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Involvement of Klotho, TNF-o and ADAMSs in
radiation-induced senescence of renal epithelial cells
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Abstract. While radiation nephropathy is a major problem
associated with radiotherapy, the exact mechanisms underlying
its pathogenesis and the mediators involved in kidney dete-
rioration remain to be elucidated. In view of the finding that
senescence is typically increased post-irradiation, the present
study examined whether ionizing radiation may cause kidney
injury by enhancing premature senescence. The present study
explored the relevance of the aging suppressor, Klotho, which
has anti-aging activity and is highly expressed in murine renal
cells/kidney tissues, under irradiation conditions. Firstly, the
effects of radiation on mouse inner medullary collecting duct-3
(mIMCD-3) cells and kidney tissues of mice were assessed.
Subsequently, the mRNA expression levels of Klotho, TNF-a
and ADAM metallopeptidase domain (ADAM)9/10/17 were
analyzed by reverse transcription-quantitative PCR following
exposure to radiation. In addition, the levels of these proteins
were measured by western blotting or ELISA. The results
revealed that irradiation of mIMCD-3 cells clearly triggered
cellular senescence. Notably, Klotho gene expression was
considerably decreased in radiation-exposed mIMCD-3 cells
and in the kidney tissues of irradiated BALB/c mice, and the
corresponding translated protein was consistently expressed
following radiation exposure. Moreover, expression of TNF-a.,
a negative regulator of Klotho, was significantly increased,
whereas ADAMO9/10/17, an ectodomain shedding enzyme of
Klotho, was decreased in irradiated mIMCD-3 cells and in
the kidney tissues of BALB/c mice. Collectively, these data
suggested that TNF-a-mediated inhibition of Klotho expres-
sion and blockage of soluble Klotho formation via decreased
ADAM expression following irradiation may contribute to
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the development of renal dysfunction through acceleration of
radiation-induced cellular senescence.

Introduction

Exposure to radiation causes damage to healthy organs. The
side effects of radiotherapy, including recurrence, secondary
cancer and normal tissue injury, are among the clinical prob-
lems faced by patients with cancer. Notably, partial or total
body exposure to 5-10 Gy irradiation in a single fraction is
not lethal but can lead to nephropathy (1). Accidental radiation
exposure has been suggested to induce chronic kidney disease
(CKD) as a potential late-onset effect; however, the underlying
factors have yet to be investigated in detail. Radiation-induced
nephropathy is often observed in patients with gastrointestinal
or gynecological cancer, lymphoma and sarcoma of the upper
abdomen (2). A previous study on renal failure-associated
mortality in atomic bomb survivors suggested that radia-
tion-induced renal dysfunction was a contributory factor to
increased circulatory disease (3). Assessment of renal function
should be included in the long-term follow-up plan for patients
with substantial clinical or accidental radiation exposure to
the kidney region, since CKD has a significant role in human
morbidity and mortality. The precise mechanisms underlying
pathogenesis and/or mediators involved in radiation-induced
nephropathy are currently under investigation.

Generally, exposure to ionizing radiation (IR) induces
direct injury to normal tissues and promotes generation of
reactive oxygen species (ROS) that cause damage to macro-
molecules (4). Formation of excessive ROS has been implicated
in the aging process and pathogenesis of various human
diseases (5). Cellular senescence is a physiological process
through which cells lose the ability to divide and prolif-
erate, contributing to various physiological and pathological
processes of biological aging. Typically, cellular senescence
encompasses irreversible growth arrest, normal tissue repair
and tumor suppression, and is induced in response to IR (6,7).
Senescent cells secrete proinflammatory factors, a condi-
tion known as senescence-associated secretory phenotype
(SASP) (5). Several molecules of SASP are associated with
radiation-induced normal tissue injury, including TNF-a,
IL-1, IL-6, TGF-p, epidermal growth factor and vascular
endothelial growth factor (8). In particular, the inflammatory
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cytokine TNF-a has been shown to be rapidly and consistently
expressed in irradiated and adjacent tissue, and to be involved
in the acute phase reaction (8). Deficiency of TNF-a in a lung
injury model has been reported to effectively prevent symp-
toms of radiation pneumonitis (9). While TNF-a is implicated
in radiation mucositis, enteritis and dermatitis, its specific
involvement in radiation-induced kidney injury has not been
fully elucidated (8).

