla in 4 regions viz, cortex, outer stripe and
inner stripe of outer medulla, and inner medulla focusing on
both renal corpuscles and uriniferous tubules.

As shown in Fig. 3 and Table 1, moderate positive expres-
sion of LC3 was observed in both the cortex and outer stripe
of outer medulla regions of control rats, whereas strong pos-
itive expression of LC3 was observed in the cortex and outer
stripe of outer medulla regions of cisplatin-treated rats. Fur-
ther, renal tubules associated with these 2 regions, such as
proximal convoluted and proximal straight tubules exhibited
outstanding positive LC3 expression than the distal convo-
luted tubule and cortical collecting duct, whereas no LC3
expression was observed in glomerulus. However, no LC3
expression was observed in the regions of inner stripe of
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Control

Fig. 3. Inmunohistochemical staining of LC3, a key marker of
autophagy in rat kidney. After intraperitoneal injection of cis-
platin (5 mg/kg), except for the control group, rats in the Cis-5D
group were sacrificed after 5 days. Kidney samples were fixed
in formalin before routine processing and wax embedding. Sec-
tions of kidney were stained for LC3 and were examined by
light microscopy with focus on both renal cortex and medulla
regions to determine autophagy localization. Black arrows, LC3
expression. Magnification 400 x.

Co, renal cortex; OS, outer stripe of outer medulla; IS, inner
stripe of outer medulla; IM, inner medulla; LC3, light-clain 3.

outer medulla and inner medulla in both the control and Cis-
5D groups. Therefore, uriniferous tubules associated in areas
such as distal straight tubule, outer medullary collecting duct,
descending thin limb and ascending thin limb (intermediate
tubule) and inner medullary collecting duct were not
involved in the expression of LC3. These results suggest that
cisplatin treatment has a potential to vigorously induce auto-
phagy in proximal tubules in renal cortex and outer medulla
regions. Furthermore, our investigation proved that under
normal conditions, cellular autophagy proceeds in the proxi-
mal tubule in renal cortex and outer medulla of rat kidney.

Control

Fig. 4. Immunohistochemical staining of p62, an authoritative
marker of autophagy in rat kidney. After intraperitoneal injec-
tion of cisplatin (5 mg/kg), except for the control group, rats in
the Cis-5D group were sacrificed after 5 days. Kidney samples
were fixed in formalin before routine processing and wax
embedding. Sections of kidney were stained for p62 and were
examined by light microscopy with focus on both renal cortex
and medulla regions to determine the autophagy localization.
Black arrows, p62 expression. Magnification 400 x.

Co, renal cortex; OS, outer stripe of outer medulla; IS, inner
stripe of outer medulla; IM, inner medulla.

p62 is an authoritative receptor of autophagy located
throughout the cell. Fig. 4 represents the expression of p62 in
the control and cisplatin-treated rats. Contrary to LC3 expres-
sion, p62 exhibited minor positive expression in both the
control and Cis-5D groups in the region of renal cortex.
However, no p62 expression was observed in both outer
medulla and inner medulla of the kidney tissue. Moreover,
p62 expression was observed only in proximal convoluted
tubule cells in the kidney cortex (Table 2). These finding
suggest that p62 expression is contrary to LC3 protein
expression and exhibits minor distribution, but is localized
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Table 2. p62-positive staining in main divisions of renal structure

p62-positive staining

Renal division

Control Cis-5D
Glomerulus - -
Proximal tubule + +
Intermediate tubule - -
Distal tubule - -
Collecting system - -
+, p62 positive staining; —, p62 negative staining.
Control

Fig. 5. Immunohistochemical staining of Beclinl, an autophagy
marker, in rat kidney. After intraperitoneal injection of cisplatin
(5 mg/kg), except for the control group, rats in the Cis-5D group
were sacrificed after 5 days. Kidney samples were fixed in for-
malin before routine processing and wax embedding. Sections
of kidney were stained for Beclinl and were examined by light
microscopy with focus on both renal cortex and medulla regions
to determine autophagy localization. Black arrows, Beclinl
expression. Magnification 400 x.

Co, renal cortex; OS, outer stripe of outer medulla; IS, inner
stripe of outer medulla; IM, inner medulla.

Table 3. Beclinl-positive staining in main divisions of renal
structure

Beclinl-positive staining

Renal division

Control Cis-5D
Glomerulus - -
Proximal tubule + ++
Intermediate tubule - -
Distal tubule - -

Collecting system - -

+, Beclinl positive staining; —, Beclinl negative staining.

only in the proximal convoluted tubule cells.

To study the involvement of autophagy in nephrotoxicity,
distribution of Beclinl was also examined. As shown in Fig.
5, Similar to LC3, Beclinl also showed moderate positive
expression in the control group, whereas strong positive
expression was observed in renal cortex of the cisplatin-
induced nephrotoxicity group. However, no Beclinl expres-
sion was observed in both outer and inner medulla regions. In
addition, similar to p62, distribution of Beclinl was restricted to
proximal convoluted tubular cells in the kidney cortex,
whereas glomerulus and all other renal tubules were not
involved in the expression of these proteins (Table 3).
Together, the IHC results proved that autophagy was induced
by cisplatin treatment and was localized mainly to the proxi-
mal convoluted tubule in the renal cortex and proximal
straight tubule in the outer stripe of outer medulla regions.

