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Abstract
Introduction: Various types of acute kidney injury (AKI) are
associated with triglyceride (TG) accumulation in renal
tubular epithelial cells, but the role and mechanisms of
TG accumulation in AKI remain unclear. This study aimed
to explore the impact of low-density lipoprotein (LDL)
receptor-related protein-1 (LRP1), a protein that mediates
TG endocytosis, on ischemia-reperfusion injury (IRI)-
induced AKI and TG accumulation in renal tubular
epithelial cells. Methods: We established an IRI-induced
AKI mouse model and assessed LRP1 expression by
Western blot, RT-qPCR, and immunofluorescence. The
LRP1 antagonist receptor-associated protein (RAP) was
used to evaluate the effect of LRP1 on AKI and renal TG
accumulation in the AKI mouse model. We applied a
carbonyl cyanide 3-chlorophenylhydrazone (CCCP)-
induced hypoxia-reoxygenation model to HK-2 cells

in vitro. The effects of very low-density lipoproteins
(VLDLs) and LRP1 silencing on TG levels, cell viability, and
apoptosis in HK-2 cells were observed. Results:We observed
significant TG accumulation in renal tissue during IRI-AKI,
accompanied by upregulation of LRP1 in renal tubular ep-
ithelial cells. After intervention with the LRP1 antagonist
RAP, AKI was significantly alleviated, and TG levels in renal
tissue were notably reduced. However, in the in vitro model,
although VLDL increased TG levels in HK-2 cells in both
normal culture and hypoxia-reoxygenation conditions, it did
not alleviate the decrease in cell viability induced by CCCP. In
the absence of exogenous VLDL, silencing LRP1 still reduced
CCCP-induced TG accumulation and cell apoptosis, although
the reduction in TG levels was less pronounced compared to
the presence of exogenous VLDL. Conclusion: Our study
demonstrated that the increased expression of LRP1 on
renal tubular epithelial cells contributes to IRI-induced AKI
and TG accumulation. The injury effects of LRP1 on the renal
tubules are independent of TG endocytosis. Targeting the
inhibition of LRP1 may emerge as a novel therapeutic
strategy for AKI. © 2025 The Author(s).
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Introduction

Acute kidney injury (AKI) is a clinical syndrome char-
acterized by rapid deterioration of kidney function and
abrupt kidney damage. AKI is widely prevalent across the
globe. More than 20% of patients experience AKI during
hospitalization [1]. The mechanisms of AKI remain in-
completely elucidate. Currently, several pathophysiological or
metabolic processes have been shown to be involved in AKI,
such as renal tubular epithelial cell injury, immune-mediated
inflammation and microcirculatory disturbances [2–4].

Previous researches have found renal tissues excessive lipid
accumulation in AKI, including triglyceride (TG), cholesterol,
sphingolipid and fatty acid [5–7]. TG serves as a major form
of energy storage, primarily stored in adipose tissue [8]. TGs
are primarily transported in circulation in the form of chy-
lomicrons and very low-density lipoproteins (VLDLs) [9].
Under physiological conditions, TGs cannot directly enter
renal tubular epithelial cells but instead enter indirectly in the
form of lipoprotein degradation products (fatty acids and
glycerol) [10]. TGs accumulation in renal tubular epithelial
cells has been reported in cisplatin, Lipopolysaccharide and
ischemia-reperfusion injury (IRI)-mediated AKI [11, 12]. In
addition, several studies showed that TG levels of tubular
epithelial cells increase following endotoxic, toxic, and is-
chemic injury in vitro [13]. These findings suggested that
abnormal TG metabolism in renal tubular epithelial cells
might be involved inAKI.However the effect of accumulation
of TG on AKI and the mechanisms of TG accumulation in
renal tubular epithelial cells remain inadequately explored.