Klotho, an aging suppressor gene (10), is expressed in
several tissues and is inhibited by TNF-a (11). The highest
levels of Klotho are detected in the kidney and brain. The
protein is additionally expressed in parathyroid glands and
the heart, but with lower abundance (12). Emerging evidence
has indicated that deficiency of Klotho is an early biomarker
for CKD and acute kidney injury (10). Two existing forms of
Klotho with distinct functions have been identified to date;
specifically, a transmembrane and a soluble secreted form.
The extracellular domain of Klotho is cleaved by ADAM
metallopeptidase domain (ADAM)9/10/17 to generate a
soluble secreted form (10). A previous study has revealed that
deficiency in transmembrane and soluble forms of Klotho
in patients with CKD contributed to the pathogenesis of
secondary hyperparathyroidism, vascular calcification, left
ventricular hypertrophy and worsening of kidney injury (13).
Klotho expression and cleavage processes by ADAM9/10/17
have been widely examined in a range of pathophysiological
conditions; however, the precise roles of these molecules in
CKD remain to be established (14,15).

The present study hypothesized that TNF-a may exert
an inhibitory effect on the expression of Klotho, which in
turn may promote radiation-induced aging of renal epithelial
cells. The aim of the present study was to demonstrate that
IR induces senescence in mouse internal medulla collection
duct-3 (mIMCD-3) cells. Therefore, the mRNA and protein
expression levels of TNF-a and Klotho were detected following
exposure to radiation. In addition, changes to the expression of
the ectodomain shedding enzyme of Klotho, ADAMY9/10/17,
were investigated. These data intended to comprehensively
suggest that radiation-induced renal dysfunction may be
associated with inhibition of Klotho activity and promotion
of cellular senescence. Finally, the present study aimed to
provide insight into the pathogenic mechanisms responsible
for radiation-induced kidney injury.

Materials and methods

Cell culture. The mIMCD-3 (CRL-2123™) cell line was
obtained from the American Type Culture Collection and
cultured in Dulbecco's modified Eagle's medium:F-12 medium
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% FBS (GenDEPOT), 100 U/ml penicillin and 100 ug/ml
streptomycin. Cells were grown in a humidified atmosphere
containing 95% air and 5% CO, at 37°C.

In vitro and in vivo irradiation. For vy-irradiation, cells were
exposed to a total of 6 Gy for 2 min (dose rate, 3 Gy/min)
with a ¥’Cs y-ray source (Gamma-Service Medical GmbH).
BALB/c and C57BL/6 mice were purchased from Koatech
Co., Ltd. Mice were housed at 22+2°C and 50+10% humidity
under a 12-h light/dark cycle. Five animals were housed per

cage with free access to drinking water and standard mouse
chow. For irradiation, 8-week-old (male; weight, 20-25 g)
mice were placed in well-ventilated custom jigs, allowing
for precise delivery of radiation using the X-Rad 320 system
(Precision Inc.; 260 kV, 10 mA) to a total of 6 Gy for 3 min
(dose rate, 2 Gy/min). Sham-irradiated mice were similarly
placed in custom jigs and positioned in the X-Rad 320 system
without X-ray exposure. A UNIDOSE® universal dosimeter
(PTW-Freiburg) was used to measure the dose rate (16). The
control and IR-treated mouse groups (n=3) were euthanized
1 and 3 days after irradiation by exposure to CO, (30% flow
rate of gradual-fill CO,). Death was confirmed by monitoring
cardiac and respiratory arrest. Subsequently, kidneys were
removed, frozen in liquid nitrogen and stored at -70°C. For
in vivo studies, all animal experiments were conducted in
accordance with the Guidelines for the Use and Care of
Laboratory Animals (16) and the study was approved by the
Institutional Animal Care and Use Committee (IACUC) of
the Korea Institute of Radiological and Medical Sciences
(KIRAMS; TACUC approval no. 2016-0065; Seoul, South
Korea).

