Basic & Clinical Pharmacology & Toxicology

| oRIGINAL ARTICLE CEIEED

Basic & Clinical I Toxicology

Increased Mitochondrial Superoxide Level Is Partially
Associated With Vemurafenib-Induced Renal

Tubular Toxicity

Akimasa Sanagawa! | Hiroshi Takase?

!Department of Clinical Pharmaceutics, Nagoya City University Graduate School of Medical Sciences, Nagoya, Japan | 2Research Equipment Sharing

Center, Nagoya City University Graduate School of Medical Sciences, Nagoya, Japan

Correspondence: Akimasa Sanagawa (phsanag@med.nagoya-cu.ac.jp)

Received: 24 October 2024 | Revised: 12 February 2025 | Accepted: 19 February 2025

Funding: This work was supported by grants from the Public Foundation of Chubu Science and Technology Center, Aichi Cancer Research Foundation and

JSPS KAKENHI (19K16417, 21K15319 and 23K06257) to A.S.

Keywords: lysosomal abnormalities | mitochondrial dysfunction | renal tubular toxicity | superoxide | vemurafenib

ABSTRACT

Vemurafenib (VEM) reportedly inhibits the mitochondrial respiratory chain and reduces ferrochelatase (FECH) activity, thereby
causing VEM-induced renal tubular toxicity. However, the exact mechanisms underlying VEM-induced renal tubular toxicity
remain unclear. In this study, we treated human renal proximal tubular epithelial cells with VEM to elucidate these mechanisms.
VEM treatment for 24 h resulted in cell damage, reduced cell viability, increased lactate dehydrogenase release and elevated
the production of inflammatory cytokines. Transmission electron microscopy (TEM) and fluorescence microscopy revealed
accumulation and enlargement of lysosome-derived vacuoles and mitochondrial superoxide production. Although MitoTracker
showed no change in the total mitochondrial volume, TEM indicated mitochondrial damage, including smaller and less visible
mitochondria. Enhanced superoxide production was confirmed using mtSOX. The mitochondria-specific antioxidant XJB-5-131
partially alleviated VEM-induced superoxide production and improved cell viability, indicating the role of superoxide in VEM-
induced renal tubular toxicity. The inhibition of lysosomal acidification by bafilomycin A1 did not mitigate VEM-induced cy-
totoxicity, suggesting potential autophagy impairment. These findings highlight that mitochondrial dysfunction and lysosomal
abnormalities are significant factors in VEM-induced renal tubular toxicity, warranting further investigation into the relation-

ship between their mechanisms, reduced FECH activity and potential renoprotective targets.

1 | Introduction and Background

Patients undergoing anticancer therapy can often develop acute
kidney injury (AKI) [1-4]. Over the past decades, numerous an-
ticancer drugs including conventional cytotoxic agents, targeted
antibodies and small-molecule agents have received approval
worldwide [5, 6]. However, these drugs are known to be nephro-
toxic [1-3, 7]. Vemurafenib (VEM) is a first-generation inhibitor
of v-Raf murine sarcoma viral oncogene homologue B1 (BRAF),

a major oncogenic driving factor. Clinical trials on VEM have
reported that it can lead to the development of secondary cuta-
neous squamous-cell carcinoma but have not reported renal ad-
verse events [8, 9]. Postmarketing, several studies have reported
that VEM is associated with an increased risk of developing AKI
[10-13]. It is possible that VEM-induced renal adverse events
involve a dual mechanism, inhibition of creatinine tubular se-
cretion and slight impairment of renal function, leading to an
increase in plasma creatinine levels [14].
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Summary

» Vemurafenib (VEM), an anticancer drug, reportedly
causes VEM-induced renal tubular toxicity.

We treated human renal proximal tubular epithelial
cells with VEM to elucidate the mechanisms of its
effects.

VEM treatment resulted in cell damage, reduced cell
viability, increased lactate dehydrogenase release and
elevated the production of inflammatory cytokines.

Lysosome-derived vacuoles were large and accumu-
lated, mitochondrial superoxide was produced, and
mitochondria were damaged.

The mitochondria-specific antioxidant XJB-5-131
partially alleviated the superoxide production and im-
proved cell viability, indicating that superoxide plays a
role in VEM-induced renal tubular toxicity.

Mitochondrial dysfunction and lysosomal abnormal-
ities are significant factors in VEM-induced renal tu-
bular toxicity.

