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Abstract Acute kidney injury (AKI) has high morbidity and mortality, but effective clinical drugs and

management are lacking. Previous studies have suggested that macrophages play a crucial role in the in-

flammatory response to AKI and may serve as potential therapeutic targets. Emerging evidence has high-

lighted the importance of forkhead box protein O1 (FoxO1) in mediating macrophage activation and

polarization in various diseases, but the specific mechanisms by which FoxO1 regulates macrophages dur-

ing AKI remain unclear. The present study aimed to investigate the role of FoxO1 in macrophages in the

pathogenesis of AKI. We observed a significant upregulation of FoxO1 in kidney macrophages following
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Migration;

ARHGEF1

ischemiaereperfusion (I/R) injury. Additionally, our findings demonstrated that the administration of

FoxO1 inhibitor AS1842856-encapsulated liposome (AS-Lipo), mainly acting on macrophages, effec-

tively mitigated renal injury induced by I/R injury in mice. By generating myeloid-specific FoxO1-

knockout mice, we further observed that the deficiency of FoxO1 in myeloid cells protected against

I/R injury-induced AKI. Furthermore, our study provided evidence of FoxO1’s pivotal role in macro-

phage chemotaxis, inflammation, and migration. Moreover, the impact of FoxO1 on the regulation of

macrophage migration was mediated through RhoA guanine nucleotide exchange factor 1

(ARHGEF1), indicating that ARHGEF1 may serve as a potential intermediary between FoxO1 and the

activity of the RhoA pathway. Consequently, our findings propose that FoxO1 plays a crucial role as a

mediator and biomarker in the context of AKI. Targeting macrophage FoxO1 pharmacologically could

potentially offer a promising therapeutic approach for AKI.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acute kidney injury (AKI) is associated with significant morbidity
andmortality, thereby increasing the susceptibility to chronic kidney
disease and end-stage renal disease1-3. Renal ischemiaereperfusion
(I/R) injury serves as a common cause of AKI and also occurs in
many clinical events, including kidney transplantation, and cardiac
and vascular surgery4,5. Given the absence of effective clinical drugs
and management strategies, an enhanced understanding of the mo-
lecular mechanisms underlying AKI would facilitate the develop-
ment of innovative therapeutic approaches6,7.

Following renal I/R injury, tubular epithelial cells (TECs) un-
dergo programmed cell death, namely apoptosis and/or necrosis,
resulting in the release of pro-inflammatory cytokines and chemo-
kines. These molecules play a crucial role in the recruitment of
immune cells, thereby contributing to the pathogenesis of renal
injury after I/R injury5. Various immune cells from both the innate
and adaptive immune systems, including neutrophils, dendritic cells,
macrophages, and lymphocytes, actively participate in this process8.
Notably, a recent study utilizing single-cell RNA sequencing
demonstrated a significant infiltration of immune cells, particularly
macrophages, in a murine model of renal I/R injury9. Furthermore,
the presence of macrophage infiltration has been documented in
kidney biopsy tissues of individuals with AKI10. Macrophages play a
significant role in the inflammatory response associated with AKI11.
Characterized by heterogeneity and plasticity, macrophages polarize
into two pro-inflammatory and anti-inflammatory phenotypes
regarding the biological and pathological environment12. These
different phenotypes are important in excessive inflammation and
tubular regeneration of acute kidney injury13,14.

FoxO1, a member of the forkhead transcription factors family,
exhibits widespread expression in mammals15. FoxO1 plays
crucial roles in the regulation of genes involved in various cellular
processes such as cell metabolism, proliferation, differentiation,
and apoptosis16,17. Our previous study has demonstrated that renal
I/R injury induces an up-regulation of FoxO1 expression in the
kidney. Moreover, the administration of the FoxO1-selective in-
hibitor AS1842856 could mitigate renal injury induced by I/R
injury and improve renal function18. Emerging evidence has
revealed the significant role of FoxO1 in the activation and po-
larization of macrophages, which has been extensively investi-
gated in various pathological conditions, including infections,
metabolic disorders, fibrosis, and autoimmune diseases19-22. Lee
and colleagues20 have specifically identified FoxO1 as a crucial

linking overnutrition to hepatic inflammation by regulating
macrophage polarization, and myeloid cell conditional FoxO1
knockout skewed macrophage polarization from pro-
inflammatory to the anti-inflammatory phenotype. In the tumor
microenvironment, FoxO1 facilitated anti-inflammatory macro-
phage polarization and the recruitment of anti-inflammatory
macrophages in the tumor microenvironment23. Nevertheless,
the role of FoxO1 in AKI and its mechanism of regulating
macrophage dynamics and functions remain unclear.

In this study, we have developed a FoxO1 inhibitor
AS1842856-encapsulated liposome (referred to as AS-Lipo) and
have demonstrated its effectiveness in mitigating I/R-induced
renal injury. Additionally, we have generated mice with myeloid-
specific conditional FoxO1 deletion (Lyz2-CreERT2 FoxO1flox/flox)
and have observed that the absence of FoxO1 in myeloid cells
protects against I/R-induced kidney injury. Furthermore, our
findings indicate that FoxO1 plays a crucial role in macrophage
chemotaxis, inflammation, and migration, suggesting its potential
as a promising therapeutic target and biomarker for AKI.

2. Materials and methods

2.1. Mice

Wild-type (WT) C57BL/6 male mice were purchased from the
Animal Center of Peking University (Beijing, China). FoxO1flox/
flox mice (C57BL6/J background) were kind gifts from Dr. Ming Li
(Memorial Sloan-Kettering Cancer Center, New York, NY, USA),
Lyz2-CreERT2 mice (C57BL6/J background) were from Gem-
pharmatech Co., Ltd. (Nanjing, China). FoxO1flox/flox mice were
crossed with Lyz2-CreERT2 mice to get Lyz2-CreERT2 FoxO1flox/flox

mice. The resulting progenies of mice were genotyped by poly-
merase chain reaction (PCR) analysis of mouse tail genomic
DNA. Tamoxifen (Solarbio, Beijing, China) was dissolved in corn
oil, and mice were injected with 75 mg/kg daily for five consec-
utive days to activate CreERT2. All mice were maintained in a
pathogen-free animal facility in accordance with the National
Institute of Health Guide for Care and Use of Laboratory Animals.
Male mice aged 8e12 weeks were used for all studies. Age-
matched and sex-matched littermate mice were used as controls.
Animal experiments were approved by the Biomedical Ethics
Committee of Peking University (LA 2016-212) and were in
compliance with institutional guidelines.
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2.2. Renal I/R injury models

An established mouse model of renal I/R injury was performed as
described previously18. Briefly, after mice were anesthetized with
an intraperitoneal injection of pentobarbital (60 mg/kg), the right
renal was removed, and the left renal artery and vein were iden-
tified and clamped for 35 min with a non-traumatic clamp. Then,
the clamp was released, and reperfusion was observed for 5 min to
ensure the reflow process. The incision was then closed, and the
animal was allowed to recover. During the ischemic period, body
temperature was maintained at 37 �C using a temperature-
controlled heating system. After reperfusion at 24, 48, and 72 h,
blood samples and kidneys were collected for subsequent analysis.