Cell counting and proliferation assays. Cells were seeded onto
6-well plates (2x10%/well), incubated for 24 h, and subjected to
6 Gy radiation. Cell numbers were counted 24, 48 and 72 h
after radiation and cells were suspended in fresh cell culture
medium. Viable cells were visualized using trypan blue
exclusion (17) and counted with an Automated Cell Counter
(Bio-Rad Laboratories, Inc.). Cell proliferation was assessed
using the WST assay (Cyto X cell viability assay kit; LPS
Solution) according to the manufacturer's instructions.

Fluorescence-activated cell sorting analysis. Cell cycle
analysis was determined using a BD Accuri™ C6 Plus flow
cytometer (BD Biosciences). Briefly, cells were seeded onto
6-well plates (2x10%/well), incubated for 24 h, and subjected to
6 Gy irradiation. After 72 h, cells were harvested by centrifu-
gation at 200 x g for 5 min at room temperature, washed with
PBS, fixed overnight at 4°C with ice-cold 75% ethanol, and
incubated with RNase A (10 #g/ml) and propidium iodide (PI;
50 pug/ml in 0.1% sodium citrate with 0.1% NP-40) for 15 min
at room temperature in the dark. Cells in the G1, S and G2/M
phases were identified based on fluorescence intensity and cell
cycle distribution was analyzed using BD Accuri™ C6 Plus
software version 1.0.23.1 (BD Biosciences).

Western blotting and ELISA. Total cell lysates were prepared
in RIPA lysis buffer (GenDEPOT) containing a freshly added
protease inhibitor cocktail (GenDEPOT). The protein concen-
tration was then measured using the Bradford assay (Bio-Rad
Laboratories, Inc.) Protein extracts (15 ug) were then mixed
with SDS sample buffer, boiled for 5 min and separated by
SDS-PAGE on 12% (w/v) gels. Subsequently, proteins were
transferred to nitrocellulose membranes (EMD Millipore).
Blots were blocked in 5% BSA solution (BSA in 1X TBS-0.1%
Tween-20; GenDEPOT) at room temperature for 1 h. Blots
were incubated overnight at 4°C with primary antibodies
(1:1,000 dilution) against heterochromatin protein 1y (HP1y;
cat. no. ab56978), ADAMO (cat. no. abl186833), ADAMIO (cat.
no. ab1997) ADAMI17 (cat. no. ab2051) (all Abcam), sirtuin 1
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(SIRTT; cat. no. sc-15404), B-actin (cat. no. sc-47778) (both
Santa Cruz Biotechnology, Inc.) and V5 (cat. no. R-960-25;
Invitrogen; Thermo Fisher Scientific, Inc.) followed by incuba-
tion with HRP-conjugated goat anti-rabbit (cat. no. SA002-500)
and goat anti-mouse (cat. no. SA001-500) secondary anti-
bodies (1:5,000 dilution; both GenDEPOT) for 30 min at
room temperature. Protein bands were detected with Western
Lightning Plus ECL (PerkinElmer) and semi-quantification of
protein expression was visualized using an Amersham Imager
600 (GE Healthcare).

Klotho and TNF-a levels were measured in cell lysates
using the Mouse TNF-a ELISA Ready-Set-Go (cat.
no. 88-7324; Invitrogen; Thermo Fisher Scientific, Inc.)
and Mouse Klotho ELISA (cat. no. LS-F6578; LSBio) kits.
Experiments were performed according to the manufacturer's
instructions without further optimization and absorbance was
read at 450 nm using the Multiskan FC microplate photometer
(Thermo Fisher Scientific, Inc.).

Immunocytochemistry. mIMCD-3 cells were seeded on 8-well
cell culture slides (4x10%/well) (SPL Life Sciences), incubated
for 24 h,and subjected to 6 Gy irradiation. After 72 h, slides were
rinsed with PBS and fixed in 4% paraformaldehyde overnight
at 4°C, followed by permeabilization in 0.1% Triton X-100 for
10 min at room temperature and rinsing with PBS. Cells were
blocked in 5% BSA solution (BSA in 1X TBS-0.1% Tween-20)
(GenDEPOT) at room temperature for 1 h. Subsequently, cells
were incubated overnight at 4°C with primary antibodies (1:100
dilution) against HP1y and SIRT]I, followed by incubation
with the following secondary antibodies (1:200 dilution): Goat
anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary Antibody,
Alexa Fluor 488 (cat. no. A11008) and Goat anti-Mouse IgG
(H+L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488
(cat. no. A11001) (Invitrogen; Thermo Fisher Scientific, Inc.)
for 2 h at room temperature in the dark. Specimens were then
treated with 2 yg/ml PI (Sigma-Aldrich; Merck KGaA) in PBS
for 5 min at room temperature, mounted on glass slides, and
observed under a Zeiss LSM 710 confocal microscope (Carl
Zeiss AG).