Bai et al. shed some light on the mechanism underlying VEM-
induced renal tubular toxicity by focusing on ferrochelatase
(FECH), the final enzyme in heme synthesis localised in the
mitochondria [15]. They established an AKI mouse model by
inducing VEM renal toxicity and demonstrated that BRAF,
the primary target of VEM, is not involved in VEM-induced
renal tubular toxicity; instead, the mechanism involves the
off-target effect of FECH inhibition [15]. Moreover, they found
that AKI develops 2weeks after VEM administration and that
RNA knockdown or loss-of-function mutation in FECH accel-
erates the onset of VEM-induced AKI. On the other hand, over-
expression of FECH in cultured renal tubule cells can prevent
VEM-induced cell death. These pharmacological and genetic
inhibition experiments concluded that the decrease in FECH
activity caused by VEM is partially involved in renal tubular
toxicity [15].

Erythropoietic protoporphyria is an inherited metabolic disor-
der caused by a deficiency of FECH [16-18]. Although the liver
and bone marrow are the primary organs for heme synthesis, the
kidney also has the ability to synthesise heme, which is localised
within proximal tubular cells [19, 20]. The main symptoms of
erythropoietic protoporphyria are cutaneous photosensitivity
and liver dysfunction, and not tubular injury [16-18]. However,
tubular injury has been reported in acute intermittent por-
phyria characterised by abnormalities in hydroxymethylbilane
synthase, another enzyme involved in heme synthesis [21, 22].
Therefore, it appears that a decrease in FECH activity does not
directly lead to tubular injury. These fundamental experimen-
tal findings and clinical observations suggest that mechanisms
other than FECH inhibition contribute to VEM-induced renal
tubular toxicity.

Therefore, the present study aimed to investigate the mecha-
nism underlying VEM-induced renal toxicity with a focus on the
cellular ultrastructure and function of intracellular organelles
in renal tubular epithelial cells. We found that VEM induces

lysosomal and mitochondrial dysfunctions, and mitochondrial-
specific antioxidants alleviate VEM-induced renal tubular toxic-
ity. These findings highlight a potential pathway contributing to
VEM-induced renal injury.

2 | Materials and Methods

The study was conducted in accordance with the Basic &
Clinical Pharmacology & Toxicology policy for experimental
and clinical studies [23].

2.1 | Cell Culture

Human renal proximal tubule epithelial cells (RPTECs), pur-
chased from Lonza (Basal, Switzerland), were cultured in
REGM Renal Epithelial Cell Growth Medium BulletKit (Lonza),
following previously described methods [24, 25]. In this study,
RPTECs from Passages 4-8 were used to avoid the effects of
replicative-induced cellular senescence [25].

2.2 | Chemicals

VEM (Cat #S1267; Selleck Chemicals, Houston, TX, USA), ba-
filomycin A1 (BAFA1) (Cell Signaling Technology, Cat #54645)
and XJB-5-131 (Sigma-Aldrich, Cat #SML2982) were dissolved
in dimethyl sulfoxide (DMSO) (Fuyjifilm Wako). Cisplatin
(Fujifilm Wako Chemicals, Cat #C499500) was dissolved in
REGM Renal Epithelial Cell Growth Medium BulletKit. When
only VEM was added to the medium, the solution was diluted
to achieve a DMSO concentration of 0.1%. When VEM and the
other compounds were added simultaneously to the medium,
the solution was diluted to achieve a DMSO concentration of
0.2%. All chemicals used for analyses were of analytical grade
or higher.

2.3 | Cell Viability Assay

RPTECs were seeded in 96-well plates at a density of 7x10°
cells/well and incubated for 24h. VEM at different concentra-
tions was then added to the cells by changing the medium in the
plates to a culture medium containing the drug. Cell viability
was assessed using the Cell Counting Kit 8 (CCK-8) (Dojindo
Laboratories, Kumamoto, Japan), as previously reported [23].
The cells were incubated before adding aliquots of 10-uL CCK-8
solution to each well. Following this, incubation was contin-
ued for 2h, and the absorbance was measured at 450nm using
a SpectraMax iD3 multi-mode microplate reader (Molecular
Devices, Osaka, Japan). The percentage of cell viability in the
drug-treated samples relative to that in the corresponding drug-
naive samples was calculated.

2.4 | Lactate Dehydrogenase Release Assay
Components of Cytotoxicity Lactate Dehydrogenase (LDH)

Assay Kit-WST (Dojindo Laboratories) were used to detect cell
death or cell damage, following previously described procedures
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[24]. The cells were incubated either as controls or with VEM at
various concentrations for 22h. Subsequently, one set of control
cells (maximum control) was treated with 20-uL lysis buffer,
and the mixture was incubated for 30 min. Supernatant aliquots
of 100 uL were obtained from the wells of the cell culture plate
and transferred to the wells of a 96-well LDH assay plate. The
plate was incubated for 30min at room temperature (25°C) in
dark conditions. Stop solution aliquots of 50 uL were then added
to each well of the assay plate, and absorbance was measured at
490 nm using the SpectraMax iD3 multi-mode microplate reader
(Molecular Devices). The percentage of LDH released in the test
samples relative to that in the maximum control samples was
calculated.