Weperformed a proteomic analysis of the renal cortex in a
renal IRI model and observed significant increase of low-
density lipoprotein (LDL) receptor-related protein-1 (LRP1).
As a cellular membrane-localized receptor, LRP1 not only
mediates the endocytosis of macromolecular proteins, in-
cluding lipoproteins, but also plays a role in signal trans-
duction, such as the mitogen-activated protein kinase
pathway [14–16]. Although previous studies have shown that
LPR1 mediates the effects of TG endocytosis by interacting
with apoE-enriched chylomicrons and VLDL, the effect of
LRP1 on renal TG accumulation and AKI remains unclear.
In the present study, we explored the potential effect of LRP1
on AKI and renal tubular epithelial cells TG accumulation.

Methods

Animal Experimental Protocol
Male C57BL/6 mice, aged 6–8 weeks and weighing

20–25 g, were acquired from the Guangdong Medical
Animal Laboratory Center. The mice were housed in a

controlled specific-pathogen-free environment, with a
temperature of 23 ± 2°C and relative humidity of 55 ±
5%. The animal room was kept on a 12-h light/12-h
dark cycle. All mice were administered a standard diet
and water. The animal study received formal approval
from the Animal Ethics and Welfare Committee of
Guangdong Provincial People’s Hospital (KY2024-
159-01).

Experimental mice were randomly allocated into
distinct groups: sham-operated group (sham), renal
ischemia–reperfusion injury group (IRI) and IRI with
receptor-associated protein (RAP) group (IRI + RAP).
The IRI-AKI animal model was constructed by following
the protocol of our previous study [17]. In brief, renal
ischemia was induced by occluding the bilateral renal
pedicles with vascular clamps for 30 min, followed by
reperfusion for 2 days. Before IRI procedure, a 100 μL
dose of 50 nM receptor-associated protein (Cat No. HY-
P76479A, MedChemExpress, NJ, USA) was adminis-
tered via intravenous injections (IV) to inhibit LRP1
function [18].

Assessment of Kidney Pathology
Kidney sections (3–4 μm) were stained with periodic

acid-Schiff (PAS) to evaluate renal injury. We calculated
the tubular injury score by quantifying specific histo-
pathological alterations, including vacuolar deformation
of tubular epithelial cells, loss of the brush border, tubular
dilation, cast formation and cell lysis. Injury severity was
assessed using a scoring system from 0 to 4 determined as
follows: no injury, 0; 25% injury, 1; 50% injury, 2; 75%
injury, 3; 100% injury, 4 [19]. We randomly selected 6
fields of view in each section under themicroscope (×200)
to calculate an average injury score. The modified Oil Red
O Staining Kit (Cat. No. C0158M, Beyotime, Shanghai,
China) was used to evaluate the content and distribution
of neutral lipids in tissues according to themanufacturer’s
manual provided.

Evaluation of Renal Function
Serum creatinine (Scr) and blood urea nitrogen (BUN)

were assessed by the QuantiChrom™ Creatinine Assay
Kit (Cat. No. DICA-500, BioAssay Systems, CA, USA)
and QuantiChrom™ Urea Assay Kit (Cat. No. DIUR-
100, BioAssay Systems, CA, USA) in accordance with the
manufacturer’s specifications.

Cell Cultivation and Experimental Interventions
HK-2 cells were cultured in DMEM/F12 (Lot. No.

10092016, Gibco, Thermo Fisher Scientific, Waltham,
USA) with the addition of 10% fetal bovine serum (Cat.
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No. 164210, Procell Life Science & Technology, Wuhan,
China) at 37°C with 5% CO2. To mimic the injury of
renal tubular epithelial cells caused by ischemia-
reperfusion in vitro, HK-2 cells were incubated for
4 h in glucose-free Krebs-Ringer bicarbonate buffer
supplemented with 15 μM carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) (HY-100941, Med-
ChemExpress, NJ, USA) at normoxic conditions at 37°C
[20]. Post-treatment, cells were recovered for 2 h in
complete DMEM/F12 medium supplemented with 10%
fetal bovine serum. In vitro, we added VLDL (Cat. No.
20617ES05, Yeasen Biotechnology, Shanghai, China) at
varying concentration gradients from 50 µg/mL to
400 µg/mL to culture medium after 4 h of ATP depletion
induced by CCCP to examine whether TG exert
damaging influence on cells. To knock down LRP1
expression, HK-2 cells were transfected with 50 nM
LRP1 (human) small interfering RNA (siRNA) (No.
JY20240607GYQ-SI01, Hanbio Biotechnology, Shang-
hai, China) and Lipofectamine 2000 (TL201-01, Va-
zyme Biotech, Nanjing, China) for 6 h.

