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[ABSTRACT] Pharmaceutical formulations derived from Aristolochiaceae herbs, which contain aristolochic acids (AAs), are widely
used for  medicinal  purposes.  However,  exposure  to  these  plants  and isolated AAs is  linked to  renal  toxicity,  known as  AA nephro-
pathy (AAN). Currently, the mechanisms underlying AAN are not fully understood, leading to unsatisfactory treatment strategies. In
this  study,  we  explored  the  protective  role  of  84-B10  (5-[[2-(4-methoxyphenoxy)-5-(trifluoromethyl)  phenyl]  amino]-5-oxo-3-
phenylpentanoic acid) against AAN. RNA-seq analysis revealed that the mitochondrion and peroxisome were the most affected cellu-
lar components following 84-B10 treatment in AAN mice. Consistently, 84-B10 treatment preserved mitochondrial ultrastructure, re-
stored  mitochondrial  respiration,  enhanced  the  expression  of  key  transporters  (carnitine  palmitoyltransferase  2)  and  enzymes  (acyl-
Coenzyme A dehydrogenase, medium chain) involved in mitochondrial fatty acid β-oxidation, and reduced mitochondrial ROS genera-
tion  in  both   aristolochic  acid  I  (AAI)-challenged  mice  kidneys  and  cultured  proximal  tubular  epithelial  cells.  Additionally,  84-B10
treatment increased the expression of key transporters (ATP binding cassette subfamily D) and rate-limiting enzymes (acyl-CoA oxi-
dase 1) involved in peroxisomal fatty acid β-oxidation and restored peroxisomal redox balance. Knocking down LONP1 expression di-
minished the protective effects  of  84-B10 against  AAN, suggesting LONP1-dependent  protection. In  conclusion,  our  study provides
evidence that AAN is associated with significant disturbances in both mitochondrial and peroxisomal functions. The LONP1 activator
84-B10 demonstrates therapeutic potential against AAN, likely by maintaining homeostasis in both mitochondria and peroxisomes.
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 Introduction

Aristolochic acids  (AAs)  are  a  group  of  structurally  re-
lated nitrophenanthrene carboxylic acids derived from plants
of the Aristolochiaceae family, with  aristolochic acid I (AAI)
and  aristolochic acid II (AAII) being their primary constitu-
ents [1, 2]. These herbs have demonstrated various pharmacolo-
gical  activities,  including  anti-inflammatory,  anti-malarial,
and anti-hyperglycemic effects [3, 4]. For decades, pharmaceut-
ical  formulations  containing  Aristolochiaceae  herbs  have
been  utilized  globally  to  treat  a  range  of  ailments,  such  as
hepatitis, upper respiratory tract infections, pneumonia, urin-
ary tract infections, arthralgia, hypertension, heart failure, and
festering  wounds [3].  However,  the  use  of  these  AA-contain-
ing  formulations  poses  significant  health  risks  due  to  their
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nephrotoxicity, resulting in a condition known as aristolochic
acid nephropathy (AAN) [5, 6]. AAN is characterized by elev-
ated serum creatinine (sCr) levels,  rapid tubulointerstitial  in-
jury,  and  loss  of  renal  proximal  tubules,  often  leading  to
chronic  kidney  disease  and  end-stage  renal  disease [7]. Des-
pite  extensive  research,  the  underlying mechanisms of  AAN
remain poorly  understood,  hindering  the  development  of  ef-
fective treatment strategies.

AAs exert their primary toxic effects on tubular epitheli-
al cells, which selectively reabsorb these compounds through
specific organic anion transporters [8-10]. Previous studies have
shown that AAs induce mitochondrial damage and oxidative
stress  within  these  cells [11, 12]. This  mitochondrial  dysfunc-
tion may  result  from  the  direct  binding  of  AAs  to  key  pro-
teins  essential  for  maintaining mitochondrial  homeostasis [2].
Consequently, mitochondria have been identified as potential
therapeutic targets.  Additionally,  peroxisomes,  single  mem-
brane-bound  organelles  lacking  DNA,  play  crucial  roles  in
cellular  metabolism,  including  fatty  acid β-oxidation  (FAO)
and redox  homeostasis,  functions  they  share  with  mitochon-
dria [13, 14]. Peroxisomes  are  also  involved in  ether  phosphol-
ipid  biosynthesis,  bile  acid  synthesis,  docosahexaenoic  acid
synthesis, glyoxylate  metabolism,  and  amino  acid  degrada-
tion [15-18].  Given the kidney’s high metabolic activity and its
reliance  on  both  mitochondria  and  peroxisomes  for  normal
function,  it  is  not  surprising  that  peroxisomal  dysfunction  is
observed  in  acute  kidney  injuries  caused  by  sepsis  and
ischemia [19, 20].  Therefore,  developing  strategies  to  preserve
peroxisomal function  is  also  crucial  for  effective  kidney  in-
jury therapy.

Studies have indicated that peroxisomes rely on ongoing
interactions  with  other  organelles,  particularly  mitochondria,
to fulfill their intrinsic metabolic roles [21]. However, the spe-
cific  signaling pathways facilitating communication between
peroxisomes  and  mitochondria  remain  poorly  understood.
Recent research has highlighted that one mechanism of inter-
organelle communication involves physical contact [22, 23]. It is
well  established  that  mitochondria  are  interconnected  with
the  endoplasmic  reticulum (ER) via mitochondria-associated
ER  membranes  (MAMs).  Additionally,  studies  have  shown
that  peroxisomes  preferentially  localize  to  mitochondria  at
MAM sites  through  direct  interaction  between  the  peroxi-
somal membrane protein Pex11 and the ER-mitochondria en-
counter  structure  (ERMES)  component  Mdm34 [23, 24]. In-
triguingly, recent  research  in  mouse  cardiomyocytes  identi-
fied mitochondrial  Lon  protease  (LONP1),  a  highly  con-
served ATP-dependent protease crucial for maintaining mito-
chondrial  proteostasis,  as  a  new  component  of  MAMs [25].
This finding suggests  a  potential  role  for  LONP1 in  mediat-
ing  mitochondria-peroxisome  interactions.  Based  on  this
evidence, it is reasonable to hypothesize that stabilizing or ac-
tivating LONP1 may protect  against  AAN by preserving the
homeostasis of both mitochondria and peroxisomes.