2.5 | Apoptosis and Necrosis Assay

Apoptosis and necrosis were assessed using the RealTime-
Glo Annexin V Apoptosis and Necrosis Assay kit (Promega,
Walldorf, Germany), according to the manufacturer’s instruc-
tions. Cells were seeded in a 96-well white-bottom plate at a
density of 1x10* cells/well. VEM was diluted in the medium
and added in 100-puL volumes. Untreated cells in the me-
dium served as the control. Next, 100 uL of the 2x detection
reagent, containing 12-mL medium, 24-uL Annexin NanoBit
substrate, 24-uL CaCl,, 24-uL necrosis detection reagent,
24-puL Annexin V-SmBIT and 24-uL Annexin V-LgBiT, was
added to each well. The plate was shaken for 5s, and both lu-
minescence and fluorescence were measured after 24 h using
a Spectra Max iD3 multi-mode microplate reader (Molecular
Devices). The excitation and emission wavelengths were set to
488 and 530 nm, respectively.

TABLE1 | Primer pairs for quantitative real-time PCR.

2.6 | Real-Time Quantitative PCR (qPCR)

gPCR analysis was performed as previously reported [25].
Briefly, total RNA was extracted from the RPTECs of each
passage using the PureLink RNA Mini Kit (Thermo Fischer
Scientific, Waltham, MA, USA), according to the manufactur-
er's instructions. Using ReverTra qPCR RT Master Mix with
gDNA Remover (Toyobo Co., Ltd., Osaka, Japan), total RNA
was reverse-transcribed into cDNA. Subsequently, PCR was per-
formed using the PowerUp SYBR Green Master Mix (Thermo
Fischer Scientific). The primers used in the experiment are listed
in Table 1. For detecting damage and inflammation in RPTECs,
primer pairs for kidney injury molecule (KIM)-1 and represen-
tative inflammation markers, namely, monocyte chemotac-
tic protein (MCP)-1, interleukin (IL)-6, IL-8, tumour necrosis
factor (TNF)a, IL-1a and transforming growth factor (TGF)S,
were designed [26-30]. Amplification and detection were per-
formed using the CFX Connect Real-Time System (Bio-Rad
Laboratories Inc., Hercules, CA, USA). ACTB was used as the
endogenous control, and mRNA levels were quantified using the
AACt method. All measurements were performed in triplicate.
The mRNA levels of renal tubule damage and inflammation
markers were expressed as fold changes relative to the control.

2.7 | Transmission Electron Microscopy (TEM)

For TEM, samples were fixed in 2% glutaraldehyde (Nisshin-EM,
Cat #3055-1) and 0.1-M phosphate buffer (pH7.4). The cells
were then treated with 2% OsO, (Nisshin-EM, Cat #3020-4) in
the same buffer. Fixed specimens were washed, dehydrated in
a graded series of ethanol and embedded in Quetol 812 epoxy

Protein (gene) name NCBI ref. seq. Direction Sequence
KIM-1 (KIM-1) NM_012206 Forward 5-CAGAACCATGAACCAGTAGCCA-3’
Reverse 5-GTGAGCTGGTGGGTTCTCTC-3'
MCP-1 (MCP-1) NM_002982 Forward 5" TCCCAAAGAAGCTGTGATCTTCA-3’
Reverse 5" TCTGGGGAAAGCTAGGGGAA-3'
IL-6 (IL-6) NM_000600 Forward 5-AGAGGCACTGGCAGAAAACA-3’
Reverse 5'"TCACCAGGCAAGTCTCCTCA-3’
IL-8 (IL-8) NM_000584 Forward 5" TCAGAGACAGCAGAGCACAC-3’
Reverse 5-CTTGGCAAAACTGCACCTTCA-3’
TNFo (TNFA) NM_000594 Forward 5-GTAGCCCATGTTGTAGCAAACC-3’
Reverse 5-TATCTCTCTCAGCTCCACGCCA-3’
IL-1a (TL-1A) NM_000575 Forward 5-AATGATCAGTACCTCACGGCTG-3’
Reverse 5" TATCTCAGGCATCTCCTTCAGCA-3’
TGFB (TGFB) MN_000660 Forward 5-CAAGTGGACATCAACGGGTTC-3’
Reverse 5-ATGAGAAGCAGGAAAGGCCG-3’
ACTB (ACTB) NM_001101 Forward 5-GATTCCTATGTGGGCGACGA-3’
Reverse 5-AGGTCTCAAACATGATCTGGGT-3’

Note: List of all primer sequences including their NCBI ref. seq. numbers.
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resin (Nisshin-EM, Cat #348) for 24h at 60°C to ensure po-
lymerisation [31]. Ultra-thin sections (90-100nm) were cut
using Ultracut UCT (Leica) with a diamond knife and then
stained with 2% uranyl acetate in distilled water for 15min and
with modified Sato's lead solution for 5min [32]. The sections
were analysed using a JEM-1400Plus transmission electron mi-
croscope (JEOL, Tokyo, Japan). To compare the effects of VEM
with those of a well-characterised nephrotoxin, cisplatin was
used as a positive control.

