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1. Introduction

Cisplatin (CP) is a platinum-based chemotherapeutic agent. It is
commonly used to treat diverse types of solid cancers. Although CP is a
powerful chemotherapeutic agent, it has significant side effects. Common
side effects of CP treatment include nephrotoxicity (kidney damage),
gastrointestinal toxicity (nausea, vomiting, and diarrhea), ototoxicity
(hearing loss), and myelosuppression (reduced blood cell production),
with nephrotoxicity being the most serious and limiting one (1 -3).
Accumulation of CP in the kidney 1is the cause of CP-induced
nephrotoxicity, which results in tubular injury associated with cell death,
inflammation, vascular damage, and oxidative and endoplasmic reticulum
stress, ultimately leading to acute kidney injury (AKI) (4 - 12).

Signs of AKI include an increase in serum creatinine (SCr) or blood
urea nitrogen (BUN). Currently, there is no treatment or method that
effectively prevents CP-induced AKI (13,14). AKI is caused by the
production of reactive oxygen species (ROS), activation of apoptotic and
senescence pathways, and inhibition of cell proliferation (12). ROS are
considered to be a major cause of CP-induced AKI, so protecting the
kidney from ROS could prevent structural as well as functional damages
(15,16).

ROS play a crucial function in regulating apoptosis, cell survival,
differentiation, and the production of inflammation—associated factors (17
-19). It is known that increased ROS production during CP treatment
activates several signaling cascades that lead to renal tubular epithelial
cell mortality and damage (20 - 22).

Apoptosis, a conserved process of programmed cell death in which

cells self-destruct, is one of the ROS-activated signaling cascades. ROS
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are one of the most crucial apoptosis—inducing stressors (23 - 26) among
a varlety of exogenous and endogenous apoptosis—inducing signals.

Senescence is an additional ROS-activated signaling cascade. Cellular
senescence 1s characterized by an unreversible cell cycle arrest that
limits the proliferation of dysfunctional cells (27) and is a significant
risk factor for the progression of multiple cancers, cardiovascular
diseases, and neurodegenerative diseases (28). Recent studies link high
levels of ROS production to a faster rate of aging, and low levels of
ROS production to extended lifespans (29 - 31).

Ketone bodies are three biomolecules, including B-hydroxybutyrate (8
OHB), acetoacetate, and acetone, that the muscle, brain, heart, and other
organs can use as alternative energy sources during prolonged periods
of fasting or deprivation (14,32,33). These physiological changes result in
a wide range of blood Kketones, allowing them to act as metabolic
signals to regulate a variety of cellular functions (inhibit lipolysis and
oxidative stress, improve neuroprotection, and inhibit histone methylation
and acetylation) (34,35). Dietary interventions such as calorie restriction
(CR) or ketogenic diet enhance the circulation of BOHB, presumably an
anti—aging metabolite that protects against age-related diseases (28,35,36
-38). Multiple published reports have demonstrated that low
concentrations of BOHB have anti-inflammatory and anti-oxidant effects
(39,40), and exogenous PBOHB has demonstrated beneficial therapeutic
effects in stressful conditions such as extensive burns (41), hemorrhage
shock (42,43), anoxia, hypoxia, and cerebral ischemia (44). In mammals,
BOHB decreases the vascular cell senescence and senescence—associated
secretory phenotype (SASP), and it has been reported that ketogenic
diet significantly increase the lifespan of mice (27,36).

In this study, the protective effects of BOHB against CP-induced injury

in human proximal tubule epithelial cells (HK-2) were investigated, with
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a focus on the reduction of oxidative stress, apoptosis, and senescence
and the increase in proliferation. In addition, the effects of BOHB on
oxidative stress-related gene expression and anti-senescence in the

CP-induced AKI model were investigated.



2. Materials and Methods

2.1. Cell culture and reagents:

HK-2 cells (an immortalized human proximal tubule epithelial cell line)
were purchased from the Korean Cell Line Bank (KCLB) (Seoul, Korea).
HK-2 cells were grown in RPMI 1640 medium supplemented with 1096
fetal bovine serum (FBS) (Welgene, Gyeonsangbuk-do, Korea) and 1%
penicillin/streptomycin antibiotics (Gibco, Grand Island, New York) at 37
T in a 5% CO; humidified atmosphere. CP and BOHB were obtained
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Drug treatment:

Different treatment times and conditions apply to each experiment.
The details are described in Figure 1. In the first procedure, cells were
pre-incubated with BOHB (5 or 10 mM) for 2 hours and then treated
with CP (5 or 10 uM) for 24 and 48 hours. In the second procedure, 6
hours after having been treated with CP (5 or 10 uM), the medium was
changed to medium containing BOHB (5 or 10 mM) and incubated for 7
days. In the third procedure, after incubation with CP at 5 uM for 24
and 48 hours, the medium was changed to medium containing BOHB (56
or 10 mM), and the optical density (OD) was measured daily. In the
fourth procedure, cells were pre-incubated with BOHB (5 or 10 mM) for
2 hours before being treated with CP (5 or 10 uM) for 30 minutes.

2.3. Animals and the CP-induced AKI model:



All the experiments were performed on 7-week-old male C57BL/6]
mice that had been purchased from Ja Bio (Gyeonggi—-do, Korea). The
mice were maintained at a controlled temperature (24 + 1 C), humidity,
and lighting (12 : 12 hours light-dark cycle). After one week of
acclimatization, the mice were randomly divided into 4 groups: Control,
BOHB, CP, and BOHB + CP (n = 7 for each group). Mice in the
Control group received a single intraperitoneal (i.p.) injection of normal
saline. BOHB were administered into mice in the BOHB group by ip.
injection once a day for 7 days. The CP group mice were administered
with CP at 25 mg/kg in a single i.p. injection. To investigate the effects
of BOHB on CP-induced AKI, the mice were pre-treated with BOHB
per day by i.p. administration once a day for 4 days before and 3 days
after CP injection. Blood samples and kidney tissues were collected for
further study. The whole experimental procedure is shown in Figure
11A. The Institutional Animal Care and Use Committee (IACUC) of
Keimyung University, School of Medicine approved this study
(KM-2020-16R1).

2.4. Cell viability and morphology:

To determine cell viability and morphology, cells were seeded into
96-well plates (1 x 10* cells per well). Cells were treated according to
treatment procedure 1 (Figure 1). Cell viability was measured using Cell
Counting Kit-8 (CCK-8) (Dojindo, Kumamoto, Japan) according to the
manufacturer’s instructions. The CCK-8 reagent was briefly added to
each well, followed by incubation for 1 hour at 37 C in a 5% CO,
humidified atmosphere. Absorbance was measured at 450 nm using a

microplate reader (Infinite M200 Pro, Tecan, Mannedorf, Switzerland).