Discussion

The nephrotoxicity of cisplatin has been identified since its
approval for clinical use over 35 years ago, and despite the
toxic effect of cisplatin, it is still widely used in the treat-
ment of various types of cancers. Cisplatin nephrotoxicity
exhibits various types of symptoms, such as AKI, hypomag-
nesemia, distal renal tubular acidosis, renal salt wasting, and
hyperuricemia [17]. Pathophysiologically, cisplatin-induced
renal injury can be classified into 4 types, viz, tubular toxic-
ity, vascular damage, and glomerular and interstitial injury. In
this study, we administered SD rats with cisplatin and found
that it had the potential to cause nephrotoxicity, thereby
inducing AKI. In line with the previous report [18], rats in
our experiment were sacrificed 5 day after cisplatin treat-
ment as cisplatin-induced nephrotoxicity started to develop 3
days post-treatment of cisplatin. Further, we focused on the
activation and localization of autophagy in the renal struc-
ture under cisplatin-induced stress condition.

Our investigation demonstrated cisplatin-induced renal
abnormality in terms of renal function and histological changes
in rats. Consistent with previous reports, our analysis showed
elevated serum BUN and Cr levels, which indicates cisplatin-
induced AKI in rats [19]. Our histological examination
focused on renal corpuscles and uriniferous tubules in the
cortex area and we found severe and widespread necrosis
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associated with renal tubules especially in the proximal con-
voluted tubule in the cisplatin-treated rats. Furthermore, his-
tology of both superficial and juxtamedullary nephrons was
identical, indicating that toxicity was distributed evenly over
the cortex region. Cisplatin is an uncharged low weight mol-
ecule that is freely filtered through the glomeruli to the renal
tubular cells and reaches its highest gradient in the proximal
tubular inner medulla and outer cortex. Therefore, these areas
are the dominant sites for cisplatin-induced renal injury and
cause injury to other structures, such as distal and collecting
tubules [20].

Moreover, our investigation concentrated on the subcellu-
lar localization and redistribution of autophagy markers;
autophagosome staining was performed by IHC. The results
revealed elevated expression of LC3 and Beclinl and decreased
expression of p62 under cisplatin nephrotoxicity. These auto-
phagy markers indicated that cellular autophagy was rapidly
induced in the kidney tissue after cisplatin treatment. Further-
more, induction of autophagy provides protection against
proximal tubular cell injury, and the expression of the afore-
mentioned proteins was restricted to the renal cortex and
outer medulla regions. Moreover, our results also revealed
that under cisplatin stress and normal condition, autophagy
proceeds at a considerable rate in the proximal tubules of the
above-mentioned kidney areas.

Autophagy is an essential part of different biological pro-
cesses such as cell growth and homeostasis, via maintaining
the balance between the syntheses, degradation, and recy-
cling of cellular components [21]. The basic autophagy
machinery consists primarily of 4 steps, viz, autophagy initi-
ation, nucleation, elongation, and closure, and Atg proteins
are responsible for autophagy progression [22]. Autophagy is
initiated by the formation of the isolation membrane, known
as phagophore that contains cytoplasmic components. Expan-
sion of the isolation membrane, known as vesical elonga-
tion, leads to the formation of autophagosome [23]. During
elongation to closure, LC3 (the mammalian ortholog of
Atg8) conjugation reaction is stimulated by the Atg 12—Atg5
complex. LC3-I is catalyzed by Atg7 and Atg3 to form LC3-
II, which is a key requirement for autophagosomes [24,25].
Finally, the outer membrane of autophagosomes fuses with
the lysosomes to form autolysosomes, which are responsible
for recycling and degradation of the sequestered materials.
p62 is also localized to autophagosomes on interaction with
LC3, and aggregation of p62 is a characteristic of autophagy-
deficient cells [26,27]. Therefore, impaired autophagy evi-
denced by accumulation of p62 in the cytoplasm of renal
cells is because of the autophagy-lysosomal degradation pathway.

Beclinl, the mammalian ortholog of yeast 6, is involved in
vesicle nucleation and early event of autophagosome forma-
tion [28] and stimulates lipid kinase activity, which is import-
ant for the recruitment of autophagy proteins to the sites of
autophagosome formation [29]. In addition, Beclinl inter-
acts with anti-apoptotic Bcl-2 family members, and this inter-
action suppresses Beclinl from accumulating in the initial

autophagosomal structure, thereby attenuating autophagy
[30]. The expression level of Beclinl and Bcl-2 are the major
determinants of whether cells undergo autophagy or apopto-
sis during tumorigenesis and chemotherapy [31]. We con-
firmed increased expression of Beclinl by IHC, thereby
confirming induced cellular autophagy in renal proximal
tubular cells. Based on THC results, this study demonstrated
the types of renal cells involved in autophagy for protection
against cisplatin-induced nephrotoxicity.

To conclude, our study evidenced that chemotherapy using
cisplatin can cause nephrotoxicity, thereby inducing AKI.
Under this stressful condition, the regular autophagy mecha-
nism in proximal tubular cells is accelerated to provide
defense against AKI by modulating several deteriorative
pathways. Therefore, treatment with cisplatin may accelerate
the autophagy mechanism under the regulation of LC3, p62,
and Beclinl in the proximal tubular cells of renal cortex and
outer medulla regions. Therefore, increase autophagy and its
associated pathways may possible therapeutic intervention in
AKI.
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