2.8 | Fluorescence Microscope Imaging
and Quantification Analysis

Cells were seeded in 35-mm glass bottom dishes coated with
poly-lysine (Matsunami Glass Ind., Osaka, Japan) at a density of
5% 10*cells and returned to the incubator for 24 h. The cells were
then incubated with a medium containing 50-nM MitoTracker
Green FM (Invitrogen, Carlsbad, CA, USA), 50-nM LysoTracker
Deep Red (Invitrogen) and 0.1% of 1-mg/mL Hoechst 33342
(Dojindo Laboratories) for 30min. Subsequently, cells were
washed two times using Hank's balanced salt solution (HBSS)
with N-(2-hydroxyethyl)piperazine-N’-2-ethanesulphonic acid
(HEPES) (Bio Medical Science, Tokyo, Japan). Next, cells were
incubated with a medium containing 0.1% DMSO as control, 50-
nM BAFA1 or 50-uM VEM for 24h. MitoTracker, LysoTracker
and Hoechst 33342 images were obtained using an all-in-one
fluorescence microscope (BZ-X810; KEYENCE, Osaka, Japan)
with a Plan Fluorite 20X LD PH objective (NA0.45, BZ-PF20LP;
KEYENCE). Green fluorescence of MitoTracker was detected
using a GFPfilter (excitation: 470/40 nm, emission: 525/50 nm, di-
chroic mirror: 495nm; OP-87763; KEYENCE). Red fluorescence
of LysoTracker Deep Red was detected using a Cys5 filter (exci-
tation: 620/60 nm, emission: 700/75nm, dichroic mirror: 660 nm;
OP-87766; KEYENCE). Blue fluorescence of Hoechst 33342 was
detected using a DAPI filter (excitation: 360/40nm, emission:
460/50nm, dichroic mirror: 400nm; OP-87762; KEYENCE).
The mean relative fluorescence intensity of MitoTracker and
LysoTracker per cell in the control group was set to 100. The
cell number was determined by the number of nuclei stained
with Hoechst 33342. Superoxide images were obtained using
BZ-X810 with a Plan Fluorite 10x LD PH objective (NAO0.30,
BZ-PF10P; KEYENCE). The red fluorescence of mtSOX Deep
Red (Dojindo Laboratories), an indicator of superoxide, was de-
tected using a Texas Red filter (excitation: 560/40nm, emission:
630/75nm, dichroic mirror: 585nm; OP-87765; KEYENCE). The
mean relative fluorescence intensity of mtSOX Deep Red in the
control group or VEM 4+ DMSO group was set to 100. Four im-
ages were randomly selected from each group, and the signal
intensities of MitoTracker, LysoTracker and mtSOX Deep Red
were automatically calculated using the hybrid cell count appli-
cation BZ-H4A in the BZ-X Analyzer Software BZ-H4A [33]. The
values of signal intensities per cell were calculated by dividing
by the number of Hoechst 33342-stained nuclei.

2.9 | Time-Lapse Imaging of Mitochondrial
Superoxide Product

Following the uptake of mtSOX Deep Red for 30 min and two
washes with HBSS, the medium was replaced with a medium

containing DMSO, VEM, VEM +DMSO or VEM +XJB-5-131.
Time-lapse images were obtained at 15-min intervals for
24h using the all-in-one fluorescence microscope BZ-X810
(KEYENCE) equipped with the time-lapse module BZ-H4XT
and a stage-top chamber and temperature controller with the
built-in CO, gas mixer INUG2-KIW (Tokai hit, Shizuoka, Japan)
at 37°Cand 5% CO,. Superoxide images were obtained using BZ-
X810 with a Plan Fluorite 10x LD PH objective. The signal in-
tensity of mtSOX Deep Red was automatically calculated using
the hybrid cell count application BZ-H4A in the BZ-X Analyzer
Software BZ-H4A [34]. When comparing the two groups, the
relative fluorescence intensity of mtSOX Deep Red at the start
of the observation in the group with lower values was set to 1,
and the change in fluorescence over time was plotted on an
X-Y graph.