In  our  previous  investigations,  we  identified  a  novel  3-
phenylglutaric  acid  derivative,  84-B10  (5-[[2-(4-meth-

oxyphenoxy)-5-(trifluoromethyl)  phenyl]  amino]-5-oxo-3-
phenylpentanoic  acid),  characterized  by  CAS  number:
698346-43-9,  as  a  potent  LONP1  activator [26]. This  com-
pound was shown to provide protection against renal tubular
fibrosis and  cisplatin-induced  acute  kidney  injury  by  restor-
ing mitochondrial homeostasis [26-28]. Remarkably, in our cur-
rent study,  we  found  that  84-B10  not  only  effectively  im-
proved mitochondrial  homeostasis  but  also  partially  restored
peroxisome homeostasis in an AAN model, concomitant with
enhanced LONP1 expression.  Notably,  the protective effects
of  84-B10  were  significantly  diminished  following  LONP1
knockdown.  These  findings  strongly  suggest  that  activation
of LONP1 may protect against AAN by promoting structural
and functional  stability  of  mitochondria  and  indirectly  sup-
porting peroxisomal  homeostasis  through  enhanced  mito-
chondria-peroxisome  interactions.  In  conclusion,  our  study
provides  valuable  insights  into  the pathophysiology of  AAN
and  underscores  the  therapeutic  potential  of  the  novel  3-
phenylglutaric acid derivative, 84-B10, in the prevention and
treatment of AAN.

 Materials and Method

 Chemicals and reagents
The  compound  84-B10  was  synthesized  by  Shanghai

Medicilon Inc. (purity ≥ 99%, Shanghai,  China).  Aristoloch-
ic acid I (AAI) was purchased from Sigma-Aldrich (purity ≥
90%,  Cat#A5512,  St  Louis,  MO,  USA).  Both  compounds
were dissolved in dimethyl sulfoxide (DMSO) (purity ≥ 99%,
Cat#V900090, Sigma-Aldrich).
 Animal experiments

C57BL/6J male mice (8 weeks old)  were obtained from
GemPharmatech  Co.,  Ltd.  (Nanjing,  China).  They  were
housed  in  a  specific  pathogen-free  environment  with  a  12-
hour  light-dark  cycle  and  a  temperature  maintained  between
20−24 °C. The mice had free access to food and water.

To  investigate  the  impact  of  84-B10 on  AAN,  the  mice
were  randomly divided into  three  groups:  the  vehicle  group,
AAI  group,  and  AAI  +  84-B10  group.  AAN  group  of  mice
were  induced  by  intraperitoneal  (i.p.)  injection  of  AAI  at  a
dosage of 5 mg·kg−1 for five consecutive days. In the AAI +
84-B10  group,  mice  were  pre-treated  with  84-B10  (10
mg·kg−1) 24 and 48 h before the first AAI injection and then
received daily 84-B10 administration (10 mg·kg−1) before the
AAI injection. Mice in the vehicle and AAI groups were giv-
en an equivalent volume of 10% DMSO in saline once daily.
All  mice  were  euthanized  five  days  after  the  AAI  injection,
and both whole blood and kidney tissues were collected (Fig.
1A).  The  animal  experiments  were  conducted  with  approval
from  the  Institutional  Animal  Care  and  Use  Committee  at
Nanjing  Medical  University,  registered  under  the  number
IACUC 2007001.
 Serum biochemical analysis

Whole  blood  samples  were  centrifuged  at  4000  r·min−1

for  20  min,  and  the  resulting  supernatant  was  collected  for
biochemical  analysis.  The  levels  of  blood  urea  nitrogen
(BUN) and sCr were determined using a Hitachi 7600 analyz-
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er (Hitachi, Tokyo, Japan).
 Periodic acid-Schiff (PAS) staining

The PAS staining procedure was conducted using a com-

mercially available kit (Cat#G1281, Solarbio, Wuhan, China)
following the manufacturer’s instructions. After staining, the
sections were observed and captured using an Olympus BX51
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Fig. 1    84-B10 significantly alleviated kidney injury, apoptosis, and inflammation in AAN mice. (A) Schematic representation of
the experimental groups and administration regimen. (B−C) Measurement of BUN and sCr levels in mouse serum (n = 12−18).
(D)  Representative  images  of  kidney tissue  sections  stained with  PAS.  Scale  bar  =  50  μm.  (E)  Quantification of  tubular  injury
scores based on PAS staining. (F) mRNA expression levels of Lcn2 (encoding NGAL) in kidney tissues (n = 6−9). (G−H) Repres-
entative Western blots and semi-quantification of NGAL protein levels in kidney tissues (n = 6−8). (I) mRNA expression levels of
Bax, Ccl2, Il1b, and Il6 in kidney tissues (n = 6−9). (J−K) Western blotting analysis of BAX and IL-1β protein levels in kidney tis-
sues, with semi-quantification shown in (K) (n = 6−8). Data are presented as mean ± SEM. *P < 0.05 vs the vehicle group; #P <
0.05 vs the AAI group.
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microscope (Olympus,  Center  Valley,  PA,  USA).  The  tubu-
lar injury  score  was  evaluated  by  a  blinded  pathologist  ac-
cording  to  the  following  criteria:  score  0,  no  abnormalities;
score  1,  less  than  25% abnormalities;  score  2,  25% to  50%
abnormalities;  score  3,  50% to  75% abnormalities;  score  4,
more than 75% abnormalities.
 RNA-seq analysis

Fresh  kidney  tissues  were  collected  from  the  three
groups for RNA-seq analysis. The procedure involved the ex-
traction of total RNA, isolation of mRNA, and PCR amplific-
ation. The resulting library products were sequenced using a
BGISEQ-500 sequencer. Differentially expressed genes were
defined  as  having  a  fold  change  ≥  1.5  or  ≤  0.67  with  a Q-
value  <  0.05.  Gene  Ontology  (GO)  enrichment  analysis,
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment  analysis,  and  gene  set  enrichment  analysis  (GSEA)
were performed using the online tool provided by the Beijing
Genomics  Institute,  accessible  at https://biosys.bgi.com.  The
raw  data  file  and  processed  data  of  transcriptional  analysis
have been submitted to the NCBI Gene Expression Omnibus
(GEO)  database  and  can  be  accessed  under  the  identifier
GSE245755. Access to these data is granted through a secure
token number: wjuveiuidtifhul.
 Cell culture and treatment

Mouse  kidney  proximal  tubular  epithelial  cells  (TKPT)
were  procured  from  the  American  Type  Culture  Collection
(ATCC, Manassas, VA, USA) and cultured at 37 °C in Dul-
becco’s  Modified  Eagle  Medium  (DMEM)/F12  medium
(Cat#C11330500BT,  Gibco,  CA,  USA).  The  medium  was
supplemented  with  7% (V/V)  fetal  bovine  serum  (FBS)
(Cat#ST30-3302, PAN Biotech, Germany), 0.003% (W/V) in-
sulin  (Cat#P3376-400IU,  Beyotime,  Shanghai,  China),  100
U·mL−1 penicillin, 100 μg·mL−1 streptomycin, and 5% CO2.
 Western blotting analysis