Reverse transcription-PCR (RT-PCR) and RT-quantitative (q)
PCR. Total RNA was isolated from cells and tissues using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.)
and quantified via formaldehyde-agarose gel electrophoresis.
Single-stranded cDNA was synthesized from RNA (4 ug)
using 0.27 ug oligo dT and amfiRivert reverse transcriptase
(cat. no. R5600-200; GenDEPOT) according to the manufac-
turer's instructions. The desired cDNA fragments were
amplified via RT-qPCR using the following primers: Klotho,
forward 5'-TGTGAATGAGGCTCTGAAAGC-3', reverse
5'-GAGCGATCACTAAGTGAATACG-3'; TNF-a, forward
5-CCACCACGCTCTTCTGTCTAC-3, reverse 5-AGGGTC
TGGGCCATAGAACT-3"; ADAMY, forward 5'-GGATAT
GGAGGAAGCGTGGA-3', reverse 5-GCAACAAGGGGG
ACGATTAG-3'; ADAMIO, forward 5'-AGCAACATCTGG
GGACAAAC-3, reverse 5"TGGCCAGATTCAACAAAA
CA-3'; ADAML17, forward 5'-GTACGTCGATGCAGAGCA
AA-3', reverse 5'-GAAATCCCAAAATCGCTCAA-3"; and
GAPDH, forward 5-AAGGGCTCATGACCACAGTC-3' and
reverse 5S"TTCAGCTCTGGGATGACCTT-3". To determine

mRNA expression, reactions were conducted in a total volume
of 20 pl containing 1 1 cDNA, 5X Hot FIREPol® EvaGreen®
gPCR Supermix (Solis BioDyne) and the relevant primers.
The Mic qPCR cycler for real-time PCR (Bio Molecular
Systems) was used to assess mRNA expression. Expression
data were normalized to the geometric mean of the house-
keeping gene, GAPDH, to control the variability in expression
levels and analyzed using the 2224 method (18).

Transfection. A total of 1 day prior to transfection,
cells were seeded onto 60-mm dishes (4x10/well). For
pcDNA3.1/V5-His-TOPO vector plasmid (cat. no. K480001,
Invitrogen; Thermo Fisher Scientific, Inc) and Klotho expres-
sion plasmid (V5-klotho; cat. no. 17712; Addgene, Inc.) DNA
transfection, 8 ug DNA was added to 0.5 ml Opti-MEM (Gibco;
Thermo Fisher Scientific, Inc.), followed by the addition of
0.5 ml Opti-MEM containing 20 gl Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.). The mixture was
incubated at room temperature for 5 min and was then added
to cells. After incubation for 6 h at 37°C, the medium was
changed, followed by incubation of cells for 24 h and exposure
to 6 Gy radiation. The empty pcDNA3.1/V5-His-TOPO vector
was used as the negative control.

Statistical analysis. Data are presented as the mean + SD
of at least three experiments. Statistical comparisons among
the groups were analyzed with unpaired Student's t-test,
or one-way ANOVA and Tukey's post hoc test using SPSS
software version 23 (IBM Corp.). P<0.05 was considered to
indicate a statistically significant difference.

Results

Radiation induces senescence of kidney cells. To determine
whether IR induces cellular senescence in mIMCD-3 cells,
cell viability and senescence-associated markers, HP1y
and SIRT1 (19), were initially measured. Cell viability and
the proportion of cells in G1 phase of the cell cycle were
significantly decreased in mIMCD-3 cells in response to
irradiation (Fig. 1A-C). In addition, the expression levels
of HP1y and SIRTI levels were significantly decreased in
irradiated mIMCD-3 cells (Fig. 1D-F), as determined via
western blotting. Immunofluorescence findings confirmed
the IR-induced decrease in the expression levels of HP1y
and SIRT1 (Fig. 1G and H). These results indicated that
irradiation may suppress viability and promote senescence
of kidney cells.