2.10 | Statistical Analysis

Data are expressed as mean +standard deviation. To determine
the statistical significance between two groups, we first per-
formed the Shapiro-Wilk test and equal variance test. If the as-
sumptions of both tests were validated, we applied an unpaired
t-test. If the data did not show a normal distribution, we applied
the Mann-Whitney U test; if the data did not exhibit equal vari-
ance, Welch's t-test was used. Multiple comparisons between
the control and other groups were performed using one-way
ANOVA with Dunnett's multiple comparison test. The Kruskal-
Wallis test was performed to compare three or more groups.
p<0.05 was considered to indicate a statistically significant dif-
ference. All statistical analyses were performed using SPSS (ver-
sion 23.0; IBM SPSS Inc., Tokyo, Japan). Figures were generated
using GraphPad Prism (version 9; GraphPad Software, Boston,
MA, USA).

3 | Results

3.1 | VEM-Induced Cytotoxicity and Intracellular
Ultrastructure Changes in Human RPTECs

To determine VEM cytotoxicity in primary human RPTECsS,
we evaluated cell viability using the CCK-8 assay (Figure 1A).
Dunnett's multiple comparison test revealed significant dif-
ferences at VEM concentrations of 1 uM and above compared
with 0uM (p <0.01; one-way ANOVA with Dunnett's multiple
comparison test). Subsequently, cellular damage assessment
using the LDH assay revealed a dose-dependent increase in
LDH release due to VEM exposure (Figure 1B). Based on pre-
vious findings, the concentration of VEM selected for subse-
quent experiments was 50uM [15]. The exposure time was
24h. In the apoptosis and necrosis assays, compared with the
control, VEM did not induce changes in apoptosis-like cell
death but increased necrosis-like cell death (Figure 1C,D).
Additionally, the mRNA levels of KIM-1, MCP-1, IL-6, IL-8,
TNFa, IL-la and TGFf exhibited a concomitant increase
with VEM exposure. The levels of these mRNAs, compared
with the control, increased by 1.53+0.11 times (p=0.001
by Welch's t-test), 5.08 +1.73 times (p=0.004 by unpaired ¢-
test), 1.64 £0.66 times (p=0.343 by Mann-Whitney U test),
46.23+29.21 times (p=0.010 by unpaired t-test), 6.19+1.17
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FIGURE1 | Vemurafenib (VEM)-induced cytotoxicity and changes in intracellular ultrastructure in human renal proximal tubule epithelial cells
(RPTECs). RPTECs were treated with vehicle or VEM for 24 h. (A) Cell viability was determined using the CCK-8 assay (n=4) (B) Cell damage was
determined using the lactate dehydrogenase (LDH) assay (*p <0.05, **p <0.01 compared with 10-uM VEM; one-way ANOVA with Dunnett's mul-
tiple comparison test). (C and D) Quantitative results of apoptosis and necrosis analysed using luminescence and fluorescence intensity (*p <0.05;
Welch's t-test) (n=4). (E) VEM-induced change of mRNA expression levels of KIM-1, MCP-1, IL-6, IL-8, TNFa, IL-1a and TGF in RPTECs exposed
to 50-uM VEM compared with vehicle for 24h (n=4). (F) TEM showing VEM-induced changes in the intracellular ultrastructure of RPTECs.
N, nucleoli; M, mitochondria; V, vacuoles. The area outlined by the square in the low-magnification image is shown at a higher magnification in
the medium-magnification image. Low magnification 500X (scale bar, 10um); medium magnification 2500 (scale bar, 2um); high magnification
10000x (scale bar, 500nm). (G) TEM image of typical apoptosis in RPTEC exposed to 50-uM cisplatin for 24h (magnification: 1500Xx; scale bar,

5um). Data are presented as the mean +standard deviation. p <0.05 indicates statistical significance. NS, not significant.

times (p<0.001 by unpaired ¢-test), 41.28+8.30 times
(p<0.001 by unpaired t-test) and 2.04 +0.30 times (p <0.001
by unpaired t-test), respectively (Figure 1E).

TEM ultrastructure analysis provided additional insights into
VEM-induced cytotoxicity in RPTECs (Figure 1F). At low mag-
nification, an increase in the number of vacuoles, along with
their enlargement, and the presence of irregularly shaped nuclei
were observed. At medium-to-high magnification, the enlarged
vacuoles were observed to contain cellular debris, speculated
to be derived from dysfunctional lysosomes. Under VEM treat-
ment, most mitochondria that were visible under control condi-
tions became less visible and smaller in size. No changes in cell
membrane integrity or necrosis-like cell death were observed.
The cell microstructure of RPTECs exposed to 50-uM cispla-
tin, used as a positive control of apoptosis, was observed at 24h
(Figure 1G), revealing fragmented nuclei, condensed chromatin
and apoptotic bodies. These typical features of apoptosis were
not observed in most RPTECs exposed to 50-uM VEM for 24 h,
suggesting that these were damaged prior to cell death.