Kidney  tissues  and  TKPT  cells  were  fully  lysed  using
RIPA lysate (Cat#P0045, Beyotime) with the addition of pro-
tease inhibitors  (Cat#4693116001,  Roche,  USA).  Total  pro-
tein  levels  were  quantified  using  the  bicinchoninic  acid
(BCA) assay. Equal protein amounts from each sample were
loaded and separated by sodium dodecyl sulfate-polyacrylam-
ide  gel  electrophoresis  (SDS-PAGE).  Subsequently,  proteins
were transferred onto methanol-activated polyvinylidene flu-
oride  (PVDF)  membranes.  The  PVDF  membranes  were
blocked  with  5% non-fat milk  powder  for  1  h  at  room tem-
perature  and  then  incubated  with  primary  antibodies
overnight  at  4  °C.  The  primary  antibodies  used  included:
neutrophil gelatinase-associated  lipocalin  (NGAL)  poly-
clonal antibody (1∶1000, Cat#ab63929, Abcam, Cambridge,
MA,  USA);  BCL2-associated  X  protein  (BAX)  polyclonal
antibody  (1∶1000, Cat#50599-2-Ig,  Proteintech);  interleuk-
in  1β  (IL-1β)  antibody  (1∶1000,  Cat#A16288,  ABclonal,
Wuhan,  China);  acyl-Coenzyme  A  dehydrogenase,  medium
chain (ACADM) polyclonal antibody (1∶1000, Cat#55210-1-
AP, Proteintech, Rosemont, IL, USA); superoxide dismutase
2  (SOD2)  (1∶1000,  Cat#13533,  Abcam);  carnitine
palmitoyltransferase 2 (CPT2) monoclonal antibody (1∶500,

Cat#ET1611-64, Huabio,  Hangzhou,  China);  acyl-CoA  oxi-
dase 1 (ACOX1) monoclonal antibody (1∶1000, Cat#68017-
1-Ig,  Proteintech);  Catalase  monoclonal  antibody  (1∶2000,
Cat#66765-1-Ig, Proteintech);  ATP binding cassette subfam-
ily  D  member  3  (ABCD3)  monoclonal  antibody  (1∶1000,
Cat#66697-1-Ig, Proteintech);  monoclonal  complex  II  sub-
unit SDHB antibody (C II-SDHB) (1∶1000，Cat#ab14714，
Abcam);  monoclonal  complex  III  subunit  UQCRC2  (C  III-
UQCRC2)  antibody  (1∶1000， Cat#ab14745， Abcam);
monoclonal  complex  V  subunit  ATP5A  antibody  (C  V-
ATP5A)  (1∶1000, Cat#  ab14748,  Abcam);  LONP1  anti-
body  (1∶1000,  Cat#A4293,  ABclonal);  monoclonal  3-hy-
droxy-3-methylglutaryl-CoA synthase  2  (HMGCS2)  anti-
body  (1∶1000,  Cat# 20940,  Cell  Signaling  Technology);
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mono-
clonal  antibody  (1∶2000,  Cat#60004-1-Ig,  Proteintech);  β-
actin  monoclonal  antibody  (1∶2000, Cat#66009-1-Ig,  Pro-
teintech).  Afterward,  the  PVDF  membranes  were  incubated
with  peroxidase-tagged  secondary  antibodies  for  1  hour  at
room temperature. The resulting immunoreactive bands were
detected using  a  chemiluminescence  kit  (Cat#PA112,  Tian-
gen  Biotech,  Beijing,  China)  with  the  Bio-Rad  ChemiDoc
XRS+  System  (Hercules,  CA,  USA).  Quantification  of  the
bands was carried out using Image J software (National Insti-
tutes of Health, Bethesda, Maryland, USA).
 Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA from both kidney tissues and TKPT cells was
extracted using  RNAiso  Plus  (Cat#9109,  Takara  Biotechno-
logy, Dalian,  China).  The  extracted  RNA  was  reverse  tran-
scribed  into  cDNA  using  Reverse  Transcriptase  M-MLV
(Cat#2641A, Takara  Biotechnology)  following the  manufac-
turer’s protocol.  Quantitative  PCR  was  subsequently  per-
formed  using  SYBR  Green  Master  Mix  (Cat#Q131-02,
Vazyme,  Nanjing,  China)  on  a  Step  One  Plus  PCR  System
(Applied Biosystems). The specific primers used for the qRT-
PCR are listed in Table S1.
 Cell viability assay

The cell  counting kit-8 (CCK-8) (Cat#K1018, ApexBio,
Houston, TX, USA) was used to assess cell viability. Briefly,
TKPT  cells  were  seeded  in  a  96-well  plate  and  stimulated
with  the  indicated  concentrations  of  AAI  and/or  84-B10.
After the treatment, 10 microliters of the CCK-8 reagent were
added to each well and incubated for 1 hour at 37 °C. The ab-
sorbance was measured at 450 nm. Relative cell viability was
compared with  that  of  the  control  group  to  evaluate  the  im-
pact of the treatments on cell viability.
 Total cellular ROS and mitochondrial ROS (mtROS) analysis

Live TKPT cells were incubated with 2',7'-dichlorofluor-
escin  diacetate  (Cat#S0033S,  Beyotime)  at  37  °C  for  20
minutes to estimate total cellular ROS or incubated with Mi-
toSOX™ Red (Cat#M36008, Invitrogen, CA, USA) at 37 °C
for  30  minutes  to  estimate  mtROS  levels.  After  incubation,
cells were  digested  with  trypsin  and  subjected  to  fluores-
cence  intensity  analysis  on  a  CytoFLEX  flow  cytometer
(Beckman Coulter Life Sciences, Nyon, Switzerland).
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 Mitochondrial DNA (mtDNA) copy number analysis
Total  DNA  from  TKPT  cells  was  extracted  using  the

TIANamp Genomic DNA Kit (Cat#DP304, Tiangen Biotech)
following  the  manufacturer’s  instructions.  Quantitative  PCR
was utilized  to  detect  the  copy  number  of  a  specific  mito-
chondrial gene, mt-Co2. Relative mtDNA copy numbers were
normalized  to  that  of  the  nuclear  18S  rRNA  gene.  The
primers  used  for  the  analysis  of  mouse mt-Co2 were  F:  5'-
GCCGACTAAATCAAGCAACA-3'  and  R:  5'-CAATGG-
GCATAAAGCTATGG-3'. The primers for mouse 18S rRNA
were  F:  5'-TTCGGAACTGAGGCCATGATT-3'  and  R:  5'-
TTTCGCTCTGGTCCGTCTTG-3'.
 Mitochondrial ultrastructure analysis