Cell viability was expressed as a percentage of the control. Changes in
cell morphology caused by CP and BOHB alone or in combination were
analyzed by microscopy. Cells were viewed and captured using an
inverted microscopy (DMil, Leica, Wetzlar, Germany) under

phase—contrast illumination.

2.5. Cell cytotoxicity:

To determine cytotoxicity, cells were seeded into 96-well plates (1 x
10* cells per well). Cells were treated according to drug treatment
procedure 1 (Figure 1). Cell cytotoxicity was determined by measuring
lactate dehydrogenase (LDH) released from HK-2 cells using a
Cytotoxicity LDH Assay Kit-WST (Dojindo, Kumamoto, Japan)
according to the manufacturer’s instructions. In brief, 100 uL. of Working
Solution was added to the wells and then cells were incubated for a
further 30 minutes at 37 C until 50 uL of Stop Solution was added.
Absorbance was measured at 490 nm using a microplate reader (Infinite
M200 Pro, Tecan, Mannedorf, Switzerland). The relative activity of LDH
(%) was calculated as [Cytotoxicity (%) = (Test Substance - Low
Control / High Control - Low Control) x 100].

2.6. Western blot analysis:

Cells were seeded into 60-mm dishes (3 x 10° cells) for western blot
analysis. Cells were treated according to drug treatment procedure 1
(Figure 1). Harvested cells were lysed in radioimmunoprecipitation assay
(RIPA) buffer (Thermo Scientific, Boston, MA, USA) containing 0.2 M
phenylmethylsulfonyl fluoride (PMSF) (Cell Signaling Technology,



Beverly, MA, USA) and protease inhibitors (PI) (Gendepot, Katy, TX,
USA). Lysates were centrifuged at 7,500 g for 20 minutes at 4 C and
the supernatant was collected. The lysates were quantified using the
bicinchoninic acid (BCA) Protein Assay Kit (Thermo Scientific, Boston,
MA, USA). Thirty ug of protein was separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The protein was
transferred to a nitrocellulose membrane (GE Healthcare, Little Chalfont,
UK). The membranes were blocked in 5% skim milk in tris buffered
saline with Tween 20 (TBS-T) (50 mmol/L NaCl, 10 mmol/L Tris-HC]I,
and 0.25% Tween-20) for 30 minutes at room temperature. Membranes
were Incubated with anti—cleaved caspase-3, anti—cleaved PARP, anti-y
H2AX, anti-TNF-a, anti-MMP3 (1:1,000 dilution, Cell Signaling
Technology, Beverly, MA, USA), and anti-pl6 (1:1,000 dilution, Thermo
Scientific, Boston, MA, USA) primary antibodies at 4 C overnight.
Beta—actin (1:2,000 dilution, Sigma-Aldrich, St. Louis, MO, USA) was
used as an internal control. The membranes were washed three times
with TBS-T for 10 minutes each and incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies (1:3,000 dilution, Cell
Signaling Technology, Beverly, MA, USA) for 2 hours at room
temperature. Protein bands were detected using Lumi-Pico solution
(Dogen, Seoul, Korea). LAS-3000 was used to detect protein—specific
signals (Fujifilm, Tokyo, Japan).

2.7. Real-time reverse transcription—-polymerase chain

reaction (RT-PCR) analysis:

Cells were seeded into 6-well plates (1.5 x 10° cells per well) for

real-time PCR. Cells were treated according to drug treatment procedure



1 (Figure 1). Total RNA was extracted from cultured HK-2 cells or
kidney tissues using Trizol reagent (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer's protocol. A  NanoDrop 2000
spectrophotometer (NonoDrop Technologies, Wilmington, DE, USA) was
used to measure RNA purity and concentration. Complementary DNA
(cDNA) was synthesized from 4 ug of RNA using Moloney Murine
Leukemia Virus (M-MLYV) reverse transcriptase (Promega, Madison, WI,
USA). SYBR Green PCR Master Mix (Toyobo, Osaka, Japan) was used
for real-time PCR. The real-time PCR was performed using 10 ul of
SYBR Green PCR Master Mix, 0.5 ul. of forward and reverse primers
at 10 pmole/uL, 7 uL of water, and 2 uL of template cDNA for a total
volume of 20 ul. Real-time PCR used the following parameters: initial
denaturation at 95 T for 30 seconds, amplification at 45 cycles
performed at 95 C for 5 seconds, 60 C for 10 seconds, and 72 T for
15 seconds, melting curve at 95 C for 10 seconds, 65 C for 1 minute,
cooling at 37 C for 10 minutes with gene-specific primers (Table 1).
Quantification by real-time PCR was used with a LightCycler 480
(Roche, Basel, Switzerland). The comparative Ct (272%Y) method was
used to quantify mRNA levels, which were normalized to the levels of
the respective housekeeping genes, [-actin. Primer sequences

(Macrogen, Seoul, Korea) are shown in Table 1.

2.8. Senescence—-associated B-galactosidase (SA-B-gal)

staining assay:

For the SA-B-gal staining assay, cells were seeded into 6-well plates
(15 x 10° cells per well). Cells were treated according to drug treatment

procedure 1 (Figure 1). SA-B-gal staining was performed according to



Dimri et al. (45). Briefly, cells were washed twice with
phosphate-buffered saline (PBS) and fixed with 49 paraformaldehyde
(PFA) (Fujifilm  Wako, Osaka, Japan) for 10 minutes at room
temperature. The cells were washed twice with PBS, cleared completely,
and then incubated overnight in a solution of fresh X-gal staining [1
mg/ml 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (X-Gal), 5
mM potassium ferricyanide trihydrate, 5 mM potassium ferricyanide
crystalline, and 2 mM magnesium chloride in PBS, pH 6.0] at 37 T
without COs The cells were then visualized under a microscopy
(CKX53, Olympus, Tokyo, Japan) to quantify the percentage of positive
SA-B-gal staining cells.

Quantitative analysis of cultured cells was performed with the Cellular
Senescence Plate Assay Kit SPIDER-BGal (Dojindo, Kumamoto, Japan)
in accordance with the manufacturer’s protocol. Cells were seeded into
96-well plates (1 x 10* cells per well). Cells were treated according to
drug treatment procedure 1 (Figure 1). In brief, cells were lysed with
Lysis Buffer for 10 minutes at room temperature, followed by incubation
with SPiDER-BGal Working Solution for 30 minutes in a 37 C in a 5%
CO; humidified atmosphere. The excitation wavelength of 535 nm and
the emission wavelength of 580 nm were then measured using a
microplate reader (Infinite M200 Pro, Tecan, Mannedorf, Switzerland)
after the addition of the Stop Solution. The Cell Count Normalization Kit
(Dojindo, Kumamoto, Japan) was used to adjust the number of cells
between wells.