To investigate the effect of AS-Lipo on I/R-induced injury,
mice were injected with AS-Lipo in the tail vein (intravenous), a
dose of 5 mg/kg, 24 h prior to renal I/R injury. Then, mice were
intravenously injected with a dose of 5 mg/kg AS-Lipo once a day
for two consecutive days beginning at 24 h post-renal I/R injury.

2.3. Lipopolysaccharide (LPS)-induced AKI models

Mice were injected intraperitoneally with 20 mg/kg LPS (Sig-
maeAldrich, Darmstadt, Germany) to establish an in vivo AKI
model. A saline solution was administered to the control mice.
After LPS injection at 12 and 24 h, blood samples and kidneys
were collected for subsequent analysis.

2.4. Renal function

Blood was collected from mice at 0, 24, 48, and 72 h after the
induction of renal I/R injury. Serum creatinine and blood urea
nitrogen (BUN) levels were measured by commercial kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

2.5. Haematoxylin and eosin (HE) staining

Kidneys were fixed with 4% formaldehyde, embedded in paraffin,
and sectioned into 4 mm-thick. The sections were stained by he-
matoxylin and eosin for histological examination. The degree of
tubular necrosis was scored using the semi-quantitative scores
developed by Paller et al24.

2.6. Immunofluorescence

For immunofluorescence staining, kidney tissues were embedded
in Tissue-Tek O.C.T. Compound (Sakura Finetek, Tokyo, Japan)
and sectioned into 4 mm-thick. Frozen sections were stained with
primary antibodies, followed by staining with 4,6-diamidino-2-
phenylindole. APC-labeled secondary antibodies (Zhong Shan-
Golden Bridge Biological Technology Co., Ltd., Beijing, China)
and FITC-labeled secondary antibodies (Zhong Shan-Golden
Bridge Biological Technology Co., Ltd.) were used. Images
were captured using a confocal microscope (Leica Microsystems,
Wetzlar, Germany) and analyzed using ImageJ v1.8.0 Software.

2.7. Immunohistochemistry

Kidney paraffin sections were deparaffinized, rehydrated, and then
incubated with an anti-CD68 antibody (Abcam, Boston, USA) at
4 �C overnight after heating-induced antigen retrieval in 0.01 mol/
L citrate buffer. A secondary antibody (Jackson ImmunoResearch
Laboratories, Pennsylvania, USA) was used to incubate for 45 min

at room temperature. Then 3,30-diaminobenzidine solution (Bio-
rigin, Beijing, China) was applied for development. Finally, the
sections were counterstained with haematoxylin and mounted.

2.8. Cell culture and treatments

The murine fibroblast L929 cells and RAW264.7 cells were pur-
chased from the Cell Culture Centre, Institute of Basic Medical
Science Chinese Academy of Medical Sciences (Beijing, China).
RAW264.7 cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Macgene, Beijing, China), supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin in a
humidified atmosphere of 5% CO2 at 37

�C. Mouse renal tubular
epithelial cells (mRTECs) were purchased from the BeNa Culture
Collection (Xinyang, China). mRTECs were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium (Macgene) sup-
plemented with 10% FBS and 1% penicillin/streptomycin. Human
umbilical vein endothelial cells (HUVECs) were purchased from
Lifeline Cell Technology (Frederick, USA). HUVECs were
maintained in vascular endothelial growth factor medium (Lifeline
Cell Technology) supplemented with 2% FBS in a humidified
atmosphere of 5% CO2 at 37

�C.
For FoxO1 inhibition, AS1842856 (Selleck Chemicals, Hous-

ton, USA) was co-incubated with cells in doses of 0.01, 0.1, 1, 10,
100, and 1000 mmol/L.

2.9. Isolation of peritoneal macrophages and bone marrow-
derived macrophages (BMDMs)

Mice were injected intraperitoneally with 2 mL of thioglycolate
medium (3%) to induce macrophage recruitment into the perito-
neal cavity. Cells were isolated from the peritoneal lavage and
cultured in RPMI 1640 medium supplemented with 10% FBS and
1% penicillin/streptomycin. Femurs of mice were removed to
isolate the primary BMDMs. Medullary cavities were flushed with
cold phosphate-buffered saline (PBS) buffer, and the resulting
suspension was removed red blood cells by lysis buffer. Cells were
cultured in DMEM containing 30% L929 cell conditioned me-
dium, 10% FBS, and 1% penicillin/streptomycin for 7 days. For
in vitro polarization, a pro-inflammatory macrophage polarization
by culturing BMDMs with 100 ng/mL LPS and 20 ng/mL inter-
ferong (IFNg) for 24 h, and an anti-inflammatory macrophage
polarization by culturing BMDMs with 20 ng/mL interleukin4
(IL4) for 24 h.

For FoxO1 overexpression, adenovirus-expressing mice FoxO1
(Ad-FoxO1) were used to transfect BMDMs. For ARHGEF1 in-
hibition, ARHGEF1 siRNA (Beijing Tsingke Biotech Co., Ltd.,
Beijing, China) or scramble siRNA with jetPRIME� transfection
reagent (Polyplus-transfection, Illkirch, France) were used to
transfect BMDMs. For ARHGEF1 inhibition and FoxO1 over-
expression, BMDMs were treated with si-ARHGEF for 24 h first
and then with fresh media containing Ad-FoxO1 for another 24 h.

2.10. AS-Lipo preparation

AS-Lipo was prepared by using a thin film-hydration method25.
Briefly, AS1842856, lecithin, cholesterol, and DSPE-PEG2000 at
the mass ratio of 1:30:3:3 were dispersed in methanol/chloroform
(1/1, v/v), and then the thin film of lipid was formed by removing
organic solvents under vacuum using a rotary evaporator. The thin
film was hydrated by PBS buffer at a slow rate in the water bath.
The thus-formed liposomes were extruded through 0.4 and 0.2 mm
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Figure 1 FoxO1 was elevated in renal macrophages in I/R injury mice. (A) The mRNA expression levels of FoxO1 were measured in WT mice

on Day 1 and Day 3 after renal I/R injury by qPCR (n Z 6). (B, C) Correlations between renal FoxO1 mRNA expression levels and serum
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nucleopore polycarbonate membranes using Avati LiposoFast
(Avanti Polar Lipids, Inc., Birmingham, USA) and then main-
tained at 4 �C.

2.11. In vitro cellular uptake assay

The HUVECs, mRTECs, or BMDMs were seeded in 12 well
plates and cultured for 24 h. The AS-Lipo was added to the cells
for 2 h incubation, respectively. Then, the cells were collected and
detected by flow cytometry with NovoCyte Flow Cytometer
Systems (Agilent, CA, USA).