Kidney samples were harvested and immersed in a solu-
tion  of  2.5% glutaraldehyde  in  0.1  mol·L−1 sodium caco-
dylate buffer for more than 2 hours. After glutaraldehyde fix-
ation, the samples were further fixed with 1% osmium tetrox-
ide  (OsO4).  Ultrathin  sections  (60−80  nm  thickness)  were
prepared  and  stained  with  2% acetic  acid  dioxygen  and  3%
lead  citrate.  The  staining  enhances  the  contrast  of  cellular
structures in the transmission electron microscope (TEM). Fi-
nally,  the  stained  ultrathin  sections  were  observed  using  a
JEM 1400 TEM (Japan Electron Optics Laboratory Co., Ltd.,
Tokyo,  Japan).  To  quantify  mitochondrial  injury,  a  scoring
system was employed with the following criteria: score 0, no
injury observed; score 1, slight decrease of cristae or the pres-
ence of small vacuoles; score 2, severe decrease of cristae or
the  presence  of  big  vacuoles;  score  3,  severe  decrease  of
cristae, presence of large vacuoles formation and myelin fig-
ures.
 Immunofluorescence staining

Mouse  kidney  sections  were  conventionally  dewaxed
and rehydrated, followed by microwave heating in citrate an-
tigen repair  solution (Cat#P0083,  Beyotime)  for  20 minutes.
Subsequently, the sections were blocked with a solution con-
sisting of 5% goat serum and 0.3% Triton X-100 in PBS for 1
hour  at  room temperature.  The sections  were  then incubated
with  the  primary  antibody  against  LONP1  (1∶100,
Cat#A4293, ABclonal) overnight at 4 °C. The following day,
an Alexa  Fluor  488-conjugated  goat  anti-rabbit  IgG second-
ary antibody (1∶1000, Cat#ab150077, Abcam) was applied.
Cell  nuclei  were  labeled  with  4',6-diamidino-2-phenylindole
(DAPI).  After  washing with  PBS/T three  times,  the  sections
were viewed  and  imaged  using  an  Olympus  BX51  micro-
scope (Olympus, Tokyo, Japan).
 Hydrogen peroxide (H2O2) concentration analysis

A  commercial  H2O2 assay  kit  (Cat#BC3595,  Solarbio,
Beijing, China) was used to assess H2O2 levels in TKPT cell
samples.  The  absorbance  of  each  sample  was  measured  at  a
wavelength of 415 nm.
 RNA interference

TKPT cells were transfected with scrambled small inter-
fering  RNA  (siRNAs)  or  siRNAs  targeting  mouse Lonp1
(Cat#siG1512031128-28/34/41, RiboBio, Guangzhou, China)
using  Lipofectamine  2000  transfection  reagent  (Cat#1166-
8500,  ThermoFisher,  IL,  USA)  according  to  the  manufac-
turer’s instructions

 Statistical analysis
All data were expressed as mean ± standard error of the

mean (SEM). An unpaired Student’s t-test was used for com-
parisons involving a single variable, and analysis of variance
(ANOVA)  was  employed  for  comparisons  involving  two
variables.  A P-value  of  <  0.05  was  considered  statistically
significant.

 Results

 84-B10 significantly alleviated AAN in mice
Firstly,  the  therapeutic  effect  of  84-B10  was  confirmed

in  AAI-induced  AAN  model  mice  (Fig.  1A).  The  chosen
dosage of 84-B10 (10 mg·kg−1) was based on previous studi-
es [26, 27].  Serum  biochemical  results  demonstrated  that  the
AAI challenge led to  a  substantial  increase  in  BUN and sCr
levels,  both  of  which  were  mitigated  by  84-B10  (Figs.
1B−1C).  Renal  histological  changes  in  AAI-exposed  mice,
including the loss of the proximal tubular brush border, tubu-
lar dilation, and cell cast formation, were observed. However,
84-B10 treatment significantly attenuated these histopatholo-
gical alterations (Figs. 1D−1E). Furthermore, the study evalu-
ated the mRNA and protein expression of NGAL, a sensitive
biomarker  of  kidney  injury,  to  confirm  the  AAN-alleviating
effect of 84-B10. As shown in Fig. 1F, the transcription level
of Lcn2,  the  gene  encoding  NGAL,  significantly  increased
after AAI stimulation and was remarkably downregulated by
84-B10  therapy.  The  protein  expression  of  NGAL exhibited
similar results (Figs. 1G−1H).

Since AAN is also characterized by tubular cell apoptos-
is and immune cell infiltration [29], the investigation extended
to evaluate the tissue expression of relevant apoptotic signal-
ing molecules, notably BAX, as well as inflammatory factors,
including  CCL2,  IL-1β,  and  IL-6.  qRT-PCR  and  Western
blotting  analyses  consistently  revealed  a  marked  increase  in
the expression  of  pro-apoptotic  and  pro-inflammatory  mo-
lecules in  response  to  AAI  stimuli.  Notably,  the  administra-
tion of 84-B10 efficiently mitigated the upregulation of these
molecular markers (Figs. 1I−1K). These findings collectively
underscore  the  therapeutic  potential  of  84-B10  in  protecting
against AAN in murine subjects.
 Unbiased  transcriptomic  analysis  of  84-B10  treated  AAN
model mice

To  unravel  the  underlying  mechanisms  responsible  for
the protective effects of 84-B10 against AAN, we conducted
an unbiased RNA-Seq analysis using kidney tissues obtained
from AAN model mice treated with or  without 84-B10. Our
findings revealed  substantial  transcriptional  alterations  in-
volving  a  total  of  6957  genes,  with  3640  genes  upregulated
and 3317 genes downregulated in the AAI group compared to
the vehicle  group.  Furthermore,  608  genes  exhibited  tran-
scriptional changes in the AAI + 84-B10 group compared to
the  AAI  group,  with  510  genes  upregulated  and  98  genes
downregulated.  We  applied  stringent  criteria  (fold  change  ≥
1.5 or  ≤ 0.67; Q value < 0.05)  to  define these changes (Fig.
2A). A Venn diagram analysis unveiled that 443 genes (con-
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stituting  about  73% of the  total  number  of  differentially  ex-
pressed genes between the AAI + 84-B10 group and the AAI
group)  were  concurrently  down-regulated  by  AAI  exposure
and  subsequently  restored  by  84-B10  treatment  (Fig.  2B).
Subsequent GO enrichment analysis  conducted on these 443
genes highlighted the significant impact on the cellular com-
ponents “mitochondrion” and “peroxisome” in the AAN kid-
ney  treated  with  84-B10  (Fig.  2C).  We  further  employed
heatmaps to visually represent the clustered genes associated
with  the  “mitochondrion ”  and  “peroxisome ”  (Figs.  S1  and
S2, respectively). Collectively, our transcriptomic data under-
score  the  therapeutic  potential  of  84-B10  in  preserving  the
homeostasis of both mitochondria and peroxisomes.
 84-B10 effectively  restored  AAI-induced  mitochondrial   dys-
function