For SA-B-gal staining, kidney tissues were embedded in paraffin.
Paraffin tissues were sectioned at 4 uym thickness using a Microtome
(HM 325 Rotary Microtome, Thermo Scientific, Boston, MA, USA).
Tissues were rehydrated with xylene and a series of graded ethanols

and incubated in a fresh X-gal staining solution (pH 4.0) for 16 hours

_9_



at 37 T without CO,. All histological assessments were performed by
microscopic examination of stained sections (DM750, Leica, Wetzlar,

Germany).

2.9. Colony formation assay:

For the colony formation assay, HK-2 cells were seeded into 6-well
plates (1 x 10° cells per well). Cells were treated according to drug
treatment procedure 2 (Figure 1). After 6 hours of incubation with CP,
the cells were grown in BOHB in the culture medium for 1 week. Cells
were fixed with methanol for 15 minutes and stained with 0.5% crystal
violet (Sigma—-Aldrich, St. Louis, MO, USA) in 25% methanol for 1 hour
at room temperature. After being rinsed with distilled water, colonies
were counted for each sample and images of the stained colonies were
visualized under a microscopy (CKX53, Olympus, Tokyo, Japan), and
colonies were calculated using Image J software (National Institutes of
Health, Bethesda, MD, USA). For quantitative analysis, the colonies
were resuspended in 10% acetic acid for 1 hour at room temperature by
shaking. The absorbance of the crystal violet was measured at 590 nm
using a microplate reader (Infinite MZ200 Pro, Tecan, Mannedorf,

Switzerland).

2.10. Cell proliferation and growth curve:

HK-2 cells proliferation was measured by CCK-8 (Dojindo,
Kumamoto, Japan). Cells were seeded into 96-well plates (0.8 x 10* cells
per well). Cells were treated according to drug treatment procedure 3

(Figure 1). All experiments were performed in triplicate. At 1, 2, and 3

_10_



days after incubation, CCK-8 reagent was added to each well, incubated
for 1 hour at 37 C in a 5% CO, humidified atmosphere, and the results
were analyzed by a plate reader at 450 nm using a microplate reader

(Infinite M200 Pro, Tecan, Mannedorf, Switzerland).

2.11. ROS measurement assay:

ROS was assessed using 2,7 -dichlorofluorescein diacetate (DCFDA)
(Sigma-Aldrich, St. Louis, MO, USA), which enters the cell and reacts
with reactive oxygen to produce a green fluorescent dye. HK-2 cells
were seeded into 12-well plates (7 x 10" cells per well). Cells were
treated according to drug treatment procedure 4 (Figure 1). After
treatment, cells were washed with Hanks balanced salt solution (HBSS)
(Gibco, Grand Island, New York) and incubated with 30 uM (working
solution) DCFDA for 30 minutes at 37 C in a 5% CO; humidified
atmosphere. Cells were washed twice with HBSS and observed under
fluorescence microscopy (CKX53, Olympus, Tokyo, Japan). DCFDA
green fluorescence per cell was quantified using Image J software

(National Institutes of Health, Bethesda, MD, USA).

2.12. Assessment of renal function:

Blood samples were collected in tubes and centrifuged at 2,000 g for
20 minutes to isolate the serum. SCr and BUN (Abcam, Cambridge,
UK) levels were measured according to the manufacturer’'s protocol.
Absorbance was measured using a microplate reader at a wavelength of
570 nm. Serum levels of kidney injury molecular 1 (KIM1) were

measured using an enzyme-linked immunosorbent assay (ELISA) Kkit
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(Abcam, Cambridge, UK) according to the manufacturer’'s protocol. A
microplate reader was used to measure OD at 450 nm (Infinite M200
Pro, Tecan, Mannedorf, Switzerland), and the concentration of KIMI1 in

each sample was calculated from the standard curve.

2.13. Histologic analysis of the kidney:

Kidney tissues were fixed in 10% formalin, embedded in paraffin, and
cut into 4 um thick sections using a Microtome (HM 325 Rotary
Microtome, Thermo Scientific, Boston, MA, USA). Tissues were
rehydrated through xylene and a graded series of ethanol. Hematoxylin
and eosin (H&E) and periodic acid-Schiff (PAS) staining Kkits (Scytek
Laboratories, Inc., Logan, UT, USA) were used. Staining was performed
according to the manufacturer's instructions. Stained sections were

examined under light microscopy (DM750, Leica, Wetzlar, Germany).

2.14. ROS measurement in the kidney:

Superoxide levels in Kkidney tissue were measured by staining the
freshly prepared paraffin  sections with dihydroethidium (DHE)
(Sigma-Aldrich, St. Louis, MO, USA). Sections were cut into 4 um
thick slices and deparaffinized in 3 xylene for 5 minutes each. Sections
were rehydrated in graded alcohols, and 3 times washed in PBS.
Sections were incubated with 10 uyM DHE for 30 minutes in a
humidified and dark chamber at room temperature and then
counterstained with 4'6-diamidino-2-pheylindole (DAPI) (Sigma-Aldrich,
St. Louis, MO, USA). Mounting was performed using ProLong Gold
Antifade Mountant (Invitrogen, Gaithersburg, MD, USA), fluorescence
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images were acquired using a fluorescence microscopy (Axio Observer
Al, Carl Zeiss, Jena, Germany), and Image ] (National Institutes of
Health, Bethesda, MD, USA) was used to quantify DHE-positive cellular

structures.

2.15. Immunohistochemistry (IHC) analysis:

Kidney tissue sections were deparaffinized through 3 xylene washes of
5 minutes each, after drying at 60 C for 30 minutes. The sections were
rehydrated in graded alcohols and then incubated in 30% hydrogen
peroxide for 15 minutes. For antigen retrieval, sections were incubated
in 10 mM citrate buffer (pH 6.0) at 95 C. Sections were incubated with
an 8-hydroxy-2'-deoxyguanosine (8-OHdG) antibody (1:100 dilution,
Santa Cruz Biotechnology, Dallas, TX, USA) at 4 C overnight. After
washing with PBS, the sections were incubated with secondary antibody
(1:200 dilution, Abcam, Cambridge, UK) for 1 hour at room temperature.
The immunoreaction sections were visualized with 3,3’ -diaminobenzidine
(DAB) substrate kit (Vector Laboratories, Burlingame, CA, USA) (brown
color indicates 8-OHdG protein) and counterstained with hematoxylin
(Dako, Glostrup, Denmark). Stained sections were examined by light
microscopy (DM750, Leica, Wetzlar, Germany). A light microscope
equipped with an imaging system was used to quantify the stained
areas. Quantitative analysis of the 8-OHdG areas (with brown staining)

was performed using Image J (National Institutes of Health, Bethesda,
MD, USA).