Western Blot Analysis
HK-2 cells and kidney tissues samples were lysed

using RIPA lysis buffer (Beyotime) supplemented with
protease inhibitor, phenylmethylsulfonyl fluoride.
Subsequently, equivalent quantities of proteins were
separated by SDS-PAGE on 4–20% gradient gels and
transferred onto 0.45 μm PVDF membranes (No.
IPVH00010, Millipore, Billerica, MA, USA). After PBS
washing, membranes were blocked with 5% nonfat
dried skimmed milk in TBS-Tween for 1 h at room
temperature, then incubated overnight at 4°C with
primary antibodies. Finally, the membranes were in-
cubated with secondary antibody for 1 h before de-
tection at room temperature. The relevant antibodies
are as follows: anti-cleaved caspase-3 (1:1,000, #9661,
Cell Signaling Technology, Danvers, MA, USA), anti-
caspase-3 (1:1,000, #9662, Cell Signaling Technology,
Danvers, MA, USA), anti-GAPDH (1:5,000; No.
60004-1-IG; Proteintech, Wuhan, China), and anti-
LRP1(1:200; Cat. No. ab92544; Abcam, Cambridge,
UK); Horseradish peroxidase-conjugated goat anti-
rabbit (1:5,000; Cell Signaling Technology, Danvers,
MA, USA), Horseradish peroxidase-conjugated goat
anti-mouse (1:5,000; Cell Signaling Technology,
Danvers, MA, USA), and donkey anti-goat (1:5,000;
Proteintech, Wuhan, China). The membranes were
detected with Image LAS 500. Band intensities were
quantified using ImageJ software, and we use SPSS
Statistics version 26.0 to perform statistical analyses.

RNA Isolation and Quantitative Polymerase Chain
Reaction (RT-qPCR)
Total RNA was isolated from kidney tissues and cell

samples using TRIzol reagent and subsequently reverse-
transcribed into complementary DNA using a Prime-
Script RT Reagent Kit (Cat. RR037A, Takara, Japan).
Quantitative PCR analysis was conducted using the SYBR
Green PCR Master Mix (Cat. RR820A, Takara, Wuhan,
Japan). Gene expression levels were quantified using the
2−ΔΔCq method, with GAPDH serving as the normalized
control. The primer sequences used in the real-time RT-
PCR are shown in Table 1.

Immunofluorescence Staining
The frozen sections stored at −80°C need first to be

returned to room temperature. Frozen tissue sections
were fixed in 4% paraformaldehyde for 10 min and
permeabilized with 0.5% Triton X-100 for 10 min. After
blocking with 5% bovine serum albumin for 30 min at
room temperature, the sections were incubated with anti-
LRP1 (1:200; Cat. No. ab92544; Abcam, Cambridge, MA,
USA). Following washing three times in PBS, the frozen
sections were incubated with Alexa Fluor 555-conjugated
goat anti-rabbit (1:500; #4413; Cell Signaling Technology,
Danvers, MA, USA) secondary antibodies for 1 h. To
label proximal tubules, the sections were incubated with
lotus tetragonolobus lectin (LTL; 1:500; Cat. No. FL-1321;
Vector Laboratories, Newark, CA, USA) for 30 min. To
label the nuclei, mounting medium containing DAPI was
used to perform covering the slide, and images were
captured using a Nikon AX confocal microscope within
7 days.