Radiation enhances TNF-a expression in kidney cells and
tissues of mice. To determine whether TNF-a levels were
affected by IR in vivo and in vitro, TNF-o mRNA expression
and protein levels were examined in irradiated mIMCD-3
cells, as well as in the kidney tissues of BALB/c and C57BL/6
mice. RT-qPCR experiments revealed a significant increase
in the mRNA expression levels of TNF-a, both in irradiated
mIMCD-3 and C57BL/6 mice. However, the mRNA expres-
sion levels of TNF-a in BALB/c mice were only slightly
increased (Fig. 2A and B). Consistent with this finding, ELISA
experiments revealed a subsequent increase in TNF-a protein
levels. Furthermore, TNF-a protein levels were significantly
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Figure 1. Radiation induces senescence of mIMCD-3 cells. (A) Control and IR-treated viable mIMCD-3 cells were visualized using Trypan blue exclusion
and counted. (B) Control and IR-treated cell proliferation wase determined using the WST assay. Data are presented as a percentage of control cell growth.
(C) Control and IR-treated mIMCD-3 cells were stained with PI and subjected to flow cytometry. (D) Protein expression levels of HP1y and SIRT1 were
determined via western blotting, with f-actin as the loading control. Semi-quantification of (E) HP1y and (F) SIRT1 protein expression levels in cell lysates
relative to the control group. Immunofluorescence analysis of (G) HP1y and (H) SIRT1 using a fluorescein isothiocyanate-conjugated secondary antibody and
PI nuclear staining followed by confocal microscopy (scale bar, 10 gm). mIMCD-3 cells were treated with or without 6 Gy radiation and cultured for 72 h. Data
are expressed as the mean = SD (n=4), "P<0.05, “P<0.01, ““P<0.001 vs. Control. mIMCD-3, mouse inner medullary collecting duct-3; IR, ionizing radiation;

HP1y, heterochromatin protein ly; SIRT1, sirtuin 1; PI, propidium iodide.

increased in irradiated BALB/c mice but only slightly
decreased in irradiated C57BL mice (Fig. 2C and D). These
collective data clearly demonstrated that the protein and
mRNA expression levels of TNF-a were increased in irradi-
ated kidney cells and BALB/c mice tissues.

mRNA expression levels of Klotho are decreased in irradi-
ated kidney cells and tissues of mice. To investigate whether
levels of the aging suppressor Klotho were affected by IR
in vivo and in vitro, the mRNA expression and protein levels
of Klotho were examined in irradiated mIMCD-3 cells,
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Figure 2. Upregulation of TNF-a mRNA expression and protein levels in irradiated mIMCD-3 cells, and renal tissues of BALB/c and C57BL6 mice.
(A) mIMCD-3 cells, and (B) BALB/c and C57BL/6 mice were treated with or without 6 Gy radiation. After 24 and/or 72 h, reverse transcription-quantitative
PCR was applied to assess TNF-a mRNA expression using GAPDH as the loading or internal control. ELISA was conducted to measure (C) protein levels of
TNF-a (pg/ml) in mIMCD-3 cells, and (D) fold-change values of TNF-a levels in BALB/c and C57BL/6 mice relative to the control group. Data are presented
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(A) mIMCD-3 cells, and (B) BALB/c and C57BL/6 mice were treated with or without 6 Gy radiation. After 24 and/or 72 h, reverse transcription-quantitative
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(C) Klotho protein levels (pg/ml) in mIMCD-3 cells, and (D) fold-change values of Klotho levels in BALB/c and C57BL/6 mice relative to the control group.
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Figure 4. Downregulation of ADAM9/10/17 mRNA expression levels in irradiated mIMCD-3 cells and renal tissues of BALB/c mice. (A-C) mIMCD-3
cells and (D-F) BALB/c mice were treated with or without 6 Gy radiation. After 72 h, reverse transcription-quantitative PCR was applied to assess
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inner medullary collecting duct-3; IR, ionizing radiation.