2.16. Statistical analysis:

_13_



All experiments consisted of a minimum of three independent
experiments. Results are presented as the mean * standard deviation
(SD) (n = 3). Student’s ¢—test was used for statistical analysis, p value

of < 0.05 was considered to indicate statistical significance.
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Table. Details of Primer Pair Sequences

Species Name Sequences of primers
Bracti Forward : 5 — GGACTTCGAGCAAGAGATGG - 3
n
Reverse : 5 - AGCACTGTGTTGGCGTACAG - 3
B2 Forward : 5 - GTCTGGGAATCGATCTGGAA - 3
o
Reverse : 5 - AATGCATAAGGCAACGATCC - 3
B Forward : 5 - ATGTTTTCTGACGGCAACTTC - 3
Reverse : 5 - AGTCCAATGTCCAGCCCAT - 3
FoAY Forward : 5 - CAACAAGAAGACGCGAATCA - 3
-
- Reverse : 5 - CGGGCCCTCTTAGTACTCCT - 3
uman
Forward : 5 - ATATGCCTTCCCCCACTACC - 3
pl6 (CDKN2A)
Reverse : 5 - CCCCTGAGCTTCCCTAGTTC - 3
Forward : 5 - ATGAAATTCACCCCCTTTCC - 3
p2l (CDKNIA)
Reverse : 5 - CCCTAGGCTGTGCTCACTTC - 3
Forward : 5 - TCAAACGTGCGAGTGTCTAA - 3
p27 (CDKNIB)
Reverse : 5 - CCATGTCTCTGCAGTGCTTC - 3
Forward : 5 - TCCTTCAGACACCCTCAACC - 3
TNF-a

Reverse :

5 - AGGCCCCAGTTTGAATTCTT - 3
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Table. Details of Primer Pair Sequences (continued)

Species Name Sequences of primers
Forward : 5 - GCAGTTTGCTCAGCCTATCC - 3
MMES Reverse : 5 - GAGTGTCGGAGTCCAGCTTC - 3
Forward : 5 - AGCGTTCATCCGTGTAACCC - 3
At Reverse : 5 - AATAATCCAATCATCCGTCA - 3
Forward : 5 - AGGGCATCATCAATTTCGAG - 3
Human SODI
Reverse : 5 - ACATTGCCCAAGTCTCCAAC - 3
Forward : 5 - GCAGTGCTGCTGTCTCGGGG - 3
P Reverse : 5 - CTGACACCCGGCACTTTATT - 3
Forward : 5 - TCAGCTCACCACAACCTCTG - 3
ol Reverse : 5 - GAGACCAGCCTGACCAACAT - 3
) Forward : 5 - AGCCATGTACGTAGCCATCC - 3
7 actin Reverse : 5 - TTTCCCTCTCAGCTGTGGTG - 3
Forward : 5 - GCTCAGGGTCTCCTTCACAG - 3
Mouse KIMI
Reverse : 5 - CAACATGTCGTTGTGATTCC - 3
Forward : 5 - GGTCAGAGAGACGCTTACCG - 3
yHEAX Reverse : 5 - GCCCATTAAATCTCCCCACT - 3
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Table. Details of Primer Pair Sequences (continued)

Species Name Sequences of primers

Forward : 5 - CTTCTGCTCAACTACGGTGC - 3

pl6 (CDKN2A) :
Reverse : 5 -~ GCACGATGTCTTGATGTCCC - 3

Forward : 5 - AGCCCTCACTCTGTGTGTCT - 3

p21 (CDKNIA) :
Reverse : 5 -~ CACTAAGGGCCCTACCGTCC - 3

Forward : 5 - CCTTCTTGGGACTGATGCTG - 3

16 Reverse : 5 - TCATTTCCACGATTTCCCAG - 3
II-Ia Forward : 5 - CCTTATTTCGGGAGTCTATT - 3
Reverse : 5 - ATAGTATCATATGTCGGGGT - 3
Mouse 118 Forward : 5 - GCCCATCCTCTGTGACTCAT - 3
Reverse : 5 - AGGCCACAGGTATTTTGTCG - 3
CAT Forward : 5 - GTCTGGGACTTCTGGAGTCT - 3
Reverse : 5 - CAAGTTTTTGATGCCCTGGT - 3
SODI Forward : 5 - CCAGTGCAGGACCTCATTTT - 3
Reverse : 5 - TTGTTTCTCATGGACCACCA - 3
CPX1 Forward : 5 - CCGTGTATGCCTTCTCCGCG - 3

W

Reverse : 5 - ACGCTTCTGCAGATCGTTCA -
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Table. Details of Primer Pair Sequences (continued)

Species Name Sequences of primers

Forward : 5 - CACGACCATGATTCCAGATG - 3
Reverse : 5 - CAGCATAGACGCCTTTGACA - 3

Mouse GSR

Bax: bcl-2 associated X; Bcl-2: B-cell lymphoma 2; CAT: catalase; GPXI: glutathione peroxidase 1; GSE:
glutathione reductase; IL-I1a’ interleukin-1 alpha; IL-10. interleukin—1 beta; IL-6. interleukin 6; KIMI: kidney
injury molecule 1, MMP3: matrix metallopeptidase 3; pl6: cyclin-dependent Kkinase inhibitor 2A; p2I:
cyclin—dependent kinase inhibitor 1A; pZ27: cyclin—dependent kinase inhibitor 1B; SODI: superoxide dismutase
1; T'NF-a’' tumor necrosis factor alpha; yYHZ?AX: gamma-H2A.X variant histone.
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3. Results

3.1. Protective effect of BOHB on CP-induced
cytotoxicity in HK-2 cells:

To determine whether BOHB protects HK-2 cells from CP-induced
cytotoxicity, HK-2 cells were pre—treated with 5 or 10 mM of BOHB
for 2 hours, then treated with 5 or 10 uM of CP for 24 or 48 hours.
Light microscopy images of living HK-2 cells revealed morphological
growth (Figure 2A&B). Using the CCK-8 assay, the cell viability of 3
OHB and CP treated HK-2 cells was determined. The cell wviability
assay revealed that treatment with 5 or 10 uM CP for 24 hours resulted
in 60% cell viability relative to the control, whereas treatment with 5 or
10 uM CP for 48 hours resulted in 40% cell viability relative to the
control and 30% cell viability relative to the control. Quantitatively, the
cell viability of cells treated with CP + BOHB was greater than that of
cells treated with CP alone (Figure 3A). In addition, LDH cell
cytotoxicity assay revealed that treatment with 5 or 10 uM of CP for 24
or 48 hours increased cell cytotoxicity relative to the control, whereas
cells treated with CP + BOHB decreased cell cytotoxicity relative to CP
alone (Figure 3B). Real-time PCR and western blot analysis using
apoptosis markers were used to further validate these results. Figure 4A
demonstrates that treatment with CP alone increased the cleavage of
caspase-3 and PARP, whereas treatment with CP + PBOHB decreased
the cleavage of caspase-3 and PARP. Moreover, Bax expression, an
indicator of the level of pro—apoptosis, revealed an increase in cells

treated with 5 or 10 uM of CP for 24 or 48 hours compared to the
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control and a decrease in cells treated with CP + BOHB compared to
CP alone (Figure 4B). Figure 4C demonstrates that Bcl-2 expression, an

indicator of anti—apoptosis levels, shows the opposite effect of Bax.