Proteomics Analysis
After homogenizing kidney tissue with liquid nitro-

gen, trypsin (V5111, Promega, Germany) was added to
prepare samples suitable for mass spectrometry analysis.
The samples were subjected to LC-MS/MS analysis using
an LTQ Orbitrap mass spectrometer (Thermo Scientific,
San Jose, CA, USA) equipped with an Eksigent nanoLC
system (Eksigent Technologies, LLC, Dublin, CA, USA).
The mass spectrometry data were processed using
MaxQuant (v1.6.15.0). The search parameters were set
as follows: the database used was Mus_musculus_10090
SP 20201214.fasta (17,063 sequences), with a decoy
database included to calculate the false discovery rate
due to random matches. The enzyme specificity was set
to Trypsin/P, allowing up to two missed cleavage sites.
The minimum peptide length was set to seven amino
acid residues, and the maximum number of modifica-
tions per peptide was set to five. The precursor ion mass
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tolerance for both the first search and main search was
set to 20 ppm, and the fragment ion mass tolerance was
set to 20 ppm. Carbamidomethylation of cysteine was set
as a fixed modification, while oxidation of methionine
and N-terminal acetylation of proteins were set as
variable modifications. The false discovery rate for both
protein identification and peptide-spectrum match
identification was maintained at 1%. We identified
proteins related to TG metabolism through comparison
in the KEGG database.

Cell Viability Assay
Cell viability was determined using the Enhanced Cell

Counting Kit-8 (Cat. No. C0042, Beyotime, Shanghai,
China) according to the manufacturer’s instructions. The
cell viability was calculated as a percentage of the ab-
sorbance in the treated group relative to the control
group.

Flow Cytometric Analysis
Apoptosis levels of cells were assessed using a fluo-

rescein isothiocyanate Annexin V apoptosis detection
kit (No. KGA1102, Keygen Biotech, Jiangsu, China) in
accordance with the manufacturer’s instructions. The
medium was collected, followed by washing the cells
with cold PBS, collecting the PBS wash as well. The
adherent cells were then digested with 0.25% EDTA-
free trypsin. Following centrifugation, the cells were
washed twice with pre-cooled PBS and resuspended in
500 μL binding buffer. Then, cell suspension was
transferred to a flow cytometry tube, and 5 µL each of
fluorescein isothiocyanate Annexin V and propidium
iodide (PI) were added. At room temperature, the
mixture was incubated in the dark for 5 min. Then, we
use flow cytometry with CytoFLEX Flow Cytometer
(Beckman, USA) to analyze apoptosis within 1 h using
FlowJo, version 10.8.1.

Lipid Detection
A specific quantity of tissues was weighed to

prepare the homogenate, and then TG Content Assay
Kit (Cat. No. BC0625, Solarbio, Beijing, China),
Amplex Red Cholesterol and Cholesteryl Ester Assay
Kit (Cat. No. S0211M, Beyotime, Shanghai, China),
and Free Fatty Acids (FFAs) Content Assay Kit (Cat.
No. BC0595, Solarbio, Beijing, China) were used to
assess the content of lipids in tissues according to the
instructions provided. Triglyceride Assay Kit (Cat.
No. S03027, Rayto, Shenzhen, China) was used to
measure the blood lipids based on the instructions
given.

Statistical Analysis
All experimental data were presented as mean ± SEM

and were analyzed using SPSS statistical software, version
26.0. One-way analysis of variance was employed for
multiple group comparisons, and least significant dif-
ference method was used between pairwise comparisons.
Student’s t tests were used to evaluate differences between
two groups. The p < 0.05 was considered statistically
significant.