Hino et al. reported expanded vacuoles derived from lysosomes,
similar to that observed during abemaciclib-induced atypical cell
death in cancer cells [35]. Additionally, mitochondrial size and
shape are regulated by fission and fusion [36, 37]. Ischemic- and

cisplatin-induced renal injury exhibits mitochondrial fission,
and genetic and pharmacological deletion of mitochondrial fis-
sion accelerates kidney function recovery [36, 37]. This is an
important phenomenon related to mitochondrial damage, renal
tubule damage or cell death [36, 37]. Based on these results, we
further examined the effects of VEM on expanded vacuoles and
mitochondria.

3.2 | VEM Induces Lysosome Abnormalities
and Mitochondrial Superoxide Production in
Human RPTECs

MitoTracker- and LysoTracker-based fluorescent staining
was used to analyse the effects of VEM on mitochondria and
lysosome-like vacuoles. VEM exposure did not significantly af-
fect the fluorescence intensity of the mitochondria, suggesting
that VEM had little effect on the volume or integrity of mito-
chondria within 24 h (Figure 2A,B). In contrast, the fluorescence
intensity of the lysosomes significantly increased following
VEM exposure (Figure 2A,C). BAFA1, an inhibitor of vacuolar-
type ATPase that inhibits acidification in the lysosomes of
cultured cells [38], induced a loss of LysoTracker fluorescence
(Figure 2A,C), confirming that LysoTracker can effectively
track lysosomes. These results were consistent with the increase
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FIGURE 2 | VEM induces lysosome abnormalities and mitochondrial superoxide production in human RPTECs. (A) LysoTracker can identify
vacuoles derived from lysosome. LysoTracker fluorescence microscopy showed a decrease in fluorescence intensity by BAFA1 and an increase in
fluorescence intensity by VEM. Representative images of four independent experiments. Images captured using a 20X objective lens. Scale bar,
100 um. (B) VEM and BAFAL1 did not affect relative changes in fluorescence intensity of MitoTracker per cell (p =0.232; Kruskal-Wallis test) (n =4).
(C) BAFA1 reduced fluorescence of LysoTracker. VEM induced a significant increase in the relative change in fluorescence intensity of LysoTracker
per cell (*p <0.05; Welch's t-test) (n =4). (D) mtSOX is oxidised by mitochondrial superoxide and accumulates in mitochondria. mtSOX fluorescence
signals increased in RPTECs treated with 50-uM VEM for 24 h. Images captured using a 10X objective lens. Scale bar, 200 um. (E) Time-lapse fluo-
rescence microscopy images of mtSOX showed that superoxide production was gradually increased by VEM. Representative data of three indepen-
dent experiments. (F) VEM significantly increased the relative change in fluorescence intensity of mtSOX at 24h (**p <0.01; unpaired t-test) (n=4).

Data are presented as the mean + standard deviation. p <0.05 indicates statistical significance. NS, not significant.

in the number and enlargement of lysosomes observed in the
TEM images (Figure 1F). This heightened LysoTracker fluores-
cence intensity induced by VEM may also indicate a potential
impact on the acidification of the lysosomes themselves, sug-
gesting the impairment of lysosomal function and the possibility
of autophagy malfunction.

The difficulty in distinguishing mitochondria in the TEM im-
ages of VEM-treated cells (Figure 1F) may have been due to
the increase in the number and size of lysosomes and decrease
in mitochondrial size, as no significant changes in mitochon-
drial volume were observed after VEM or BAFA1 exposure.
Bai et al. confirmed that VEM induces mitochondrial dysfunc-
tion [15]. The mitochondrial morphological abnormalities ob-
served in this study (Figure 1F) suggest mitochondrial damage
[36, 37]. The superoxide-specific indicator mtSOX was used to
further elucidate the effects of VEM on mitochondrial function
(Figure 2D). The fluorescence intensity of mtSOX increased over

time immediately after VEM exposure (Figure 2E) and was sig-
nificantly higher than that of the control at 24h (Figure 2D,F).