2.12. Biodistribution of AS-Lipo

The DIR-labeled AS-Lipo was administered intravenously into the
mice, and then the mice established renal I/R injury models. The
biodistribution of AS-Lipo was monitored using an IVIS imaging
system (Caliper PerkinElmer, Hopkinton, USA) at the pre-
determined time points (6, 12, 24 and 48 h). At the experimental
endpoint, the mice were sacrificed, and their heart, liver, spleen,
lung, and kidney tissues were harvested for ex vivo imaging.

2.13. Isolation of renal immune cells

Renal immune cells were isolated from the renal by collagenase
digestion and differential centrifugation using Percoll (Solarbio).
Kidneys were digested in RPMI 1640 containing 100 mg/mL DNase
I (Solarbio) and 1 mg/mL collagenase IV (Solarbio) for 45 min at
37 �C with gentle shaking. After digestion, cells were passed
through a 70 and 40 mm cell strainer (BDLife Sciences, NJ, USA) to
obtain single-cell suspension. Then, single cells were subject to
gradient centrifugation using 72% and 36% Percoll. Immune cells
were enriched at the 36%e72% interface and were collected.

2.14. Flow cytometry

Renal single-cell suspension was centrifuged at 300� g for 5 min at
4 �C and resuspended in PBS buffer containing 1% bovine serum
albumin (BSA). Cells were incubated with fluorophore-conjugated
primary antibodies for 30 min. Antibodies employed in these
studies included CD45 (PE/Cyanine7), Ly6G (APC-Cyanine7), F4/
80 (Alexa Fluor 647), CD11b (PE), CD31 (FITC), Ly6C (Brilliant
Violet 421) and FoxO1 (Alexa Fluor 488). Following incubation
with primary antibodies, cells were incubated with secondary an-
tibodies. After washing twice with PBS buffer containing 1% BSA,
the cells were subjected to analysis on a Gallios flow cytometer
(Beckman Coulter, CA, USA). The flow cytometry results were
analyzed using FlowJo™ v10.8 Software (BD Life Sciences).

2.15. Enzyme-linked immunosorbent assay (ELISA)

Blood was collected from mice 24 h after induction of renal I/R
injury, and culture supernatant of BMDMs was collected and
centrifuged at 300 � g for 10 min to remove cellular debris. Then,
the level of IL1b and IL6 in serum or culture supernatant was

measured according to the manufacturer’s instructions (Biolegend,
USA). One day prior to running the ELISA, capture antibody
solution was added to a 96-well plate and incubated overnight at
4 �C. The plate was washed; standards or samples were added to
wells, and incubated at room temperature for 2 h with shaking.
The plate was washed, diluted detection antibody solution was
added to wells, and incubates at room temperature for 1 h with
shaking. The plate was washed, diluted Avidin-HRP solution was
added to wells, and incubated at room temperature for 30 min with
shaking. The plate was washed again, freshly mixed TMB sub-
strate solution was added, and incubated in the dark for 15 min.
The reaction was stopped by adding stop solution to the wells. The
absorbance was read at 450 nm.

2.16. In vitro migration assay

Transwell assay was used to assess cell migration26. BMDMs from
mice (100,000 cells) were seeded in the upper chamber of a 24-well
PET membrane (8 mm pore size; Corning, New York, USA). Cells
transferred to the lower chamber in response to 10% FBS, 100 ng/
mL Chemokine (CC-motif) ligand 19 (CCL19) (R&D Systems,
Minnesota, USA), 100 ng/mL CCL21 (R&D Systems), 100 ng/mL
CeX3eCmotif chemokine ligand 1 (CX3CL1) (R&D Systems) or
250 mmol/L f-MeteLeuePhe (fMLP) (SigmaeAldrich) for 3 h.
Cells in the upper chamber were removed with a cotton swab, and
the filters were fixed with 4% paraformaldehyde and stained with
crystal violet. Filters were photographed using a microscope (Leica
Microsystems) and cell number was counted.

2.17. Cell migration trajectory assay

For long-term live-cell imaging, RAW264.7 cells were plated on
PA gel and maintained in CO2-independent DMEM
(ThermoFisher Scientific, MA, USA) supplemented with 10%
FBS and 1% penicillin/streptomycin at 37 �C throughout the
imaging process. Bright-field images for migration analysis were
acquired with a 10 � objective lens on Olympus IX83. Acquisi-
tions were performed at 15-min intervals over 12 h. Images were
analyzed using the ‘Manual Tracking’ and ‘Chemotaxis Tool’
plugins of Fiji. Coordinates and distances of cell movement were
tracked using the ‘Manual Tracking’ plugin of Fiji, and then
tracking data were imported into the ‘Chemotaxis Tool’ plugin to
generate statistic features such as distance and velocity.

2.18. RhoA activation assay

After treatment with 200 nmol/L AS1842856 or Ad-FoxO1 for
24 h, RAW264.7 cells were harvested and extracted with radio
immunoprecipitation assay buffer containing protease inhibitors
Cocktail (MedChemExpress, Shanghai, China). After centrifuga-
tion, protein supernatants were collected. RhoA activity was
assessed with the instructions of Rhotekin-RBD Beads (Cyto-
skeleton, Denver, USA). Loading Buffer and GTPgS were added
to the protein supernatants, and incubated at room temperature for
15 min. The reaction was stopped by adding StopBuffer.

creatinine or Paller score after renal I/R injury (nZ 18). (D) Representative immunofluorescence staining for FoxO1 and CD68 in kidney sections

of renal I/R injury mice on Day 1. Scale bar, 75 mm. (E) Gating strategy of flow cytometry in kidney tissues on Day 1 and Day 3 after renal I/R

injury. (F) Flow cytometric analysis shows the percent of renal macrophages and the number of FoxO1-positive macrophages (n Z 5e6). (G)

Flow cytometric analysis shows the percent of renal neutrophils and the number of FoxO1-positive neutrophils (nZ 5e6). Data are represented as

mean � SEM. *P < 0.05, **P < 0.01.
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Figure 2 AS-Lipo protected against renal I/R-induced AKI. (A) Schematic illustration shows the preparation of AS-Lipo. (B) Uptake of FITC-

labeled AS-Lipo by HUVECs, mRTECs, and BMDMs in vitro and mean fluorescence intensity (MFI) of cell uptake capability (n Z 4). (C)

Uptake of DID-labeled AS-Lipo by BMDMs, LPS, and IFNg treated BMDMs in vitro and MFI of cell uptake capability (n Z 6). (D) Ex vivo
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Rhotekin-RBD protein beads were resuspended and protein-bound
beads were added to each sample. The tubes were gently rotated at
4 �C for 1 h. The beads were pelleted by centrifugation at 7000 �
g, 4 �C for 1 min. The supernatant was removed and the beads
were washed. After pelleted by centrifugation, the beads were
resuspended in the sodium dodecyl sulfate sample buffer. The
bead and supernatant samples can be analyzed by Western blotting
using Anti-Rho monoclonal antibody (Cytoskeleton).