To  elucidate  the  effects  of  84-B10  on  mitochondrial
structure and  function,  we  employed  TEM  and  various  bio-
chemical  methods.  Consistent  with  previous  studies [30, 31],
TEM  analysis  revealed  significant  mitochondrial  damage  in
tubular  cells  following  AAI  administration,  characterized  by
shortened  length,  disrupted  cristae,  incomplete  membranes,
and vacuole formation. Notably, treatment with 84-B10 signi-
ficantly  ameliorated  these  mitochondrial  injuries  (Figs.
3A−3B).

As cellular powerhouses, mitochondria generate ATP via
the  mitochondrial  respiratory  chain,  which  comprises  five
multi-subunit complexes (C I−C V). GSEA of transcriptomic
data  indicated  that  the  mitochondrial  respiratory  chain  was
downregulated in the AAI group but reactivated upon 84-B10

treatment (Figs. 3C−3D). These transcriptomic findings were
corroborated by the protein expression levels of key subunits
of  the  mitochondrial  respiratory  chain,  namely,  C  II-SDHB,
C III-UQCRC2,  and  C V-ATP5A (Figs.  3E−3F). Mitochon-
drial fatty acid β-oxidation (mt-FAO) is crucial for ATP pro-
duction in  tubular  epithelial  cells.  We  assessed  the  expres-
sion of ACADM, the enzyme catalyzing the initial step of mt-
FAO, and CPT2, responsible for transferring fatty acids into
the  mitochondrial  matrix  for β-oxidation. AAI  exposure  re-
duced  the  expression  of  ACADM  and  CPT2,  but  84-B10
treatment  significantly  mitigated  this  reduction,  indicating
improved regulation of enzymes and proteins involved in mi-
tochondrial  fatty  acid  metabolism  (Figs.  3G−3H). Addition-
ally, the expression of SOD2, an enzyme responsible for de-
toxifying  mitochondrial  reactive  oxygen  species  (mtROS),
was reduced by AAI-induced injury but enhanced by 84-B10
treatment,  suggesting  an  improved  antioxidative  capacity
(Figs. 3G−3H).

We further  investigated  the  impact  of  84-B10  on  mito-
chondrial  protection  in  TKPT  cells  exposed  to  AAI.  The
CCK8 assay demonstrated a dose-dependent reduction in the
viability  of  TKPT  cells  after  24-hour  AAI  exposure,  with
5  μg·mL−1 of  AAI  chosen  for  subsequent  experiments  (Fig.
4A).  We  assessed  the  protective  capacity  of  84-B10  and
found that concentrations of 20 and 30 μmol·L−1 partially re-
stored  cell  viability  following  AAI  exposure  (Fig.  4B).  For
further  experiments,  we  used  20  μmol·L−1 of  84-B10.  To
verify  the  mitochondrial  protective  effects  of  84-B10  in
TKPT cells, we examined the mtDNA copy number. AAI ex-
posure reduced mtDNA copy numbers, but 84-B10 treatment
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Fig. 2    RNA-seq analysis revealed that 84-B10 restored transcriptional signature associated with mitochondrion and peroxisome
in  AAN  mice.  (A)  The  number  of  genes  showing  transcriptional  alterations  when  comparing  the  vehicle  and  AAI  groups  and
when comparing the AAI + 84-B10 and AAI groups based on RNA-seq analysis (fold change ≥ 1.5 or ≤ 0.67; Q value < 0.05) (n =
3). (B) A Venn diagram displaying that 3317 genes were transcriptionally downregulated when comparing the AAI group to the
vehicle  group,  while  510 genes were transcriptionally upregulated when comparing the AAI + 84-B10 group to the AAI group
(fold change ≥ 1.5 or ≤ 0.67; Q value < 0.05) (n = 3). Among these genes, 443 were found to be in common. (C) GO cell component
analysis revealed that the 443 overlapped genes were predominantly enriched in the categories of mitochondrion and peroxisome.
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significantly  reversed  this  effect  (Fig.  4C).  Additionally,  the
transcription levels of twelve mtDNA-encoded genes,  essen-
tial for the mitochondrial respiratory chain (C I subunits: mt-
Nd1, mt-Nd2, mt-Nd3, mt-Nd4, mt-Nd5,  and mt-Nd6;  C  III
subunit: Cytb;  C  IV subunits: mt-Co1, mt-Co2,  and mt-Co3;
C V subunits: mt-Atp6 and mt-Atp8), were largely restored by
84-B10  intervention  following  AAI  exposure  (Fig.  4D).  In

concordance with our in vivo findings, 84-B10 treatment im-
proved  mt-FAO  in  AAI-injured  TKPT  cells  (Figs.  4E−4F).
Mitochondrial dysfunction often results in increased mtROS,
contributing to overall  oxidative stress.  We assessed mtROS
and total ROS levels in TKPT cells and found significant in-
creases in both due to AAI exposure.  84-B10 treatment effi-
ciently reduced these ROS levels (Figs. 4G−4H). Notably, 84-
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Fig. 3    84-B10 restored mitochondrial ultrastructure and function in AAN mice. (A) TEM images displaying the representative
mitochondrial ultrastructure within tubular epithelial cells from each group. Scale bar = 500 nm. (B) Quantification of mitochon-
drial injury scores based on TEM analysis (n = 3). (C−D) GSEA illustrating the status of the mitochondrial respiration chain in
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B10 reduced total ROS to a greater extent than mtROS, sug-
gesting that  its  protective effects  might extend beyond mito-
chondrial homeostasis preservation (Figs. 4G−4H).