and in the kidney tissues of BALB/c and C57BL/6 mice.
The mRNA expression levels of Klotho were markedly
decreased in irradiated mIMCD-3 cells, and in BALB/c mice
(Fig. 3A and B), as determined by RT-qPCR. By contrast,
ELISA detected considerably increased Klotho protein
levels in mIMCD-3 cells and BALB/c mice following radia-
tion; however, Klotho protein levels were slightly increased
on days 1 and 3 compared with the control in C57BL/6
mice (Fig. 3C and D). Transfection experiments were
performed to confirm the action site (membrane-anchored
or soluble secreted) of the Klotho protein expressed in
the cells. Consistent with ELISA findings, the results of
western blot analysis revealed increased levels of exogenous
V5-tagged Klotho (membrane-anchored) protein in irradi-
ated mIMCD-3 cells (Fig. 3E and F). Notably, these findings
suggested that the mRNA expression levels of Klotho were
decreased, whereas the expression levels of the corre-
sponding protein were increased in irradiated mIMCD-3
cells and BALB/c mice.

ADAMOY/10/17 levels are decreased in irradiated kidney
cells and tissues of mice. The mRNA expression levels of
ADAMOY/10/17 were subsequently detected in irradiated
mIMCD-3 cells, and in the kidney tissues of BALB/c mice,
in order to determine whether ADAMO9/10/17, an ectodomain

shedding enzyme of Klotho, was affected by IR in vivo and
in vitro. As determined by RT-qPCR, the mRNA expression
levels of ADAMOY/10/17 were decreased in irradiated mIMCD-3
cells and BALB/c mice (Fig. 4A-F). In addition, ADAM9/10/17
protein expression was decreased in irradiated mIMCD-3 cells
(Fig. 4G-J), as determined via western blot analysis.

Discussion

There is growing awareness that radiation induces injury in the
normal tissue of organs that are late to respond to radiation, such
as the brain, kidneys and lungs, involving complex and dynamic
responses between multiple cell types that lead not only to
targeted cell death, but also to acute and chronic alterations in
cell function (20). The pathogenesis of radiation-induced renal
dysfunction is multifaceted and is associated with the sequen-
tial interaction of all cell types, including vascular, tubular and
glomerularcells,in the kidney. In particular,renal tubular cells and
the surrounding interstitium are notably radiosensitive (1,21-23).
Data from the present study revealed that irradiation induced
cellular senescence in mIMCD-3 mouse kidney cells. Among the
genes associated with cellular senescence, the mRNA expression
levels of the aging suppressor, Klotho (24), were decreased and
its negative regulator, TNF-a (11,25), were increased in irradi-
ated kidney cells and mouse kidney tissues.
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Cellular senescence is a common response of normal
cells to radiation, which contributes to tissue injury (26). A
previous study demonstrated the increased activity of senes-
cence pathways in multiple kidney diseases (27). In addition,
a reduction in the number of renal senescent cells via replace-
ment with non-senescent cells has been reported to decrease
aging-related injury (28). In the present study, the expression
levels of HP1y, a commonly used marker of senescence, were
decreased in mIMCD-3 cells. Additionally, irradiation induced
downregulation of SIRT1 protein, supporting the concept
that radiation exposure may promote cellular senescence of
mIMCD-3 kidney cells.

Senescent cells secrete various proinflammatory cytokines
associated with normal tissue injury following irradiation (8).
In previous studies, Klotho suppressed TNF-a-induced
expression of adhesion molecules in endothelial cells (24) and
proinflammatory cytokines reduced Klotho expression in the
kidney (29), supporting the association of Klotho with inflam-
mation in kidney cells. Klotho is an aging suppressor protein
that is abundant in kidney tissue and Klotho-knockout mice
have been shown to develop a syndrome similar to premature
aging (30,31). The present study focused on determining
the relevance of radiation-induced cellular senescence and
the involvement of Klotho. Despite recent focus on the role
of Klotho in the kidney, its precise functions with regards to
pathophysiological implications remain to be established.