2.19. Terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) assay

TUNEL staining utilizes the ability of the enzyme terminal
deoxynucleotidyl transferase to incorporate labeled dUTP onto the
free 30-hydroxyl termini of fragmented genomic DNA. Apoptotic
kidney tissues and mRTECs were examined according to the in-
structions of the TUNEL Assay Kit (Promega, Madison, WI,
USA).

2.20. Quantitative PCR (qPCR)

Total RNAs were isolated using Trizol reagent (ThermoFisher
Scientific). RevertAid First Strand cDNA Synthesis Kit
(ThermoFisher Scientific) was used to synthesize cDNA from total
RNAs. qPCR was performed according to the following reaction
system: 2 mL primers, 2 mL cDNA, 6 mL nuclease-free water, and
10 mL SYBR Green Real-Time PCR Master Mix (ThermoFisher
Scientific). Relative mRNA levels were calculated with the 2eDDCt

method. The specific primers used are shown in Supporting In-
formation Table S1.

2.21. Chromatin immunoprecipitation (ChIP)-qPCR

RAW264.7 cells were maintained in DMEM supplemented with
10% FBS and treated with AS1842856 before harvest. Cells were
fixed with 4% paraformaldehyde and then resuspended with lysis
buffer containing protease inhibitors Cocktail. The lysates were
subjected to ultrasonication (3 s on and 3 s off, 20 cycles) and
centrifuged at 14,000 � g for 10 min The fragmented chromatin
was immunoprecipitated with anti-FoxO1 antibody (Cell
Signaling Technology) or control IgG (Santa Cruz Biotechnology,
Dallas, USA) and then captured using protein G agarose beads
(ThermoFisher Scientific). Chromatin was eluted from the beads
and treated with proteinase K, which was then followed by
phenol/chloroform extraction and ethanol precipitation to obtain
purified DNA. The DNA samples were used as the template for
ChIP-qPCR.

2.22. Western blot

Proteins from the kidney tissues or cells were extracted with radio
immunoprecipitation assay buffer containing protease inhibitors
Cocktail. After centrifugation, protein supernatants were
collected. Total protein concentration was quantified with the
Bicinchoninic Acid Assay kit (ThermoFisher Scientific). Equal
protein amounts were separated by SDS-polyacrylamide gel
electrophoresis and transferred onto polyvinylidene difluoride
immobilon-P membranes. Membranes were blocked in blocking
buffer (Tris-buffered saline plus 0.05% Tween-20 and 5% BSA)
for 1 h, and then incubated overnight at 4 �C with primary anti-
bodies. After incubation with the appropriate HRP-conjugated
secondary antibody, blots were developed with electro-
chemiluminescence reagent (Santa Cruz Biotechnology). The
primary antibodies used are shown in Supporting Information
Table S2. The staining intensity of bands was determined by
ImageJ (Version 1.8.0, USA).

2.23. RNA sequencing and raw data analysis

The library preparation and sequencing were performed at the
Annoroad Gene Technology Co., Ltd. (Beijing, China). Briefly,
sequencing libraries were generated using NEBNext� Ultra™
RNA Library Prep Kit for Illumina� (CA, USA) following the
manufacturer’s recommendations, and index codes were added to
attribute sequences to each sample. The clustering of the index-
coded samples was performed on a cBot cluster generation system
using HiSeq PE Cluster Kit v4-cBot-HS (Illumina) according to
the manufacturer’s instructions. After cluster generation, the li-
braries were sequenced on an Illumina NovaSeq 6000 platform,
and 150 bp paired-end reads were generated. RNA sequencing
reads data were demultiplexed with Illumina’s bcl2fastq2 and
were then aligned to the Mus musculus Ensembl release 76 top-
level assembly with HISAT2 version 2.1.0. Reads Count for
each gene in each sample was counted by HTSeq v0.6.0, and
fragments per kilobase of transcript per millon mapped reads
(FPKM) were then calculated to estimate the expression level of
genes in each sample. RNA sequencing downstream data analysis
mainly includes differentially expressed gene (DEG) analysis;
gene set variation analysis (GSVA), gene ontology (GO) function
enrichment, and gene set enrichment analysis (GSEA). The whole
analysis process was completed with R software (version number:
4.10) and the corresponding R package. The differential genes
between different experimental groups were calculated with the
DESeq2 package, and adjusted P < 0.05 and |log2 FC|>1 were
selected as the screening criteria. Each sample was scored with 50
Hallmark gene sets GSVA through the GSVA package, and all

fluorescence images of excised organs after tail vein injection of AS-Lipo. (E) Ex vivo fluorescence images and MFI of kidney tissues after tail

vein injection of AS-Lipo (nZ 4e6). (F) Schematic illustration shows the AS-Lipo administration procedure for renal I/R injury mice. Mice were

intravenously injected with AS-Lipo 24 h before renal I/R injury and once a day for two consecutive days beginning at 24 h post-renal I/R injury.

(G) Serum creatinine and BUN levels in the indicated mouse groups (nZ 5e6). **P < 0.01 versus sham, #P < 0.05 versus I/R, ##P < 0.01 versus

I/R. (H) Representative images of HE staining of kidney sections and tubular injury of the kidneys quantified by Paller score from different groups

of mice on Day 3 after renal I/R injury (nZ 4). Scale bar, 50 mm. (I) Renal Kim1 and Ngal mRNA expression levels from different groups of mice

on Day 3 after renal I/R injury (n Z 5e6). (J) Representative immunohistochemistry staining for CD68 in kidney sections from different groups

of mice on Day 1 after I/R injury. Scale bar, 50 mm. (K) Flow cytometric analysis shows the percent of renal macrophages and the number of

FoxO1-positive macrophages (n Z 6e7). (L) Flow cytometric analysis shows the percent of renal neutrophils and the number of FoxO1-positive

neutrophils (n Z 6). (M) The mRNA expression levels of the inflammatory gene in the kidney on Day 3 after I/R injury (n Z 3e6). (N) The

mRNA expression levels of the inflammatory gene in LPS and IFNg treated BMDMs (n Z 4). Data are represented as mean � SEM. ns, no

significance; *P < 0.05, **P < 0.01.
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Figure 3 Myeloid FoxO1 deletion protected against renal I/R-induced AKI. (A) The schematic diagram shows the procedure of renal I/R injury

for knockout mice. (B) Peritoneal macrophages were isolated and cultured, followed by Western blotting analysis of the protein levels of FoxO1,
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enrichment pathways with differences were clustered by Cyto-
scape software according to different biological characteristics.
GO and GSEA function enrichment analysis of DEGs completed
and visualized in g: Profiler online database (https://biit.cs.ut.ee/
gprofiler/gost).