Results

TG Accumulation in the Animal Model of AKI
We established the mouse AKI model by Bi-IRI op-

eration. The renal tissue pathology showed significant
necrosis and detachment of renal tubular epithelial cells
in mice with Bi-IRI (Fig. 1a). The acute tubular injury
score in the IRI group was significantly higher than sham-
operated mice (Fig. 1b). The levels of Scr and BUN were
markedly elevated after IRI compared to those of sham-
operated mice (Fig. 1c, d). Oil Red O staining showed that
IRI induced neutral lipid accumulation in the renal

Table 1. Sequences of primers for
quantitative RT-PCR Gene Primer sequence

Lrp1 (mouse) Forward: 5′- ACT ATG GAT GCC CCT AAA ACT TG-3′
Reverse: 5′- GCA ATC TCT TTC ACC GTC ACA -3′

GAPDH (mouse) Forward: 5′- AGG TCG GTG TGA ACG GAT TTG-3′
Reverse: 5′- TGT AGA CCA TGT AGT TGA GGT CA-3′

Lrp1 (human) Forward: 5′- CTA TCG ACG CCC CTA AGA CTT-3′
Reverse: 5′- CAT CGC TGG GCC TTT ACT CT-3′

GAPDH (human) Forward: 5′- GTC TCC TCT GAC TTC AAC AGC G-3′
Reverse: 5′- ACC ACC CTG TTG CTG TAG CCA A-3′

RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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tubular epithelial cells (RTECs) (Fig. 1e, f). We detected
TG levels of renal cortex tissue and found that TG ac-
cumulation was evident in the IRI group (Fig. 1g).
However, IRI did not significantly alter the serum TG
levels (Fig. 1h).

LRP1 Was Markedly Increased in the Animal Model
of AKI
The mechanisms underlying TG accumulation in IRI-

AKI were unclear. We performed a proteomic analysis of
renal cortex in renal IRI model and observed changes in TG

Fig. 1. Triglyceride accumulation in the renal tissue of AKI
animal model. a PAS staining showed obviously renal tubular
epithelial cell injury in the IRI group (200×). b Quantification of
tubular injury. Serum creatinine (c) and BUN (d) elevated in the
IRI models. e, f Oil Red O staining showed neutral lipid ac-
cumulation in renal tubules in IRI group (400×). Renal tri-
glycerides (g) and serum triglycerides (h) were measured in the
sham-operated and IRI mice. i, j Western blot was conducted to
assess the protein levels of LRP1. k qPCR was used to detect the

mRNA level of LRP1. l Immunostaining for LRP1 (red), LTL
(green), and DAPI (blue) was used in frozen renal sections from
sham-operated and IRI mice (200×). *p < 0.05. White arrow
indicates LRP1 expression at the brush border of proximal
tubules; white triangle indicates LRP1 expression at the baso-
lateral side of proximal renal tubular epithelial cells. BUN, blood
urea nitrogen; LRP1, low-density lipoprotein receptor-related
protein-1; IRI, ischemia-reperfusion injury; LTL, lotus tetra-
gonolobus lectin.
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metabolism-related proteins including lipoprotein lipase
(LPL), LRP1, LDL receptor-related protein-associated
protein 1, glycerol-3-phosphate acyltransferase mitochon-
drial, 1-acylglycerol-3-phosphate O-acyltransferase 2, and
glycerol kinase (Table 2; online suppl. Table 1; for all online
suppl. material, see https://doi.org/10.1159/000545851).
Among these proteins, LRP1, which mediates TG and
cholesterol endocytosis by binding with VLDL, is the most
significantly upregulated protein. Whereas LPL is the most
significantly downregulated protein. LPL mediates the
hydrolysis of TG to generate FFA and glycerol [21].
However, neither inhibition nor activation of LPL improved
the severity of IRI-AKI (online suppl. Fig. 1). Therefore, our
subsequent research focused on LRP1. Western blot con-
firmed the higher expression of LRP1 in the IRI group
compared to the sham group (Fig. 1i, j). Consistently, RT-
qPCR results indicated an upregulation of LRP1 transcripts
after IRI (Fig. 1k). Immunofluorescence analysis showed
that LRP1 was barely expressed in renal tubular epithelial
cells of the sham-operated mice. In the renal tissues of the
IRI groupmice, LRP1 expression wasmarkedly increased in
both the brush border and the basolateral side of LTL-
positive renal tubular epithelial cells. This suggested that IRI
induced the upregulation of LRP1 in proximal renal tubular
epithelial cells (Fig. 1l).