Klotho is a transmembrane protein whose extracellular
domain is cleaved by the ectodomain shedding enzyme,
ADAMY/10/17, to generate large amounts of soluble protein
into the blood, urine and cerebrospinal fluid. The Klotho
protein exists as both membrane-anchored and soluble secreted
forms (30,32) with potentially distinct functions. Membrane
Klotho forms a complex with fibroblast growth factor (FGF)
receptors (FGFRs) and functions as a coreceptor for FGF23,
a bone-derived hormone that controls mineral homeostasis.
Soluble Klotho functions as an endocrine factor with impor-
tant roles in numerous processes, including antisenescence,
energy metabolism, inhibition of Wnt signaling, antioxidation,
and modulation of ion transport independently of FGF23
and FGFRs (33-35). In particular, the present study showed
that while Klotho gene transcription was downregulated, the
corresponding translated protein was consistently expressed
after radiation exposure. In addition, it was confirmed that the
location of the expressed Klotho protein was not truncated
and was anchored on the cell membrane with increased levels
of the exogenous V5-tagged Klotho (membrane-anchored)
protein detected after mIMCD-3 cells radiation exposure.
ADAMs are membrane-anchored cell surface and secreted
proteins containing disintegrin and metalloproteinase domains
that are critical for regulation of cell phenotypes via effects on
cell adhesion, migration, proteolysis, and modulation of cell
signaling and biological responses (36). In the present study,
the expression of the ectodomain shedding enzyme of Klotho,
ADAMUY/10/17, was reduced following exposure of the kidney
to radiation. However, BALB/c mice are sensitive to radiation
and C57BL/6 mice are resistant (37,38); therefore, this study
evaluated ADAMs expression in BALB/c mice. Differences
in radiation-induced genomic instability between these mouse
strains necessitate further study of the expression levels of
ADAMs that respond differently to radiation-sensitive or resis-

tant mouse strains. Notably, a decline in blood Klotho levels
has previously been detected in patients with aging-related
disorders, such as cardiovascular disease, cancer, hypertension
and kidney disease (39). The present findings suggested that
a reduction in Klotho gene expression, along with disruption
of physiological cleavage of Klotho via inhibition of ADAM,
may contribute to radiation-induced renal dysfunction via the
acceleration of senescence.

Commonly, damage of renal tubules is the ultimate
pathway leading to end-stage kidney disease. Accumulating
studies have suggested that the pathogenesis of radia-
tion-induced nephropathy is multifaceted and involves the
unpredictable interactions of all cell types of the kidney,
as well as a number of various inflammatory elements in
the kidney (21,22,40,41). Critically, some types of soluble
Klotho may exist in the blood, urine and other body fluids,
where it performs a multitude of functions in renal inflam-
matory response. However these pleiotropic roles are poorly
understood (8,41-43). Moreover, the differences between
BALB/c and C57BL/6 mice with regards to changes in
TNF-a and ADAMY9/10/17 expression caused by irradia-
tion may be assessed in future research. The differences in
mouse strains with regards to inflammation and tubular cell
responses during damage may provide compelling potential
targets for additional studies of responsiveness to the devel-
opment of radiation-induced nephropathy (44-47).

In conclusion, to the best of our knowledge, the present
study is the first to indicate that radiation-induced renal
dysfunction may be associated with TNF-a-mediated inhibi-
tion of Klotho gene expression, which could accelerate cellular
senescence of the kidney. Based on the current data, it may be
suggested that kidney dysfunction due to irradiation is caused
by decreased production of soluble Klotho via reduced expres-
sion of ADAMOY/10/17. These novel findings provide insights
into the pathogenic mechanisms underlying radiation-induced
kidney injury, which should facilitate the development of
treatment strategies and support the efficacy of Klotho as a
biomarker. Therefore, Klotho may not only be useful as a
diagnostic and/or prognostic marker, but could present a prom-
ising target to prevent and retard radiation-induced kidney
injury. Further investigation of the functional involvement of
Klotho-mediated renal tubular injury is imperative and will be
the main point of further study, along with overcoming limita-
tions, such as the use of a single cell line, a limited number of
animals, pathological mechanism studies, and experimental
animal model selection based on mouse strain difference.
Therefore, future studies are focusing on identifying the
mechanisms of action of ADAMSs, and the various forms of
Klotho that perform numerous functions, in order to under-
stand the mechanisms underlying translational modification in
irradiated kidney cells/tissues and serum.
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