2.24. Statistical analysis

All animal studies were performed after randomization. All data are
expressed as the mean � standard error of mean (SEM). Statistical
analyses were conducted in GraphPad Prism 9.0. Kolmogor-
oveSmirnov’s test was used to determine normality. The statistical
differences between groups were evaluated by unpaired Student’s t-
test.Whenmore than two treatment groupswere compared, ANOVA
with Tukey’s test was used when the F statistic was significant, and
there was no significant variance in homogeneity. Differences were
considered to be statistically significant at P < 0.05.

3. Results

3.1. FoxO1 was upregulated in renal macrophages after I/R
injury

Four distinct isoforms of FoxO (FoxO1, FoxO3, FoxO4, and
FoxO6) have been identified in mammals, with all isoforms
expressed in renal tissue except for FoxO627. To assess the po-
tential involvement of FoxO isoforms in the development of I/R-
induced AKI, we examined the expression of FoxO1, FoxO3, and
FoxO4 in kidney tissue. The mRNA levels of FoxO1 in the kidney
exhibited a gradual increase in the days following I/R injury
(Fig. 1A). The results of the correlation analysis demonstrated a
significant association between renal FoxO1 mRNA levels and
both serum creatinine levels and the extent of tubular necrosis
following I/R injury (Fig. 1B and C). Conversely, FoxO3 mRNA
levels exhibited a decrease after I/R injury (Supporting Informa-
tion Fig. S1A). Notably, no correlation was observed between
FoxO3 mRNA levels and serum creatinine levels, although a
negative correlation was found between FoxO3 mRNA levels and
the extent of tubular necrosis following I/R injury (Fig. S1B and
S1C). Besides, it was observed that the levels of FoxO4 mRNA
were unaffected by I/R injury (Fig. S1DeS1F).

One day after I/R-induced AKI, protein levels of FoxO1 in the
CD68þ macrophages were significantly higher in the I/R group
compared with the sham group (Fig. 1D). Nonetheless, FoxO3 or
FoxO4 levels in the CD68þ macrophages were not different be-
tween the two groups (Fig. S1G and S1H). Given that macro-
phages and neutrophils are the predominant myeloid cell types
involved in renal inflammation and repair during I/R-induced
AKI28, flow cytometry analysis was explored to investigate the
expression of renal FoxO1 on macrophages and neutrophils in
mice with renal I/R injury (Fig. 1E). The results showed that renal
I/R injury resulted in an elevation of CD45þLy6GeCD11bþF4/
80þ macrophages and FoxO1-positive macrophages (Fig. 1F).

Additionally, an increase in CD45þLy6GþCD11bþ neutrophils
and FoxO1-positive neutrophils following I/R injury was found
(Fig. 1G). These results collectively suggest a strong association
between the rise in macrophage FoxO1 levels and AKI in the renal
I/R injury mouse model.

3.2. AS-Lipo protected against I/R-induced AKI

Liposomes naturally target cells of the mononuclear phagocytic
system, particularly macrophages29. Here, we prepared AS-Lipo
using a thin-film hydration technique (Fig. 2A). The cellular up-
take profiles of AS-Lipo were determined quantitatively by flow
cytometry. As shown in Fig. 2B, BMDMs exhibited a higher up-
take of AS-Lipo compared to mRTECs and HUVECs. Moreover,
pro-inflammatory macrophages showed significantly higher up-
take of AS-Lipo compared to native macrophages (Fig. 2C). For
the following in vivo experiment, the biodistribution of AS-Lipo
was explored in the renal I/R injury mice model. After intrave-
nous injection of AS-Lipo, the I/R model was used, and the dis-
tribution of AS-Lipo containing DIR near-infrared dye was
visualized. As shown in Fig. 2D and Supporting Information Fig.
S2AeS2E, in the sham group, AS-Lipo was mainly accumulated
in the liver and lung tissue, less in the kidney tissue. Notably, I/R
injury significantly increased AS-lipo’s distribution in the kidney
tissue. Further analysis indicated that renal AS-Lipo in the I/R
group was significantly higher than the sham group at different
time points, including 12, 24, and 48 h (Fig. 2E). Furthermore, the
uptake rates of AS-Lipo in various cell types in vivo with I/R
injury were detected using flow cytometry. As shown in Fig. S2F,
macrophages showed a higher uptake of AS-Lipo compared to
neutrophils and endothelial cells.

Next, the impact of AS-Lipo on I/R-induced AKI was exam-
ined (Fig. 2F). In the I/R-induced AKI model, AS-Lipo signifi-
cantly reduced serum creatinine and BUN levels (Fig. 2G). I/R
injury resulted in severe kidney injury, evident by tubular brush
border dilatation and loss in the proximal tubular30. The admin-
istration of AS-Lipo reduced I/R-induced tubular damage
(Fig. 2H). Additionally, the levels of kidney injury molecule 1
(Kim1) and neutrophil gelatinase-associated lipocalin (Ngal), two
established biomarkers of AKI, were significantly up-regulated in
the I/R injury group but reduced in the AS-Lipo group (Fig. 2I).

Furthermore, AS-Lipo exhibited a decrease in the infiltration of
CD68þ macrophages induced by I/R injury (Fig. 2J). Flow
cytometry results showed that AS-Lipo decreased an elevation of
CD45þLy6GeCD11bþF4/80þ macrophages and FoxO1-positive
macrophages induced by I/R injury (Fig. 2K). Additionally, it was
observed that the number of CD45þLy6GþCD11bþ neutrophils has
no difference between these three groups. However, an increase in
FoxO1-positive neutrophils following I/R injury was inhibited by
AS-Lipo (Fig. 2L). Further analysis showed that AS-Lipo down-
regulated the expression of pro-inflammatory macrophage-associ-
ated genes induced by I/R injury (Fig. 2M). Simultaneously, the
expression of anti-inflammatory macrophage-associated genes was

FoxO3, and FoxO4 (nZ 5e6). (C) Representative immunofluorescence staining for FoxO1 and CD68 in kidney sections of renal I/R injury mice on

Day 1. Scale bar, 75 mm. (D) Serum creatinine and BUN levels in the indicated mouse groups (nZ 5e6). **P< 0.01 versus sham-control, #P< 0.05

versus I/R-control, ##P< 0.01 versus I/R-control. (E) Representative images of HE staining of kidney sections and tubular injury of the kidneys were

quantified by Paller score from different groups of mice on Day 3 after renal I/R injury (nZ 6). Scale bar, 50 mm. (F) Renal Kim1 and Ngal mRNA

expression levels from different groups of mice onDay 3 after renal I/R injury (nZ 5e6). (G) Representative images of TUNEL staining in kidneys of

renal I/R injury mice on Day 1. Scale bar, 50 mm. (H) The protein levels of Caspase 3, Cleaved Caspase 3, BAX, and BCL2 in kidneys of renal I/R

injury mice on day 3 were detected byWestern blotting (nZ 5e6). Data are represented as mean� SEM. ns, no significance; *P< 0.05, **P< 0.01.
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Figure 4 Myeloid FoxO1 depletion inhibited macrophage chemotaxis and migration. (A) Volcano plot of DEGs in kidney tissues of renal I/R

injury mice on Day 1. (B) Heatmap for common DEGs associated with apoptosis in kidney tissues of renal I/R injury mice on Day 1. (C) GO
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inhibited by AS-Lipo, as demonstrated in Fig. S2G. In vitro, AS-
Lipo reduced the expression of pro-inflammatory macrophage-
associated genes in BMDMs isolated from WT mice and treated
with LPS and IFNg, as shown in Fig. 2N. Following IL4 treatment,
AS-Lipo also decreased the expression of anti-inflammatory
macrophage-associated genes in BMDMs (Fig. S2H). These find-
ings suggest that AS-Lipo effectively ameliorates functional and
histological renal injury induced by I/R injury.