3.2. Protective effect of BOHB on CP-induced

senescence in HK-2 cells:

Analysis of SA-B-gal staining as a senescent cell marker was
performed. The HK-2 cells were pre-treated with 5 or 10 mM of BOHB
for 2 hours, then treated with 5 or 10 uM of CP for 24 or 48 hours.
The SA-B-gal staining assay revealed that the number of positively
stained cells was considerably low in the CP + BOHB than that in the
CP alone (Figure 5A). To quantify this staining, the number of SA-3
—gal positive (blue) cells relative to the total number of cells was
manually determined in at least five images per condition (Figure 5B).
In addition, the SPiIDER-BGal assay was used to measure the activity
of SA-B-gal. The SPiDER-BGal assay revealed that treatment with 5
or 10 uM of CP for 24 or 48 hours resulted in an increase relative to
the control, whereas cells treated with CP + BOHB exhibited a decrease
relative to CP alone (Figure 5C). In addition, senescence markers
including y-H2AX, pl6, TNF-a, and MMP3 were analyzed using
western blotting. Figure 6A demonstrates that treatment with CP alone
upregulates senescence markers, whereas treatment with CP + BOHB
downregulates senescence markers. Additionally, real-time PCR was
utilized to identify senescence markers. Figure 6B demonstrates that
treatment with CP alone upregulates senescence markers, whereas

treatment with CP + BOHB downregulates senescence markers.
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3.3. Effect of BOHB on CP-induced colony formation

and cell proliferation in HK-2 cells:

To determine whether BOHB regulates CP-induced colony formation,
HK-2 cells were treated with 5 or 10 mM of BOHB for 7 days after
being stimulated with 5 or 10 yM of CP for 6 hours. Colony formation
assay was conducted to confirm cell proliferation. CP at 5 yM resulted
in 10% colony formation and CP at 10 uM resulted in 1% colony
formation. Colony formation of BOHB alone did not differ from that of
the control. In addition, treatment with CP + BOHB enhanced colony
formation proportionally to the BOHB concentration (Figure 7A&B). To
determine whether BOHB regulates CP-induced cell proliferation, HK-2
cells were induced with 5 uM of CP for 24 or 48 hours, followed by 3
days of treatment with 5 or 10 mM of BOHB, and CCK-8 assay was
performed. Figure 8 demonstrates that the CP + BOHB treatment results

in greater growth than the CP treatment.

3.4. Preventive effect of BOHB on CP-induced

intracellular ROS accumulation in HK-2 cells:

One of the many pathways implicated in CP-induced nephrotoxicity is
oxidative stress. To determine whether BOHB has antioxidant properties
against CP-induced oxidative stress, HK-2 cells were pre-treated with
BOHB for 2 hours, then exposed to 5 or 10 uM of CP for 30 minutes,
and then stained with membrane-permeable ROS indicator DCFDA. The
representative fluorescence images demonstrate that CP significantly
increases DCFDA-positive cells, whereas PBOHB prevented this effect

(Figure 9A). Analyses of quantitative data demonstrates that treatment
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with 5 or 10 mM of BOHB significantly decreases the fluorescence
intensity of DCFDA by CP (Figure 9B). In addition, real-time PCR was
used to analyze ROS scavenger markers such as CAT, SODI, GPXI,
and GSK. Figure 10 demonstrates that treatment with CP alone
downregulates ROS scavenger markers, whereas treatment with CP + (3

OHB upregulates these markers.

3.5. Effects of BOHB on kidney damage in CP-induced
AKI mice:

The experimental design for the investigation into the protective effect
of BOHB against CP-induced AKI in C57BL/6 mice is shown in Figure
11A. On the 3 days following CP treatment, kidney injury was visible in
the CP-treated group, but pre-treatment with BOHB prevented it
(Figure 11B). H&E and PAS staining confirmed the morphological
alterations in the kidneys. Histological staining revealed tubular damage
and interstitial fibrosis in the kidneys of the CP-treated groups, which
were significantly reduced in BOHB-pretreated groups (Figure 11C). In
addition, real-time PCR and ELISA demonstrate a significant decrease in
KIM1 in the BOHB-pretreated group. BUN and SCr, which are markers
of renal function, were also validated by ELISA in serum. The
CP-treated group showed higher levels of KIMI1, BUN, and SCr than
the Control or BOHB-only groups. However, CP-pretreated with BOHB
group showed significantly decreased KIM1, BUN, and SCr levels
relative to the CP-treated group (Figure 12A - D).

3.6. Anti-senescence effect of BOHB on CP-induced AKI

mice:
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To determine whether CP-induced tubular injury is associated with
cellular senescence, SA-B-gal staining in the Kkidneys of mice with
CP-induced AKI was examined. The SA-B-gal positive area (blue) was
significantly increased in the CP-treated group and inhibited by BOHB
(Figure 13A&B). In addition, real-time PCR demonstrates upregulation of
senescence markers and SASP genes in the kidneys of CP-induced AKI
mice and confirms that BOHB inhibits the expression of senescence

(Figure 14A) and SASP genes (Figure 14B).

3.7. Effect of BOHB on ROS production in CP-induced
AKI mice:

DHE staining was used to assess ROS production in mice Kkidneys.
DHE staining demonstrates a substantial increase in ROS production in
the CP-treated group, which was reduced by BOHB pre-treatment
(Figure 15A&B). In addition, oxidative stress biomarkers, such as
8-OHdG, were determined using IHC staining. The 8-OHdG staining
increased significantly in the CP-treated group, similar to the DHE
staining, and was reduced by BOHB pre-treatment (Figure 15C&D).
Real-time PCR was also used to determine the expression of ROS
scavenger markers CAT, SODI, GPXI, and GSR in the kidneys of
mice with CP-induced AKI. Figure 16 demonstrates that the CP-treated
group downregulates ROS scavenger markers, whereas the @
OHB-pretreated group upregulates ROS scavenger markers.