LRP1 Antagonists Alleviated Renal Tubular Injury in
the Mouse Model of AKI
Next, we explored the role of LRP1 in IRI-AKI and the

impact of LRP1 on TG accumulation. Considering that
RAP is a well-established antagonist of LRP1, we used

RAP to interfere with LRP1’s function [22, 23]. At the
histopathologic level, RAP treatment markedly reduced
tubular injury (Fig. 2a, b). RAP administration also re-
sulted in a significant improvement in renal function
compared to the untreated IRI group (Fig. 2c, d). Oil Red
O staining indicates that RAP alleviates the accumulation
of neutral lipids in RTECs induced by IRI (Fig. 2e, f).
Furthermore, RAP reduced TG and free fatty acid levels
in the renal cortex (Fig. 2h, j). Serum TG and renal tissue
cholesteryl ester were not significantly decreased by RAP
(Fig. 2g, i). RAP neither affected expression nor tran-
scription levels of LRP1, consistent with the mechanism
by which RAP antagonizes LRP1 (Fig. 2k–n). These re-
sults indicated LRP1 might play an injury role in IRI-AKI
and mediate renal TG accumulation.

LRP1 Upregulated in HK-2 Cells following ATP
Depletion
To simulate IRI in renal tubular epithelial cell in vitro,

HK-2 cells were treated with CCCP and neutral buffer to
induce ATP depletion, followed by reperfusion with
serum-containing medium. Microscopic examination
revealed that HK-2 cells treated with CCCP underwent
significant morphological alterations, including cell
shrinkage, irregular shape formation, reduced adhesion,
partial detachment from the culture surface, and the
presence of intracellular vacuoles (Fig. 3a). The CCK-8
assay demonstrated HK-2 cell viability significant de-
crease after CCCP treatment (Fig. 3b). Western blot
analysis showed increased levels of cleaved caspase-3
following ATP depletion and upregulated LRP1 expres-
sion compared to the control group (Fig. 3c–g).

Knockdown of LRP1 Reduced IRI-Induced Apoptosis
in HK-2 Cells Independent on Inhibiting TG
Endocytosis
To explore the role of TG in the pathogenesis of AKI,

we used different concentration gradients of VLDL, the
lipoprotein containing a high level of TG, to evaluate the
effect of TG on HK-2 cell survival. We found that various
concentration gradients of VLDL had no effect on HK-2
cell death after ATP depletion (Fig. 4a). We further
knocked down LRP1 using siRNA to investigate whether
LRP1 could mediate tubular epithelial cells IRI and TG
endocytosis. RT-qPCR and Western blot analysis con-
firmed a significant reduction in LRP1 protein levels
following siRNA treatment (Fig. 4b–d). SiRNA-LRP1-1
was used in subsequent experiments to knock down
LRP1. The addition of VLDL to the normally cultured or
ATP depletion HK-2 cells both increased the levels of TG
and FFA (Fig. 4e, f). Regardless of the presence of

Table 2. Proteins associated with triglyceride metabolism
identified through proteomics