3.3. Myeloid FoxO1 deficiency protected against I/R-induced
AKI

The utilization of inducible Cre-ERT recombinase represents a
gene-targeting approach that enables researchers to manipulate
gene expression in a time-dependent manner, frequently employed
in the generation of conditional knockout mice31,32. We generated
Lyz2-CreERT2 FoxO1flox/flox mice with a specific knockout of
FoxO1 in myeloid cells and utilized an I/R-induced AKI model to
investigate its effects (Fig. 3A). The genotyping of mice was
confirmed through PCR analysis of genomic DNA extracted from
mouse tail samples (Supporting Information Fig. S3A). Peritoneal
macrophages obtained from Lyz2-CreERT2 FoxO1flox/flox mice
exhibited a significant reduction in FoxO1 expression (Fig. 3B).
Immunofluorescent analysis revealed a substantial decrease in
FoxO1 expression in CD68þ macrophages in mice with myeloid
FoxO1 deficiency (Fig. 3C). Consistently, myeloid FoxO1 defi-
ciency mice subjected to renal I/R injury demonstrated notable
improvements in renal function (Fig. 3D) and tubular injury
(Fig. 3E). A significant reduction in the levels of Kim1 and Ngal
was observed in mice with myeloid FoxO1 deficiency and I/R
injury (Fig. 3F). Furthermore, we found that myeloid FoxO1
deficiency led to a decrease in the infiltration of CD68þ macro-
phages induced by I/R injury (Fig. S3B).

The TUNEL assay revealed an increase in TUNEL-positive
staining in the kidneys following I/R injury, while myeloid FoxO1
deficiency resulted in a decrease in the percentage of TUNEL-
positive cells (Fig. 3G). Moreover, I/R injury triggered the
cleavage and activation of Caspase 3 compared to the sham group,
but myeloid FoxO1 deficiency inhibited I/R-induced Caspase 3
activation (Fig. 3H). The anti-apoptotic protein BCL2 and pro-
apoptotic protein BAX are frequently used as apoptotic markers
in the mitochondrial pathway33,34. As shown in Fig. 3H, it is
demonstrated that I/R injury increased BAX protein levels and
decreased BCL2 protein levels. However, the absence of myeloid
FoxO1 prevented the upregulation of the BAX/BCL2 ratio. These
findings collectively suggest that myeloid FoxO1 deficiency offers
protection against I/R-induced AKI.

3.4. FoxO1 inhibition reduced macrophage chemotaxis and
migration

In the myeloid FoxO1 deficiency mice group, AKI-associated
genes, such as SRY-box transcription factor 9 (Sox9), keratin 20
(Krt20), and hepatitis a virus cellular receptor 1 (Havcr1), were

found to be significantly downregulated compared to the control
group (Fig. 4A). Furthermore, the analysis of DEGs related to
apoptosis in kidney tissues indicated that myeloid FoxO1 defi-
ciency resulted in the downregulation of apoptotic genes
(Fig. 4B). Additionally, the GO enrichment analysis revealed that
the downregulated DEGs were associated with cell chemotaxis,
migration, and inflammation (Fig. 4C). The qPCR analysis
revealed significant inhibition of Ccl2 mRNA expression in kid-
ney tissues with renal I/R injury in the presence of myeloid FoxO1
deficiency (Fig. 4D). Flow cytometry analysis demonstrated the
presence of infiltrating macrophages and neutrophils in kidney
tissues on day 1 post-renal I/R injury (Fig. 4E). Notably, the
percentage of CD45þLy6GeCD11bþF4/80þ macrophages was
found to be lower in mice with myeloid FoxO1 deficiency
(Fig. 4F), while an increased population of CD45þLy6GþCD11bþ

neutrophils was observed in the same group (Fig. 4G). Ly6Chigh

monocytes, which originate from the circulating system and are
capable of responding to pro-inflammatory macrophages35, were
examined in this study. The results showed that the deficiency of
myeloid FoxO1 significantly decreased the proportion of
CD45þLy6GeCD11bþ Ly6Chigh monocytes while having no
impact on Ly6Clow and Ly6Cint monocytes (Fig. 4H).

Additionally, the role of FoxO1 in macrophage chemotaxis was
further investigated by examining the chemotactic responses of
BMDMs in the absence of myeloid FoxO1. The migration assay
demonstrated that the deficiency of myeloid FoxO1 inhibited the
chemotactic responses of BMDMs when exposed to CCL19,
CCL21, CX3CL1, and fMLP (Fig. 4I). Furthermore, the
RAW264.7 cells were subjected to treatment with the FoxO1 in-
hibitor AS1842856, followed by an investigation into the potential
role of FoxO1 in macrophage migration. As shown in Supporting
Information Fig. S4A, the viability of RAW264.7 cells was un-
affected by treatment with AS1842856 at concentrations ranging
from 0.01 to 1000 mmol/L. Analysis of cell migration trajectories
revealed significant inhibition of migration distance and migration
rate in RAW264.7 cells treated with AS1842856, as depicted in
Fig. 4J and K. It is worth noting that F-actin, a cytoskeletal protein
associated with cell migration, was examined36. Fluorescence
staining of F-actin indicated a reduction in actin cytoskeleton
staining in RAW264.7 cells following treatment with AS1842856
(Fig. S4B).

3.5. FoxO1 regulated macrophage migration via ARHGEF1

After treatment with AS1842856, the proteineprotein interaction
(PPI) network of the DEGs expression of BMDMs was analyzed
by using the STRING database (http://string-db.org) and
Cytoscape. PPI network showed that DEGs were mainly enriched
in protein targeting to membrane, extracellular matrix process
and focal adhesion, cell death, metabolic pathway, and Rho
regulation (Fig. 5A). GSEA indicated that the DEGs were
enriched in processes related to the RhoA pathway (Fig. 5B). Heat
map showed that AS1842856 treatment down-regulate RhoA
pathway-associated genes (Fig. S4C). Subsequently, the levels of

enrichment analysis of genes in kidney tissues of renal I/R injury mice on Day 1. (D) Renal Ccl2 mRNA expression levels of mice on Day 1 after

renal I/R injury (n Z 5). (E) Gating strategy of flow cytometry in kidney tissues on Day 1 after renal I/R injury. (FeH) Flow cytometric analysis

shows the percent of renal macrophages, neutrophils, and Ly6Clow/int/high monocytes in kidney tissues on Day 1 after renal I/R injury (n Z 5e6).