In conclusion, CP-induced kidney injury induces ROS, which increase
apoptosis and senescence and decrease proliferation, leading to the
development of AKI. However, BOHB prevents the induction of ROS
and thus protects against the development of AKI (Figure 17).
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Figure 1. Schematic showing the course of the different

experimental conditions. Illustration of the experimentally
determined treatment conditions for HK-2 cells. Procedure 1
was carried out to determine apoptosis and senescence.
Procedure 2 was an executed to examine the colony
formation. Procedure 3 was performed for a growth curve
analysis. Procedure 4 was done to investigate ROS
productions. CP: cisplatin, DCFDA: 2’7 -dichlorofluorescein
diacetate; OD: optical density; ROS: reactive oxygen species;

BOHB: B-hydroxybutyrate.
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Figure 2. Morphological changes of HK-2 cells. Cell morphological
changes were observed by light microscopy (original
magnification x 10; scale bar = 250 um). HK-2 cells were

pre-incubated with different concentrations of BOHB (5 or 10
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mM) for 2 hours Dbefore treatment with different
concentrations of CP (5 or 10 uM) for 24 and 48 hours. (A)
24 hours treatment, (B) 48 hours treatment. CP: cisplatin; B
OHB: B-hydroxybutyrate.
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Effects of BOHB on cytotoxicity in CP-treated HK-2
cells. HK-2 cells were pre-incubated with different
concentrations of BOHB (5 or 10 mM) for 2 hours before
treatment with different concentrations of CP (5 or 10 yM)
for 24 and 48 hours. (A) Cell viability was evaluated via the
CCK-8 assay. (B) Cell cytotoxicity was evaluated via the
LDH assay. The left panel is a 24 hours treatment, and the
right panel is a 48 hours treatment. Data are the mean = SD.
Experiments were performed at least three times
independently. Significant differences are indicated: **x p <
0.001 versus control; # p < 0.05, # p < 001, ## p < 0.001
versus CP 5 uM; $$ p < 0.01, $$$ p < 0.001 versus CP 10
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uM. CCK-8: Cell Counting Kit-8; CP: cisplatin, LDH: lactate
dehydrogenase; BOHB: B-hydroxybutyrate.
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(A) Western blot analysis of



apoptotic markers (cleaved caspase-3, cleaved PARP) in
HK-2 cells. (B & C) Real-time PCR analysis performed in
HK-2 cells. The pro-apoptotic marker Bax (B) and the
anti-apoptotic marker Bcl-2 (C) were determined. Data are
the mean *£ SD. Experiments were performed at least three
times independently. Significant differences are indicated: * p
< 0.05, =xx p < 0.001 versus control; # p <0.05, # p < 0.01,
## p < 0.001 versus CP 5 uM; $ p < 0.05, $$ p < 0.01, $$$
p < 0.001 versus CP 10 uM. Bax: Bcl-2 associated X; Bcl-2:
B-cell lymphoma 2; CP: cisplatin;, BOHB: B-hydroxybutyrate.
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Figure 5. Effect of BOHB on anti-senescence in CP-treated HK-2
cells. HK-2 cells were pre-incubated with different
concentrations of BOHB (5 or 10 mM) for 2 hours before
treatment with different concentrations of CP (5 or 10 yM)
for 24 and 48 hours. (A) Representative microscopy of the

staining of SA-B-gal in HK-2 cells (original magnification x



20; scale bar = 100 um). (B) The number of SA-B-gal
positive cells (blue) was used to quantify cellular senescence.
(C) SA-B-gal activities were measured on HK-2 cells using
a SPIDER-BGal Cellular Senescence Plate Assay Kit. Cell
counts between wells were adjusted using the Cell Count
Normalization Kit. Data are the mean = SD. Experiments
were performed at least three times independently. Significant
differences are indicated: *** p < 0.001 versus control, # p <
0.05, # p < 001, ## p < 0.001 versus CP 5 uM; $$$ p <
0.001 wversus CP 10 uM. CP: cisplatin, SA-{B-gal:
senescence—associated B-galactosidase; BOHB: [§]

—hydroxybutyrate.
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Figure 6. Analysis of senescence gene expression with BOHB in
CP-treated HK-2 cells. HK-2 cells were pre-incubated with
different concentrations of BOHB (5 or 10 mM) for 2 hours
before treatment with different concentrations of CP (5 or 10
uM) for 24 and 48 hours. (A) Western blot analysis of
senescence markers (y-H2AX, pl6, TNF-a, and MMP3)
expression in HK-2 cells. (B) Real-time PCR analysis of
senescence genes (y-HZ2AX, pl6, p2l, p27, TNF-a, and
MMP?3) in HK-2 cells. Data are the mean +* SD. Experiments
were performed at least three times independently. Significant
differences are indicated: * p < 0.05, *x p < 0.01, *xx p <
0.001 versus control; # p < 0.05 # p < 0.01 versus CP 5
uM; $ p < 005 $$ p < 001, $$$ p < 0.001 versus CP 10
uM. CP: cisplatin;, pl6: cyclin-dependent kinase inhibitor 2A;
p2l: cyclin—dependent kinase inhibitor 1A; p27:
cyclin—dependent kinase inhibitor 1B; MMP3: matrix
metalloproteinase-3; TNF-a' tumor necrosis factor alpha, {3
OHB: B-hydroxybutyrate, y-HZAX: gamma-H2A.X variant

histone.
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Figure 7. Effect of BOHB on colony formation in CP-treated HK-2
cells. HK-2 cells were induced with CP (5 or 10 uM) for 6
hours and then replaced with medium containing BOHB (5 or
10 mM) and cultured for 7 days. (A) Representative results
of the colony formation assay in HK-2 cells were stained
with crystal violet. (B) A quantitative analysis of the colony
numbers was performed using Image J. Data are the mean *