3.3 | BAFAI1 Inhibits Lysosome Acidification
but Does Not Alleviate VEM Cytotoxicity in
Human RPTECs

Figure 3A shows representative images of LysoTracker stain-
ing in RPTECs 24h after cotreatment with VEM and BAFA1.
BAFAL1 inhibited the VEM-induced increase in lysosomal flu-
orescence intensity at 24 h (Figure 3B). These results indicated
that BAFA1 inhibited lysosome acidification, but it was unclear
whether it also reduced lysosome accumulation and enlarge-
ment. Cotreatment with BAFA1 neither improved nor wors-
ened the decrease in cell viability caused by VEM treatment
(Figure 3C). Interestingly, BAFAL1 itself significantly decreased
the viability of RPTECs, suggesting that BAFA1 was cytotoxic to
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BAFAL1 inhibits lysosome acidification but does not alleviate VEM cytotoxicity in human RPTECs. (A) LysoTracker fluorescence

microscopy showed that fluorescence intensity increased by VEM was suppressed by cotreatment with 50-uM BAFA1. Representative images of
four independent experiments. Images captured using a 20X objective lens. Scale bar, 100 um. (B) Cotreatment with VEM and BAFA1 significantly
decreased relative changes in fluorescence intensity of LysoTracker per cell at 24h (**p <0.01; unpaired t-test) (n=4). (C) BAFA1 did not affect cell
viability decreased by VEM. (D) BAFAL1 itself significantly decreased cell viability of RPTECs (**p<0.01 compared with 0-uM BAFA1; one-way
ANOVA with Dunnett's multiple comparison test) (n =4). Data are presented as the mean + standard deviation. p <0.05 indicates statistical signifi-

cance. NS, not significant.

RPTECs (Figure 3D). The results that cotreatment with BAFA1
did not exhibit additional cytotoxicity in RPTECs treated with
VEM suggest that there may be some overlap in the cytotoxic
mechanisms of BAFA1 and VEM.

3.4 | XJB-5-131 Alleviates VEM-Induced
Superoxide Production and Cytotoxicity in
Human RPTECs

XJB-5-131 is a mitochondrial targeting nitroxide with a high
affinity for RPTECS [39, 40]. Figure 4A shows the representa-
tive images of mtSOX in RPTECs 24 h after cotreatment with
VEM and XJB-5-131. Additionally, Figure 4B shows the rep-
resentative time-course changes in the fluorescence intensity
of mtSOX after cotreatment with VEM and XJB-5-131. These
results suggested that cotreatment with XJB-5-131 inhibited
the time-dependent increase in the fluorescence intensity of
mtSOX caused by VEM (Figure 4B). Furthermore, cotreat-
ment with XJB-5-131 reduced the fluorescence intensity of
mtSOX compared with that of the control at 24 h (Figure 4C).
We then evaluated the effect of inhibiting VEM-induced su-
peroxide production by XJB-5-131 on VEM-induced cyto-
toxicity in RPTECs. Cotreatment with XJB-5-131 inhibited
the decrease in cell viability of RPTEC caused by 50-uM
VEM for 24h and moderately improved cell viability in a

concentration-dependent manner (Figure 4D). Evaluation of
the cytotoxicity of XJB-5-131 showed that 10-uM XJB-5-131
did not decrease RPTEC viability (Figure 4E). Therefore,
these results suggested that the inhibition of VEM-induced
superoxide production by XJB-5-131 partially reduced the cy-
totoxicity of VEM in RPTECs.

4 | Discussion

In this study, we exposed human RPTECs to VEM and evalu-
ated their intracellular ultrastructure and function, elucidating
the mechanism of VEM-induced renal tubular toxicity. VEM
exposure for 24h damaged RPTECs and reduced their prolif-
eration; however, typical cell death was not observed. Electron
and fluorescence microscopy revealed the accumulation and en-
largement of vacuoles derived from lysosomes following VEM
exposure. Although this study could not conclusively determine
whether this phenomenon is directly involved in VEM-induced
cytotoxicity, our results suggest that the enhanced superoxide
production in mitochondria caused by VEM is partially involved
in the mechanism of renal tubular toxicity.

Previous studies have not described the type of cell death in-
duced by VEM [15]. In the present study, TEM imaging of
RPTECs exposed to VEM for 24 h did not reveal typical apoptosis
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FIGURE4 | XJB-5-131 alleviates VEM-induced superoxide production and cytotoxicity in human RPTECs. (A) mtSOX fluorescence microscopy

showed that the fluorescence intensity increased by VEM was suppressed by cotreatment with 3-uM XJB-5-131. Images captured using a 10X ob-

jective lens. Scale bar, 200 um. (B) Time-lapse fluorescence microscopy images of mtSOX showed superoxide production suppressed by cotreatment
with VEM and 3-uM XJB-5-131. Representative data of three independent experiments. (C) Cotreatment with VEM and 3-uM XJB-5-131 signifi-
cantly decreased relative changes in fluorescence intensity of mtSOX at 24 h (**p <0.01; Welch's t-test) (n =4). (D) XJB-5-131 significantly improved
cell viability decreased by VEM (*p <0.05, **p <0.01 compared with VEM + 0-uM XJB-5-131; one-way ANOVA with Dunnett's multiple comparison
test) (n=4). (E) XJB-5-131 itself did not affect cell viability of RPTEC (n=4). Data are presented as the mean + standard deviation. p <0.05 indicates

statistical significance. NS, not significant.