 84-B10 alleviated AAI-induced peroxisomal dysfunction
GSEA, based on the RNA-seq data, also demonstrated a

substantial disruption of peroxisomal function in AAI model
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Fig. 4    84-B10 attenuated AAI-induced mitochondrial dysfunction in cultured kidney proximal tubular epithelial cells (A) TKPT
cells were exposed to a range of AAI concentrations (1 to 40 μg·mL−1 ) for 24 h, and cell viability was assessed using a CCK-8 as-
say (n = 6). (B) TKPT cells were pre-treated with 84-B10 (5−30 μmol·L−1) for 2 h, followed by exposure to AAI (5 μg·mL−1 ) for
additional 12 h. Cell viability was measured using CCK-8 (n = 6). (C) TKPT cells were pre-treated with 84-B10 (20 μmol·L−1) for
2 h, and then exposured to AAI (5 μg·mL−1 ) for 12 h. The relative mtDNA copy number of TKPT cells was determined (n = 3).
(D) TKPT cells were treated as in (C), and a heatmap illustrates the transcription levels of mitochondrial genes (mt-Nd1, mt-Nd2,
mt-Nd3, mt-ND4, mt-ND5, mt-ND6, Cytb; mt-Co1, mt-Co2, mt-Co3, mt-Atp6 and mt-Atp8) in TKPT cells based on qRT-PCR
(n = 3). (E−F) TKPT cells were pre-treated with 84-B10 (20 μmol·L−1) for 2 h before exposure to AAI (5 μg·mL−1) for another 24
h.  Western  blots  and semi-quantification  of  ACADM and CPT2 are  presented  (n =  3).  (G)  TKPT cells  were  treated  as  in  (B).
mtROS levels  were  estimated  using  a  mitoSOX probe  and analyzed via flow cytometry.  Quantification  of  mtROS is  displayed
(n = 3);  MFI,  mean fluorescence  intensity.  (H)  TKPT cells  were  treated as  in  (B).  Total  ROS levels  were  estimated by using a
DCFH-DA  probe  and  analyzed via flow  cytometry.  Quantification  of  total  ROS  is  presented  in  parallel  (n =  3).  All  data  are
presented as mean ± SEM. *P < 0.05 vs the vehicle group; #P < 0.05 vs the AAI group.
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mice.  Notably,  this  disruption  was  partially  mitigated  by
treatment with 84-B10 (Figs. 5A−5B). To further validate the
RNA-Seq findings, we evaluated the expression of transport-
ers and enzymes that play pivotal roles in peroxisomal func-
tion, particularly peroxisomal fatty acid oxidation (per-FAO)
and hydrogen peroxide (H2O2) clearance, both in vivo and in
vitro.  ACOX1  (encoded  by Acox1)  serves  as  the  initial  and
rate-limiting  enzyme  of  the  per-FAO;  ABCD3  (encoded  by
Abcd3) is a peroxisomal membrane protein acting as an ATP-
dependent  pump  for  fatty  acid  transport;  and  Catalase  (en-
coded by Cat) is the most abundant peroxisomal enzyme re-
sponsible for H2O2 degradation. In response to AAI exposure,
we  observed  a  consistent  reduction  in  the  mRNA  levels  of
Acox1, Abcd3,  and Cat in mice, all  of which were alleviated
by  84-B10  treatment  (Figs.  5C−5E). These  trends  were  fur-
ther  confirmed  by  analyzing  the  protein  expression  of
ACOX1  and  Catalase  (Figs.  5F−5G). Remarkably,  we  ob-
served similar patterns in both mRNA and protein expression
for  these  transporters  and  enzymes  in  AAI-injured  TKPT
cells  upon  84-B10  treatment  (Figs.  6A−6E). We  also  meas-

ured cellular H2O2 concentration and found that 84-B10 sig-
nificantly reduced the heightened cellular H2O2 levels in AAI-
challenged TKPT cells,  suggesting  an  enhanced  H2O2 clear-
ance ability, particularly attributed to Catalase (Fig. 6F). Col-
lectively, these findings underscore the detrimental impact of
AAI on peroxisomes and highlight 84-B10’s role in alleviat-
ing peroxisomal dysfunction under AAN conditions.
 The tubular protective effect of 84-B10 under AAN condition
is dependent on LONP1 activation

Previous studies have established 84-B10 as a potent ac-
tivator of LONP1 [26]. In this study, we aimed to determine if
the renoprotective  effects  of  84-B10  against  AAN  are  de-
pendent on LONP1 activation. Initially, we evaluated LONP1
expression in  the  AAN  murine  model.  Our  results  demon-
strated  a  significant  downregulation  of  LONP1  following
AAI  exposure,  which  was  substantially  upregulated  upon
treatment  with  84-B10  (Figs.  7A−7B).  This  outcome  was
consistently corroborated  through  immunofluorescence  ana-
lysis of LONP1 in renal tissues (Figs. 7C−7D). Extending our
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Fig. 5    Mitigation of AAN-associated peroxisomal dysfunction by 84-B10 in mice. (A−B) GSEA depicting the status of the peroxi-
some in comparisons between the vehicle  and AAI groups and between the AAI and AAI + 84-B10 groups based on RNA-seq
data (n = 3). ES, enrichment score; NES, normalized enrichment score; FDR, false discovery rate. (C−E) mRNA expression levels
of Acox1, Abcd3, and Cat in kidney tissues (n = 6−9). (F−G) Representative immunoblots and semi-quantification of ACOX1 and
Catalase in kidney tissues (n = 6−8). All data are presented as mean ± SEM. *P < 0.05 vs the vehicle group; #P < 0.05 vs the AAI
group.
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investigation  to  AAI-challenged  TKPT  cells,  we  observed
analogous  results  consistent  with  the in  vivo data  (Figs.
7E−7F). To explore the dependency of 84-B10’s tubular pro-
tective effect on LONP1 activation, we utilized siRNAs to si-
lence the Lonp1 gene before administering 84-B10 treatment
(Figs. 7G−7H). CCK8 assays revealed that the protective ef-
fect  of  84-B10 on cell  viability was significantly diminished
following Lonp1 knockdown  (Fig.  7I). Additionally,  the  re-
duction  in  total  ROS  levels  achieved  by  84-B10  treatment
was reversed after Lonp1 knockdown (Fig. 7J). Collectively,
these findings  establish  that  the  renal  tubular  protection  af-
forded by 84-B10 in the context of AAN is contingent upon
the activation of LONP1.

 Discussion

Since  the  1990s,  researchers  have  uncovered  the  toxic
nature  of  AAs,  linking  them  to  renal  failure  and  urothelial
carcinoma. Despite efforts such as the World Health Organiz-
ation’s classification of AAI as a Group 1 carcinogen [32] and
the  implementation  of  restrictions  on  AAs  and  AA-contain-
ing  botanicals  in  various  countries [33],  the  global  population
remains  vulnerable  due  to  the  widespread  use  of  medicinal
plants  containing  AAs.  Effective  strategies  to  combat  AA
nephropathy (AAN) are still being sought.