SD. Experiments were performed at least three times
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independently. Significant differences are indicated: ## p <
0.001 versus CP 5 uM; $$ p < 0.01, $$$ p < 0.001 versus
CP 10 uM. CP: cisplatin; BOHB: B-hydroxybutyrate.
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Figure 8. Effect of BOHB on cell proliferation in CP-treated HK-2
cells. Cell proliferation assays were performed daily for 3
days using the CCK-8. HK-2 cells were incubated with CP
at b uM for 24 and 48 hours of treatment, followed by
replacement with medium containing BOHB (5 or 10 mM).
The top panel is 24 hours CP-induction, and the bottom panel
i1s 48 hours CP-induction. Data are the mean =+ SD.
Experiments were performed at least three times
independently. **x p < 0.001 wversus control. CCK-8: Cell
Counting Kit-8; CP: cisplatin; BOHB: B-hydroxybutyrate.
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Figure 9. Effect of BOHB on CP-induced ROS production in HK-2
cells. HK-2 cells were pre-incubated with different
concentrations of BOHB (5 or 10 mM) for 2 hours before
treatment with different concentrations of CP (5 or 10 yM)
for 30 minutes. (A) Images of the DCFDA staining were
captured under a fluorescence microscopy (original magnification

x 10; scale bar = 100 um). (B) Quantitative fluorescence
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intensities of DCFDA staining were analyzed using Image J.
Data are the mean + SD. Experiments were performed at
least three times independently. Significant differences are
indicated: *xx p < 0.001 versus control; # p < 0.05, # p <
0.01 versus CP 5 uM; $ p < 0.05, $$ p < 0.01 versus CP 10
uM. CP: cisplatin, DCFDA: 2’,7-dichlorofluorescein diacetate;
ROS: reactive oxygen species; BOHB: B-hydroxybutyrate.
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Analysis of ROS scavenger gene expression with BOHB
in CP-treated HK-2 cells. HK-2 cells were pre-incubated
with different concentrations of BOHB (5 or 10 mM) for 2
hours before treatment with different concentrations of CP
(5 or 10 uM) for 30 minutes. Real-time PCR analysis of
ROS scavenger markers (CAT, SODI, GPXI, and GSR) in
HK-2 cells.

Data are the mean * SD. Experiments were

performed at least three times independently. Significant
differences are indicated: * p < 0.05, ** p < 0.01, *xx p <
0.001 versus control; # p < 0.05, # p < 0.01, ## p < 0.001
versus CP 5 uM; $$ p < 0.01, $$% p < 0.001 versus CP 10
UM. CAT: catalase; CP: cisplatin; GPXI: glutathion peroxidase
1; GSR: glutathione reductase; ROS: reactive oxygen species;

SOD]I: superoxide dismutase; BOHB: B-hydroxybutyrate.
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Figure 11. CP-induced AKI is inhibited by BOHB. (A) Representative
schematic of the in vivo experiment using the CP-induced
AKI model in combination with BOHB. (B) Kidney
morphology (scale bar = 15 mm). (C) Representative
images of H&E staining and PAS staining of CP-induced
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AKI mice kidneys were observed under light microscopy
(original magnification x 20; scale bar = 100 um). AKL
acute kidney injury; CP: cisplatin, H&E: hematoxylin and
eosin, 1p.. intraperitoneal; PAS: periodic acid-Schiff; BOHB:
B-hydroxybutyrate.
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Figure 12. Effect of BOHB on kidney function in CP-induced AKI
mice. (A) mRNA expression of the kidney injury marker
KIMI was measured by real-time PCR. Serum KIM1 (B),
BUN (C), and SCr (D) were measured by ELISA. Data are
the mean + SD. *x p < 0.01, *xxx p < 0.001. AKI: acute
kidney injury; BUN: blood urea nitrogen; CP: cisplatin;
ELISA: enzyme-linked immunosorbent assay, KIMI. kidney
injury molecule 1, SCr: serum creatinine; BOHB:

—~hydroxybutyrate.
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Figure 13. Analysis of the anti-senescence effect of BOHB in CP-
induced AKI mice. (A) Representative light microscopy
images of SA-B-gal staining in the kidney of CP-induced
AKI mice (original magnification x 20; scale bar = 100 um).
(B) Cellular senescence was quantified as the positive area
of SA-B-gal staining (blue) was analyzed using Image J.
Data are the mean £ SD. *#x p < 0.001. AKI: acute kidney
injury, CP: cisplatin, SA-B-gal: senescence-associated 3

—-galactosidase; BOHB: (-hydroxybutyrate.
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Figure 14. Analysis of senescence and SASP gene expression with
BOHB in CP-induced AKI mice. Real-time PCR analysis
of senescence markers (H2AX, pl6, and p2I) (A) and
SASP markers (IL-6, IL-1a, and IL-18) (B) in the kidney
of CP-induced AKI mice. Data are the mean + SD.
Experiments were performed at least three times
independently. * p < 0.05, *x p < 0.01, *xx p < 0.001. AKI:
acute kidney injury; CP: cisplatin, IL-Ia’ interleukin-1
alpha; IL-1G: interleukin-1 beta, IL-6: interleukin 6; pl6:
cyclin—dependent kinase inhibitor 2A; pZ2I’ cyclin—-dependent

kinase inhibitor 1A; SASP: senescence—associated secretory
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phenotype; BOHB: B-hydroxybutyrate, y-HZAX: gamma-HZ2A.X

variant histone.
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Figure 15. Expression of oxidative stress markers in the kidney of
CP-induced AKI mice. (A) Representative fluorescence
microscopy images of DHE staining in the kidney of
CP-induced AKI mice (original magnification x 20; scale bar
= 100 ym). (B) A quantitative fluorescence positive area of
DHE staining (red) was analyzed using Image J. (C) IHC
evaluation of 8-OHdG expression in CP-induced AKI mice
was observed by light microscopy (original magnification X
20; scale bar = 100 uym). (D) The graphs show the results
of the quantitative analysis of 8-OHdG, which was analyzed
with Image J. Data are the mean * SD. **xx p < 0.001.
AKI: acute kidney injury; CP: cisplatin, DAPIL
4" 6-diamidino—2-pheylindole; DHE: dihydroethidium; IHC:
immunohistochemistry; BOHB: B-hydroxybutyrate; 8-OHdG:

8-hydrox—-2-deoxyguanosine.
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Figure 16. Analysis of the expression of ROS scavenger genes in
the kidney of CP-induced AKI mice. Real-time PCR
analysis of ROS scavenger markers (CAT, SODI, GPXI,
and GSR) in CP-induced AKI mice. Data are the mean *
SD. Experiments were performed at least three times
independently. * p < 0.05, **x p < 0.001. AKI: acute kidney
injury; CAT: catalase, CP: cisplatin, GPXI. glutathion
peroxidase 1; GSE: glutathione reductase; ROS: reactive

oxygen species; SODI: superoxide dismutase; BOHB: 3
—hydroxybutyrate.
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Figure 17. Schematic illustration of the main results of this study.
CP-induced increased apoptosis, senescence, and decreased
proliferation were attenuated by BOHB to attenuate AKI. A
reduction in ROS was associated with these effects. AKIL
acute kidney injury,; CP: cisplatin, ROS: reactive oxygen

species; BOHB: B-hydroxybutyrate.
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4. Discussion

This study shows the potential therapeutic effects of BOHB on in
vitro and in vivo models of CP-induced AKI by showing that BOHB
protects the kidney against CP-induced apoptosis, senescence, and
proliferation, possibly by inhibiting ROS production.