(I) Chemotactic responses to CCL19, CCL21, CX3CL1, and fMLP of BMDMs were determined by Transwell migration assay (n Z 5e6). (J)

Representative image of RAW264.7 cell migration trajectories after 200 nmol/L AS1842856 treatment. (K) Migration distance and rate of

RAW264.7 cells after 200 nmol/L AS1842856 treatment. Data are represented as mean � SEM. ns, no significance; *P < 0.05, **P < 0.01.
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Figure 5 FoxO1 regulated macrophage migration via ARHGEF1. (A) PPI network of BMDMs after 200 nmol/L AS1842856 treatment. (B)

GSEA of Rho pathway of BMDMs after 200 nmol/L AS1842856 treatment. (C, D) Representative Western blots and quantifications of GTP-

RhoA and RhoA protein levels in RAW264.7 cells after Ad-FoxO1 or 200 nmol/L AS1842856 treatment (n Z 6). (E) GSEA of Rho GTPase
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GTP-RhoA (active RhoA) were assessed using Rhotekin-RBD
Beads. As shown in Fig. 5C, the levels of GTP-RhoA exhibited
an increase upon treatment with FoxO1 adenovirus (Ad-FoxO1).
Conversely, a significant decrease in GTP-RhoA levels was
observed following treatment with AS1842856 (Fig. 5D).

Activation of RhoA is facilitated by Rho-GTPase. GSEA
demonstrated that AS1842856 effectively inhibits the expression of
Rho-GTPase (Fig. 5E). The regulation of RhoAGTPase, crucial for
cell migration, is mediated by ARHGEF137,38. To investigate the
interaction between FoxO1 and ARHGEF1, the JASPAR online tool
was employed. It was observed that the promoter region of
ARHGEF1 contains the FoxO1 bindingmotif, as depicted in Fig. 5F.
Protein levels of ARHGEF1 were found to be lower in peritoneal
macrophages from mice with myeloid FoxO1 deficiency, as shown
in Fig. 5G. The real-time PCR analysis revealed that AS1842856
treatment resulted in a decrease in the mRNA expression of Arhgef1
in BMDMs (Fig. 5H). Additionally, the ChIP-qPCR assay demon-
strated that the transcriptional regulation of FoxO1 led to the down-
regulation of Arhgef1 expression, as shown in Fig. 5I.

To investigate the potential involvement of ARHGEF1 in the
migration of BMDMs, these cells were exposed to 10% FBS and
fMLP. Migration induced by 10% FBS and fMLP was enhanced in
the presence of Ad-FoxO1. However, this effect was suppressed
when BMDMs were pre-treated with si-ARHGEF1, as shown in
Fig. 5J. These findings suggest that FoxO1 plays a regulatory role
in macrophage migration through its interaction with ARHGEF1.

3.6. FoxO1 inhibition decreased pro-inflammatory cytokines

ELISA analysis revealed lower levels of serum IL1b and IL6
proteins in myeloid FoxO1-deficient mice on Day 1 following
renal I/R injury (Fig. 6A and B). Next, we employed Percoll
gradients to isolate renal immune cells on Day 1 after I/R injury
and assessed the mRNA expression of pro-inflammatory macro-
phage-associated genes. The real-time PCR analysis demonstrated
a significant reduction in the expression of pro-inflammatory cy-
tokines in response to I/R injury in mice with myeloid FoxO1
deficiency (Fig. 6C). Heat shock proteins (HSPs) are upregu-
lated in response to inflammation to protect in vitro and in vivo
cells from the toxic effects of inflammation-associated media-
tors39. Among the HSP family, HSP70 and HSP90 tightly regulate
nuclear factor-kB signaling, a critical pathway in mediating in-
flammatory responses40,41. Our results showed that I/R-induced
AKI increased the protein levels of HSP70 and HSP90 in the
kidney, and myeloid FoxO1 deficiency inhibited this upregulation
induced by I/R injury (Fig. 6D). Additionally, the effect of FoxO1
inhibition on LPS-induced inflammatory AKI was explored. As
shown in Supporting Information Fig. S5A, our results showed
that LPS didn’t affect the levels of serum creatinine. However,
LPS increased the levels of BUN compared with the sham group,
and myeloid FoxO1 deficiency inhibited the LPS-induced increase
(Fig. S5B). Moreover, myeloid FoxO1 deficiency inhibited
increased mRNA expression of Kim1 and Ngal induced by LPS
(Fig. S5C). These results indicated that FoxO1 inhibition
decreased inflammatory response to protect against AKI.

Furthermore, BMDMs isolated from mice with myeloid FoxO1
deficiency were treated with LPS and IFNg. ELISA analysis of the
culture supernatant revealed lower levels of IL1b protein, while
there was no significant difference in IL6 protein levels (Fig. 6E
and F). Similarly, the mRNA expression of pro-inflammatory
macrophage-associated genes in BMDMs was reduced under
LPS and IFNg treatment when FoxO1 deficiency was present in
the myeloid cells (Fig. 6G). In order to investigate the role of pro-
inflammatory cytokines derived from macrophages in regulating
tubular cell death, BMDMs were exposed to LPS and IFNg for
24 h, after which the culture medium was replaced with a serum-
free medium. Twelve hours later, the conditioned media (CM)
from BMDMs was collected to treat mouse RTECs (Fig. 6H). The
results obtained from TUNEL staining demonstrated a significant
increase in mRTEC death when exposed to the CM derived from
LPS and IFNg-treated BMDMs. Conversely, a lower incidence of
cell death was observed in mRTECs treated with CM from
BMDMs with myeloid FoxO1 deficiency (Fig. 6I). This finding
suggests that inhibiting FoxO1 can potentially safeguard tubular
epithelial cells from death by reducing the levels of pro-
inflammatory cytokines released from macrophages.

4. Discussion

The present study provides the first evidence that the adminis-
tration of AS-Lipo, mainly acting on macrophages, has a protec-
tive effect on kidney injury. Furthermore, the use of myeloid
FoxO1 deficiency mice provides additional evidence supporting
the vital role of FoxO1 in regulating macrophage function in the
I/R-induced AKI mice model, thereby suggesting its potential as a
therapeutic target for AKI.