Protein IRI/Con ratio FDR-adjusted p value

LPL 0.35 <0.001
LRP1 2.25 <0.001
LRPAP1 0.61 <0.001
GPAM 0.67 <0.001
AGPAT2 1.84 <0.001
GK 0.60 <0.001

IRI, ischemia-reperfusion injury; FDR, false discovery rate; LPL,
lipoprotein lipase; LRP1, low-density lipoprotein receptor-
related protein-1; LRPAP1, low-density lipoprotein receptor-
related protein-associated protein 1; GPAM, glycerol-3-phos-
phate acyltransferase mitochondrial; Agpat2, 1-acylglycerol-3-
phosphate O-acyltransferase 2; GK, glycerol kinase.
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exogenous VLDL, silencing LRP1 could alleviate the
increased level of TG induced by ATP depletion. How-
ever, in the presence of exogenous VLDL, LRP1
knockdown reduced TG more pronouncedly (Fig. 4e, f).
Western blot analysis showed a decrease in cleaved
caspase-3 levels in the LRP1 knockdown group compared
to the Scramble group (Fig. 4g, h). Knocking down LRP1
reversed the decrease in HK-2 cell viability caused by IRI
(Fig. 4i). Flow cytometry analysis similarly showed that
LRP1 knockdown significantly reduced the proportion of
Annexin-positive cells in this ischemia-reperfusion cell

model (Fig. 4j, k). These results demonstrated that LRP1
mediate IRI in renal tubular epithelial cells but may not
through TG endocytosis.

Discussion

In this study, we found that LRP1, which is located on
the cell membrane and mediates the endocytosis of TG-
rich lipoproteins, is upregulated in tubular epithelial cells
[24]. Furthermore, antagonizing LRP1 in IRI-induced

Fig. 2. RAP improved IRI induced AKI and reduced renal
triglyceride accumulation. a PAS staining showed RAP im-
proved renal tubular epithelial cell injury (200×). b Quantifi-
cation of tubular injury in each group. Serum creatinine (c) and
BUN (d) levels were measured in each group. e, f Oil Red O
staining showed RAP reduce neutral lipid accumulation in renal
tubules (400×). g Serum triglyceride was measured in each
group. Measurement of renal cortex triglycerides (h), choles-
terol ester (i), and renal cortex FFA (j) in each group. k im-
munostaining for LRP1(red), LTL(green), and DAPI (blue) was

used in frozen renal sections in each group (200×). l,mWestern
blot was conducted to assess the protein levels of LRP1. n qPCR
was used to detect the mRNA level of LRP1. *p < 0.05. White
arrow indicates LRP1 expression at the brush border of
proximal tubules; white triangle indicates LRP1 expression at
the basolateral side of proximal renal tubular epithelial cells.
BUN, blood urea nitrogen; LRP1, low-density lipoprotein
receptor-related protein-1; FFA, free fatty acid; IRI, ischemia-
reperfusion injury; LTL, lotus tetragonolobus lectin; RAP,
receptor-associated protein.

Fig. 3. LRP1 increased in the CCCP-induced cellular ATP depletion
model. HK-2 cells were treated with 15 μM CCCP for 4 h and
followed by 2 h reoxygenation. a Observation of cell morphology
under a light microscope. bCCK-8 assay to assess cell viability in the
CON and CCCP groups. c, dWestern blot analysis of caspase-3 and

cleaved caspase-3 expression inHK-2 cells. e, fWestern blot analysis
of the expression of LRP1 in HK-2 cells. g qPCR was used to detect
the mRNA level of LRP1 in HK-2 cells. *p < 0.05. CCCP, carbonyl
cyanide 3-chlorophenylhydrazone; LRP1, low-density lipoprotein
receptor-related protein-1; C-caspase-3, cleaved caspase-3.
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AKI animal models reduced TG accumulation in the
renal cortex and improved renal function. Similarly, in
the in vitro model, knocking down LRP1 could reduce
tubular epithelial cell apoptosis and TG accumulation
induced by hypoxia-reoxygenation. Our study is the first
to demonstrate that LRP1 is involved in tubular epithelial
cell injury and TG accumulation in IRI-induced AKI.

LRP1, a type 1 transmembrane protein, is part of the LDL
receptor family and plays important role in lipoprotein
metabolism. Currently, LRP1 is known to have two primary
functions. First, it serves as an endocytic receptor for various
ligands on the cell membrane, recognizing and binding to
molecules such as VLDL. Second, it acts as a signaling re-
ceptor that regulates diverse cellular processes including
survival andmotility [25]. LRP1mediates cell injury through
activation of the c-Jun N-terminal kinase (JNK) and nuclear
factor kappa-B (NF-κB) signaling pathways [26, 27].