BOHB is one of the ketone bodies that the liver produces. BOHB
concentrations Increase in the brain, liver, and other tissues during
fasting, CR, exercise, and ketogenic diets. There is evidence that BOHB
can be used to treat numerous diseases (46 -49). The Kketogenic diet,
which consists primarily of BOHB, is an important treatment for
intractable childhood epilepsy (50). BOHB is neuroprotective against
Parkinson’s and Alzheimer's diseases in the hippocampus (51). In
addition, the ketogenic diet reduces obesity and diabetes effectively and
delays the aging process (52). Administration of BOHB is highly
protective of the brain, heart, liver, and kidney in rodents (32), and a
diet supplemented with BOHB extends the lifespan of mice, suggesting
an advantageous dietary strategy for preventing age-associated
dysfunction (53).

CP causes premature kidney senescence and progressive renal fibrosis,
which leads to macromolecular damage, pro-inflammatory SASPs, and
higher levels of cell cycle inhibitors (including pl6 and p21), SA-B-gal
activity, and y-H2AX (54 -56). This study demonstrated that BOHB
inhibits senescence in kidney tissue and CP-induced tubular epithelial
cells. BOHB treatment decreased CP-induced SA-{3-gal staining, a
well-established senescence marker (Figure 5&13). In addition, BOHB
inhibited CP-stimulated senescence and SASP gene expression (Figure

6&14). The findings of this study are consistent with recent research
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showing that a CR or ketogenic diet reduces CP-induced senescence by
upregulating BOHB (35).

As shown by in vitro data (Figure 3&4), BOHB has a direct
protective effect against tubular cell injury. It is well documented that a
single high-dose CP (20 -30 mg/kg body weight) injected into mice
induces significant kidney damage manifested by cell death, necrosis,
and renal dysfunction (57,58). In this study, CP treatment at 25 mg/kg
significantly increased the mRNA levels of KIMI, a marker of kidney
dysfunction, in the kidney tissue (Figure 12A), as well as the serum
levels of BUN, SCr, and KIM1 (Figure 12B - D). In contrast, treatment
with BOHB inhibited the expression of kidney dysfunction markers. This
in vivo evidence strongly suggests that BOHB could be used as a
treatment for CP-induced nephrotoxicity. However, further studies are
needed to determine the direct effects and the mechanisms underlying {3
OHB on CP-induced renal tubular cell injury.

AKI is a rapid decrease in kidney function that includes changes in
SCr, BUN, and urine volume. AKI is frequently caused by sepsis,
cardiovascular disease, major surgery, toxins, or urinary outflow
obstruction, resulting in severe morbidity and mortality (59,60). It is also
known that complications from AKI, particularly the likelihood of AKI
progressing to chronic Kkidney disease (CKD), increases considerably
with age (61). Despite its clinical importance, a lack of targeted
therapies limits the treatment of AKI, resulting in a high mortality rate
among patients with AKI. The results of this study suggest that BOHB
as a nutritional intervention may be a promising therapeutic strategy for
the prevention of AKI.

The evidence suggests that oxidative stress is a key player in the
pathogenesis of CP-induced nephrotoxicity (12). Figure 9 and 15

demonstrate that PBOHB significantly decreases oxidative stress by
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decreasing ROS production in CP-induced HK-2 cells and kidney tissue.
In addition, antioxidant enzymes were decreased by CP and increased by
BOHB treatment, showing the mechanism underlying BOHB ability to
decrease CP-induced nephrotoxicity (Figure 10&16).

In conclusion, Figure 17 demonstrates that BOHB may ameliorate
CP-induced AKI by inhibiting apoptosis, cellular senescence, and
proliferation by decreasing ROS production. This provides new evidence
that BOHB-induced inhibition of ROS decreases CP-induced Kkidney
injury, mortality, and senescence and suggests that BOHB may prevent

CP-induced AKI in humans.
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5. Summary

The aim of this study is to determine whether BOHB is able to
alleviate the side effects of CP-induced AKI. Analyses of cell viability,
cytotoxicity, and apoptosis gene expression showed that BOHB protects
human proximal tubule epithelial cell lines (HK-2) from CP-induced
apoptosis. Moreover, SA-B-gal staining and measurements of senescence
and SASP gene expression demonstrated that BOHB inhibited
CP-induced cellular senescence. As confirmed by colony formation and
cell proliferation assays, BOHB increased the cell proliferation that CP
had inhibited. In addition, DCFDA staining and analysis of antioxidant
gene expression demonstrated that BOHB inhibited CP-induced ROS
production. In an animal model of CP-induced AKI, BOHB significantly
decreased serum concentrations of KIMI1, BUN, and SCr. In addition, {3
OHB inhibited cellular senescence in CP-induced AKI, as determined by
SA-B-gal staining, Kkidney tissue senescence, and SASP gene
expression. As a result, BOHB inhibited increased ROS production in
CP-induced AKI linked to DHE staining, 8-OHdG IHC, and antioxidant

gene expression in kidney tissue.
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(Abstract)

Cisplatin (CP) is one of the most widely used and most effective
chemotherapy drugs. However, the use of CP is limited by side effects,
among which nephrotoxicity is the most important dose—dependent side
effect. CP-induced nephrotoxicity is the accumulation of CP in the
kidneys, causing renal tubular damage associated with cell death,
inflammation, vascular damage, and oxidative and endoplasmic reticulum
stress. Produced in the liver, B-hydroxybutyrate (BOHB) is a Kketone
body that acts as a metabolic fuel as well as an endogenous signaling
molecule. Specifically, BOHB affects cellular processes by regulating
intracellular pathways such as lipolysis, oxidative stress, histone

methylation, and acetylation. The aim of this study is to determine the
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potential effects of BOHB in protecting the kidney from the side effects

of CP-induced acute Kkidney injury (AKI) and to investigate the

underlying mechanisms. To accomplish the present study objectives, it

was aimed to determine the role of BOHB in apoptosis, cellular

senescence, and reactive oxygen species (ROS) production in CP-induced

normal kidney cell lines and in a CP-induced AKI mouse model. In

normal kidney cell lines, BOHB reduced CP-induced apoptosis and

cellular senescence, and also decreased CP-induced ROS production. In a

CP-induced AKI mouse model, levels of blood urea nitrogen (BUN),

serum creatinine (SCr), and Kkidney injury molecule 1 (KIM1) were

significantly reduced by BOHB-treatment, and cellular senescence and

ROS expression were also reduced. In conclusion, this study has shown

that BOHB provides renoprotection by reducing ROS production and

oxidative stress in Kkidney injury. Further research is needed to

determine whether BOHB may be a therapy for AKI treatment based on

the results of this study.
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