LONP1  is  an  evolutionarily  conserved  serine  peptidase
that  ensures  mitochondrial  proteostasis  from  yeast  to  hum-

ans [34].  Previously,  our investigation revealed that  decreased
LONP1 expression plays an important role in mediating ren-
al  fibrosis [26]. By  employing  computer-aided  virtual  screen-
ing, we identified a novel LONP1 activator, 84-B10. Pharma-
cologically, 84-B10 mitigated mitochondrial dysfunction and
attenuated  renal  fibrosis  in  various  chronic  kidney  disease
contexts [26]. We  also  found  that  84-B10  can  ameliorate  cis-
platin-induced  acute  kidney  injury [27].  In  the  present  study,
we have extended our exploration to demonstrate the role of
LONP1 and  the  protective  efficacy  of  84-B10  in  AAN.  In-
triguingly, we observed a substantial reduction in LONP1 ex-
pression  in  the  kidneys  of  mice  and  TKPT  cells  exposed  to
AAI,  which  was  partially  reversed  by  84-B10  treatment.
Along with the increased expression of LONP1, 84-B10 sig-
nificantly attenuated renal dysfunction, mitigated renal histo-
pathological  alterations,  and  notably  reduced  the  expression
of the tubular injury marker NGAL in AAI-injured mice. Ad-
ditionally, since  tubular  epithelial  cell  apoptosis  and  in-
creased  inflammation  are  pathological  features  of  AAN,  we
evaluated  tissue  expression  of  the  pro-apoptotic  molecule
BAX and  pro-inflammatory  factors,  including  CCL2,  IL-1β,
and IL-6.  Results  showed  a  reduction  in  apoptosis  and  in-
flammation levels after 84-B10 treatment. In an in vitro mod-
el utilizing TKPT, 84-B10 effectively preserved cell viability
when  exposed  to  AAI.  However,  when  we  knocked  down
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Fig.  6     84-B10  alleviated  AAI-induced  peroxisomal  dysfunction  in  cultured  kidney  proximal  tubular  epithelial  cells.  (A−C)
TKPT cells were pre-treated with 84-B10 (20 μmol·L−1) for 2 h and exposed to AAI (5 μg·mL−1) for another 12 h. The mRNA ex-
pression levels of Acox1, Abcd3 and Cat were analyzed using qRT-PCR (n = 4). (D−E) TKPT cells were pre-treated with 84-B10
(20 μmol·L−1) for 2 h and exposed to AAI (5 μg·mL−1) for another 24 h. Protein expression of ACOX1 and ABCD3 in TKPT cells
was estimated via Western blotting analysis. Semi-quantified of ACOX1 and ABCD3 is shown in (E) (n = 4). (F) TKPT cells were
treated as in (A−C). The concentration of H2O2 in each group was estimated (n = 3). All data are presented as mean ± SEM. *P <
0.05 vs the vehicle group; #P < 0.05 vs the AAI group.
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Lonp1, the  protective effect  of  84-B10 on TKPT cell  viabil-
ity was significantly diminished. These findings suggest that
84-B10  protects  tubular  function  under  AAN  conditions  by
activating  LONP1,  indicating  that  LONP1  may  emerge  as  a
promising target for the prevention and treatment of AAN.

Leveraging unbiased RNA-sequencing analysis, we iden-

tified  that  the  genes  downregulated  by  AAI  exposure  and
ameliorated by 84-B10 treatment  were  primarily  enriched in
mitochondrial and peroxisomal functions. Given that 84-B10
is  a  potent  LONP1  activator  and  mitochondrial  protective
agent  and  recognizing  the  close  functional  relationship
between mitochondria and peroxisomes, we hypothesize that
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Fig. 7    The tubular protective effect of 84-B10 under the AAN condition was dependent on LONP1 activation. (A−B) Represent-
ative Western blots and semi-quantification of LONP1 in mouse kidney tissue (n = 6−8). (C−D) Immunofluorescence analysis of
LONP1 in  the  cortex  of  mouse  kidney.  Scale  bar  =  20  μm.  The mean fluorescence  intensity  (MFI)  of  LONP1 in  each group is
presented in (D) (n = 3). (E−F) TKPT cells were pre-treated with 84-B10 (20 μmol·L−1) for 2 h and exposed to AAI (5 μg·mL−1) for
another  24  h.  The  protein  expression  of  LONP1  in  TKPT  cells  is  shown  (n =  4).  (G-H)  TKPT  cells  were  transfected  with
scrambled siRNA (si-NC) or LONP1-targeted siRNAs (si-LONP1). Protein levels of LONP1 expression were analyzed via West-
ern blotting analysis (n = 4). (I) TKPT cells were firstly transfected with si-NC or si-LONP1 and then pre-treated with 84-B10 (20
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TKPT cells were treated as in (I). Total ROS levels were measured using a DCFH-DA probe and analyzed by flow cytometry (n =
3). All data are presented as mean ± SEM. In Fig. B, D, F, H, *P < 0.05 vs the vehicle group or si-NC group; #P < 0.05 vs the AAI
group. In Figs. I−J, *P < 0.05 between indicated groups.
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84-B10  might  play  an  advantageous  role  against  AAN  by
maintaining the homeostasis of both mitochondria and perox-
isomes.

Further biochemical analyses in vivo and in vitro demon-
strated that  84-B10  preserves  mitochondrial  genomic  integ-
rity,  protects  the  mitochondrial  respiratory  chain,  alleviates
dysregulation of key transporters and enzymes involved in mt-
FAO,  and  reduces  mtROS  levels  under  AAI-induced  stress.
These findings underscore 84-B10’s role as a guardian of mi-
tochondrial function under various kidney-related stress con-
ditions. Interestingly, 84-B10 exhibited a more potent ability
to reduce total ROS levels compared to mtROS levels. Perox-
isomes, which are ubiquitous intracellular organelles charac-
terized by a single membrane, are especially abundant in ren-
al  tissue [35].  Beyond  mitochondria,  peroxisomes  are  critical
sites  for  intracellular  ROS  generation  and  detoxification [19].
RNA-seq  analysis  and  biochemical  data  suggest  that  84-
B10’s  protective  role  extends  to  maintaining  peroxisomal
homeostasis. Catalase,  a  key  peroxisomal  enzyme  respons-
ible for degrading H2O2, plays a vital role in maintaining cel-
lular  redox  balance.  Our  investigation  revealed  that  84-B10
treatment restored  Catalase  expression  and  significantly  re-
duced  H2O2 levels  in  AAI-exposed  TKPT  cells.  Thus,  we
propose that  the  restoration of  peroxisomal  antioxidative  ca-
pacity by 84-B10, in conjunction with enhanced mitochondri-
al antioxidative  systems,  collectively  contributes  to  the  im-
provement of overall redox equilibrium.