Although inhibiting LRP1 could simultaneously
improve ischemia-reperfusion-induced AKI and TG
accumulation in renal tubular epithelial cells, its pro-
tective effect on the kidney may be not due to the
antagonism of LRP1-VLDL binding, which leads to TG
endocytosis. In our study, exogenously added VLDL
increased the TG level in HK-2 cells but had no sig-
nificant effect on cell viability in vitro, suggesting that
TG accumulation may merely be an injury marker of the
disease but do not have direct damaging effect. Some
studies also found TG, as “inert” lipids, are inherently
harmless [28, 29]. In addition, knocking down LRP1
could alleviate tubular epithelial cell apoptosis induced
by CCCP without exogenous VLDL. These findings
further suggested that the amelioration of RTECs injury
by LRP1 antagonism involved mechanisms beyond TG
endocytosis. LRP1 mediates the activation of JNK

4
(Figure continued on next page.)
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signaling pathway in hepatocytes and exacerbates
neuroinflammatory responses by activating the NF-κB
signaling pathway in astrocytes during cerebral ische-
mia [26, 27]. Notably, both JNK and NF-κB signaling
pathways contribute to the renal tubular epithelial cell
injury in AKI [30, 31].

Although silencing LRP1 could mildly decrease TG
levels induced by ATP depletion without exogenous
VLDL, this effect of reducing TG was more pronounced
in the presence of exogenous VLDL. Therefore, LRP1
may lead to intracellular TG accumulation both by di-

rectly affecting TG endocytosis and through other
endocytosis-independent effects. According to the cur-
rent literature, there are no reports indicating that LRP1
affects TG metabolism. We speculate that LRP1 may
mediate TG accumulation in tubular epithelial cells
through its indirect inhibition of TG metabolism deg-
radation, such as resulting in mitochondrial damage [32].

This study has several limitations. First, the use of RAP
in animal experiments may lead to off-target effects. A
transgenic model with specific tubular LRP1 knockout
would provide more robust evidence to support the

Fig. 4. LRP1-targeted siRNA reduces apoptosis in renal tubular
epithelial cell in vitro following CCCP stimulation. HK-2 cells
were treated with 15 μM CCCP for 4 h and followed by
2 h reoxygenation. a Assessment of cell viability using the
CCK-8 assay at varying concentrations of VLDL. b–d LRP1-
targeted siRNA significantly reduced the mRNA and protein
levels of LRP1. Measurement of intracellular TG levels (e) and

FFA levels (f). g, h Western blot analysis of the expression of
C-caspase-3 and caspase-3 in HK-2 cells. i Assessment of cell
viability using the CCK-8 assay. j, k Apoptosis was examined
by flow cytometry. *p < 0.05. CCCP, carbonyl cyanide 3-
chlorophenylhydrazone; LRP1, low-density lipoprotein
receptor-related protein-1; C-caspase-3, cleaved caspase-3;
VLDL, very low-density lipoproteins.
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conclusions. Nevertheless, the use of RAP holds promise
for future clinical applications. Second, further research is
needed to explore the specific mechanism of LRP1’s
injury effects in AKI in future. In addition, lipid accu-
mulation in renal tubular epithelial cells also contributes
to kidney fibrosis following AKI. However, this study
focused only on the role of LRP1 during the AKI phase
and did not investigate its role in the transition from AKI
to chronic kidney disease. Further research is required to
determine whether LRP1 contributes to fibrosis and to
elucidate the underlying mechanisms.

In conclusion, our study revealed that the upregulated
LRP1 on renal tubular epithelial cells is involved in
ischemia-reperfusion-induced AKI and TG accumula-
tion. The injury effects of LRP1 on the renal tubules are
independent of TG endocytosis. The LRP1 antagonist
RAP could alleviate ischemia-reperfusion AKI, providing
new therapeutic targets and strategies for future clinical
translation.
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