or necrosis with cell membrane rupture, as observed after cis-
platin exposure. Despite the absence of typical cell death, VEM
reduced cell viability, increased LDH release and elevated the
levels of proximal tubular injury markers and inflammatory
cytokines, which are indicative of cell damage and decreased
cell proliferation. The experimental conditions of this study, the
use of cultured cells and different VEM exposure times, differed
from those of previous research [15]; therefore, further studies
need to be conducted under varying experimental conditions to
fully understand the morphology of VEM-induced renal tubular
cell death.

Dysfunctional lysosomes were observed in RPTECs damaged
by VEM. TEM analysis revealed the accumulation and en-
largement of vacuoles, presumed to be derived from lysosomes
owing to their content of cellular debris and evaluation with
LysoTracker. Similar expanded vacuoles have been observed
in abemaciclib-induced atypical cell death of cancer cells [35].
However, unlike the study by Hino et al., in which blocking
abemaciclib-induced vacuole formation with BAFA1 rescued
cancer cells from cell death [35], our study found that BAFA1
did not affect VEM-induced cytotoxicity. This suggests that the
vacuoles observed in our study differed from those induced by
abemaciclib [35]. BAFA1 is known to inhibit lysosomal acidifica-
tion and autophagosome-lysosome fusion by blocking vacuolar-
type ATPase [38]. Our results, consistent with that of Martins
et al. [41], showed that cotreatment with BAFA1 and VEM did
not affect VEM cytotoxicity. However, the accumulation of

dysfunctional lysosomes observed following VEM treatment
alone suggests that VEM itself may inhibit the autophagy flux
[38]. Thus, the involvement of autophagy in VEM-induced cyto-
toxicity remains unclear, necessitating further research to deter-
mine whether the lysosomal dysfunction observed with VEM is
a secondary consequence of an earlier impairment.

VEM induced mitochondrial dysfunction and superoxide pro-
duction in RPTECs. MitoTracker evaluation showed no change
in the total mitochondrial volume, but TEM images revealed
less visible and smaller mitochondria 24h after VEM treat-
ment. Changes in mitochondrial size are associated with fission
and fusion processes. Mitochondrial fission has been observed
in ischemia- and cisplatin-induced renal injury, suggesting
mitochondrial damage and subsequent tubular damage or
cell death [36, 37]. Our TEM findings indicated that VEM in-
duced mitochondrial damage and subsequent tubular damage.
Additionally, mtSOX evaluation showed that VEM treatment
enhanced superoxide production. Superoxide, the first reactive
oxygen species produced in mitochondria, can trigger inflam-
mation and cell death [36]. Bai et al. demonstrated that VEM
inhibits the mitochondrial respiratory chain and decreases ATP
production [15]. These findings supported our conclusion that
VEM induces mitochondrial dysfunction. Furthermore, the
mitochondria-specific antioxidant XJB-5-131 moderately im-
proved the viability of VEM-treated RPTECs, suggesting that
superoxide is partially involved in VEM-induced renal tubular
toxicity. Interestingly, Hino et al. also demonstrated that the
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antioxidant N-acetyl-L-cysteine has a mild effect in suppressing
abemaciclib-induced atypical cell death [35].

Reduction in VEM-induced FECH activity has also been re-
ported to partially contribute to renal tubular toxicity [15].
Several studies have indicated that superoxide levels decrease
FECH expression and activity [42-44]. Although these previous
and current findings provide credible information regarding the
association between decreased FECH activity and enhanced
superoxide production in VEM-induced renal tubular toxicity,
whether these phenomena are independent or related requires
further investigation.

To the best of our knowledge, targets other than FECH have not
been identified for VEM-induced tubular toxicity. Identifying
target molecules common to drug-induced kidney injury would
be helpful for its prevention and treatment. Previous studies
have identified various compounds, apart from VEM, that in-
hibit FECH [45-47]. Off-target effects of VEM other than FECH
have also been reported [48-53]. Further research is required to
elucidate the relationship between drug-induced kidney injury
and FECH, as well as the relationship between off-target effects
other than FECH and VEM-induced renal tubular toxicity.

The present study provides evidence of mitochondrial and ly-
sosomal abnormalities in damaged RPTECs caused by VEM.
Moreover, this study is the first to demonstrate that superoxide
partially contributes to the mechanism of VEM-induced renal
tubular toxicity. These findings may serve as important cues for
a comprehensive understanding of the mechanisms underlying
VEM-induced renal tubular toxicity.
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