In addition  to  their  roles  in  ROS detoxification,  peroxi-
somes  and  mitochondria  exhibit  shared  functionalities  in
FAO. However,  per-FAO and mt-FAO have notable distinc-
tions  regarding  substrates,  transport  mechanisms,  enzymatic
reactions,  and  end  products.  Per-FAO  primarily  processes
very  long-chain  and  branched-chain  fatty  acids,  relying  on
ATP-binding  cassette  (ABC)  transporters,  with  the  initial
FAO  reaction  catalyzed  by  ACOXs.  In  contrast,  mt-FAO
primarily  handles  long-chain  fatty  acids,  facilitated  by  the
carnitine system involving CPT1 and CPT2. Per-FAO mainly
participates  in  biosynthesis  pathways,  yielding  H2O2 as  the
end  product,  whereas  mt-FAO is  associated  with  catabolism
and  energy  production,  coupling  with  the  respiratory  chain
and the tricarboxylic acid cycle to generate adenosine triphos-
phate (ATP).  Notably,  these  organelles  collaborate  in  meta-
bolizing very long-chain fatty acids, with peroxisomes gener-
ating a  spectrum  of  chain-shortened  acyl-coenzyme  A  mo-
lecules,  including  acetyl-CoA,  propionyl-CoA,  and  various
medium-chain acyl-CoAs,  which  are  subsequently  trans-
ferred to mitochondria for complete oxidation. In our experi-
ments, we observed that AAI exposure profoundly decreased
the levels of key enzymes and transporters involved in FAO
in  both  mitochondria  and  peroxisomes.  Treatment  with  84-
B10 significantly  ameliorated  these  disruptions.  These  find-
ings suggest that, in addition to its critical role in maintaining
mitochondrial proteostasis, LONP1 may also play a signific-
ant  role  in  peroxisomal  homeostasis.  However,  it  remains to
be determined whether LONP1 serves as an adaptor facilitat-

ing physical  interactions  between  mitochondria  and  peroxi-
somes or if it plays a role in signaling transduction pathways.
Further  investigations  are  necessary  to  elucidate  the  precise
mechanisms  by  which  LONP1  coordinates  the  activities  of
these two essential organelles.

In our  previous  study,  we  discovered  that  LONP1  tar-
gets  3-hydroxy-3-methylglutaryl-CoA  synthase  2  (HMGC-
S2), a  rate-limiting  enzyme  in  ketogenesis,  to  protect  mito-
chondrial function and mitigate chronic kidney disease [26]. To
investigate  the  potential  involvement  of  HMGCS2  in  AAN,
we  evaluated  its  expression  in  mouse  kidneys.  Our  results
showed  that  HMGCS2  expression  was  upregulated  in  AAN
kidneys  (Figs.  S3A−S3B).  However,  84-B10  treatment  did
not affect HMGCS2 expression in AAI-injured kidneys (Figs.
S3A−S3B),  suggesting  that  HMGCS2  is  not  responsible  for
the therapeutic  effects  of  84-B10  in  AAN.  We  also  per-
formed a detailed analysis of genes with opposing expression
patterns. Venn diagram analysis revealed 86 genes that were
upregulated by  AAI  exposure  and  subsequently  downregu-
lated  by  84-B10  treatment  (Fig.  S4A).  KEGG  enrichment
analysis of  these  genes  identified  significant  pathways,  in-
cluding “cell adhesion molecules” and “cytokine-cytokine re-
ceptor  interaction ”  (Fig.  S4B).  Heatmaps  indicated  that  six
genes clustered in the “cell adhesion molecules” pathway and
seven genes  clustered  in  the  “cytokine-cytokine  receptor  in-
teraction” pathway (Figs.  S4C−S4D). These genes are prim-
arily  involved  in  inflammatory  processes  by  facilitating  the
adhesion,  attraction,  and  activation  of  immune  cells  such  as
macrophages, monocytes, and leukocytes [36-39]. The downreg-
ulation of these genes following 84-B10 treatment may indic-
ate a secondary response, though their direct contributions to
AAN require further investigation.

Our study highlights the interconnected regulation of mi-
tochondria and peroxisomes, as dysfunction in one organelle
can lead to  dysfunction in  the  other [21]. It  is  essential  to  ad-
dress both organelles when considering cellular stress condi-
tions.  The  3-phenylglutaric  acid  derivative  84-B10  shows
promise as a therapeutic agent against AAN due to its ability
to activate LONP1 and ameliorate dysfunctions in both mito-
chondria  and  peroxisomes  in  rodent  and  cell-based  models.
However,  further  exploration  of  its  clinical  applications  is
still in need.

 Conclusion

In summary, our study provides compelling evidence that
AAN is characterized by significant disruptions in both mito-
chondrial and peroxisomal functions. Notably, the LONP1 acti-
vator 84-B10 has demonstrated remarkable efficacy in allevi-
ating AAN, primarily through the restoration of mitochondri-
al  and peroxisomal  homeostasis  (Fig.  8). These  findings  un-
derscore the therapeutic potential of 84-B10 in addressing the
multifaceted cellular dysfunctions associated with AAN.

 Supporting Information

The raw data files and processed data from the transcrip-
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tional  analysis  of  kidney  tissues  have  been  deposited  in  the
NCBI Gene Expression Omnibus (GEO) database and can be
accessed  at  GSE245755.  To  access  the  data,  please  use  the
secure  token  number:  wjuveiuidtifhul.  All  other  supporting
data can  be  requested  by  sending  E-mail  to  the  correspond-
ing authors.
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Fig. 8    Proposed mechanism of 84-B10 in protecting against AAN. AAs preferentially affect tubular epithelial cells,  leading to
mitochondrial and peroxisomal damage. Treatment with the LONP1 activator 84-B10 safeguards mitochondrial ultrastructure,
restores mitochondrial respiration, mitochondrial fatty acid β-oxidation, and mitigates mitochondrial ROS in AAs-injured prox-
imal  tubular  epithelial  cells.  Simultaneously,  84-B10  protects  peroxisomal  fatty  acid β-oxidation  and  enhances  peroxisomal
catalase activity for the clearance of H2O2. This multifaceted protective mechanism contributes to the mitigation of AAN. LCFA,
long-chain fatty acids; VLCFA, very long-chain fatty acids; BCFA, branched-chain fatty acids; MRC, mitochondrial respiration
chain.
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