Macrophages exhibit heterogeneity and possess the ability to
adapt their phenotype in response to the specific micro-
environment. It is used to classify macrophages into two
different phenotypes: classically activated (M1) phenotype and
alternatively activated (M2) phenotype42,43. However, the M1/M2
classification is considered to oversimplify the true complexity of
macrophages44,45. Growing evidence points out that macrophages
simultaneously express classical M1 and M2 markers after
injury46,47. Therefore, in this study, we prefer to define these cells
as pro-inflammatory and anti-inflammatory macrophages based on
their functions in vivo. Previous studies have demonstrated that
FoxO1 has the capacity to bind to the promoter region of IL1b,
thereby enhancing the activity of this promoter48. In response to
LPS stimulation, FoxO1 exhibits a propensity for trans-activating
the IL1b gene, thereby promoting the production of IL1b in
macrophages23. Furthermore, FoxO1 is capable of activating the
transcription of the C/EBPb gene by directly binding to its pro-
moter in adipocytes. This, in turn, leads to an upregulation of pro-
inflammatory genes such as CCL2 and IL649. Similarly, Tanaka
et al.50 discovered that FoxO1 binds to a forkhead site within the
promoter region of the human iNOS gene in intact chromatin
derived from human aortic endothelial cells. This suggests that
FoxO1 plays a direct role in facilitating the polarization of mac-
rophages towards the pro-inflammatory phenotype in the presence

of BMDMs after 200 nmol/L AS1842856 treatment. (F) Predicted binding sites for FoxO1 and ARHGEF1 by JASPAR online database. (G)

Representative Western blots and quantifications of ARHGEF1 protein levels in peritoneal macrophages (n Z 3e4). (H) The mRNA expression

levels of Arhgef1 in BMDMs after 200 nmol/L AS1842856 treatment (nZ 5). (I) The binding of FoxO1 to ARHGEF1 is analyzed by ChIP-qPCR

in RAW264.7 cells after 200 nmol/L AS1842856 treatment (n Z 4). (J) Chemotactic responses to 10% FBS and fMLP of BMDMs were

determined by Transwell migration assay (n Z 6). Data are represented as mean � SEM. *P < 0.05, **P < 0.01.
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of inflammatory stimuli. Our findings also demonstrated that the
inhibition of FoxO1 resulted in a reduction in the expression levels
of genes associated with pro-inflammatory macrophages, such as
Il1b, Il6, iNos, and Tnfa. Previous studies using animal models of
AKI have indicated that there is a prevalence of a pro-inflammatory

macrophage phenotype during the initial 1e3 days following
injury51. Therefore, the decrease in pro-inflammatory macrophages
caused by the inhibition of FoxO1 may contribute to the amelio-
ration of kidney injury. Additionally, Luan and colleagues52 re-
ported that the number of renal pro-inflammatory macrophages

Figure 6 FoxO1 inhibition decreased pro-inflammatory cytokines. (A, B) ELISA indicated serum IL1b and IL6 protein levels of renal I/R

injury mice on Day 1 (n Z 4e6). (C) The mRNA expression levels of the inflammatory gene in renal myeloid cells on Day 1 after I/R injury

(n Z 5e6). (D) The protein levels of HSP70 and HSP90 in kidneys of renal I/R injury mice on Day 3 were detected by Western blotting

(n Z 5e6). (E, F) ELISA indicated IL1b and IL6 protein levels in the culture supernatant of BMDMs after treatment with LPS and IFNg

(n Z 3e6). (G) The mRNA expression levels of the inflammatory gene in LPS and IFNg treated BMDMs (n Z 5e6). (H) Schematic diagram

shows the treatment of BMDMs and mRTECs. (I) Representative images of TUNEL staining of mRTECs after treatment with culture supernatant

of BMDMs, and quantitative analyses of TUNEL staining positive mRTECs (n Z 6). Scale bar, 50 mm. Data are represented as mean � SEM.

*P < 0.05, **P < 0.01.
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reached its peak on Day 14 and subsequently decreased by Day 30,
whereas the number of anti-inflammatory macrophages progres-
sively increased after Day 2 and peaked on Day 30 in a folic acid-
induced AKI model. Zhou et al.53 discovered that the presence of
endothelial cells in a hypoxic environment, in combination with
AS1842856, resulted in a decrease in the expression of the anti-
inflammatory macrophage marker ARG1 in macrophages. Simi-
larly, our study revealed that AS-Lipo treatment led to a reduction
in the expression of anti-inflammatory macrophage-associated
genes in BMDMs following IL4 stimulation. However, it is
essential to note that our findings are based on a short-term in vitro
model, and a comprehensive understanding of the role of FoxO1 in
anti-inflammatory macrophage regulation necessitates a long-term
in vivo model.

Following kidney injury, TECs generate inflammatory factors,
including IL1b, IL18, IL15, IL16, and TNFa, which contribute to
the inflammatory reaction54. Moreover, necrotic TECs secrete
chemokines to attract macrophages to the site of injury5,8. This
recruitment of macrophages is supported by previous studies,
which discovered that exosomal Ccl2 mRNA derived from TECs
treated with BSA can be transported to interstitial macrophages,
leading to their activation and autocrine recruitment of additional
myeloid cells55. These infiltrating macrophages generate reactive
oxygen species (ROS) and inflammatory cytokines like TNFa,
which can intensify the apoptosis of tubular epithelial cells56,57. In
our study, we observed a significant reduction in tubular epithelial
cell death following treatment with conditioned media derived
from myeloid FoxO1 deficiency BMDMs. These findings suggest
that inhibiting FoxO1 can potentially protect against tubular
epithelial cell death by decreasing the levels of pro-inflammatory
cytokines released by macrophages. Moreover, our results showed
that I/R-induced AKI increased the protein levels of HSP70 and
HSP90, and myeloid FoxO1 deficiency inhibited this upregulation
induced by I/R injury. These results suggested that FoxO1 inhi-
bition suppressed macrophage-mediated inflammatory response
and inhibited the inflammatory response involved in HSPs. Pre-
vious research has demonstrated that macrophages play a role in
the repair processes of tubular epithelial cells by releasing cyto-
kines like IL22 and providing ligands for retinoic acid and ca-
nonical Wnt-b catenin signaling58. However, further investigation
is required to understand the full impact of FoxO1 on this repair
mechanism.

NLRP3 inflammasome oligomerization results in the activation
of caspase 1, then caspase 1 proteolytically cleaves pro-IL1b and
pro-IL18 into their active forms, which target neighboring cells to
propagate an inflammatory response59,60. A previous study found
that mitochondrial damage during programmed cell death causes
activation of the NLRP3 inflammasome61. Mitochondrial
dysfunction acts upstream of NLRP3 activation by providing ROS
to trigger NLRP3 oligomerization or by inducing a-tubulin acet-
ylation to relocate mitochondria to the proximity of NLRP362.
Importantly, renal I/R injury induces NLRP3 inflammasome
activation and an enhanced NLRP3 colocalization with mito-
chondria63. Our previous study found that FoxO1 inhibition
significantly suppressed the overproduction of mitochondrial ROS
(mtROS) in both I/R injury mice and hypoxia/reoxygenation
human renal TECs18. Another study indicated that excessive
mtROS impaired macrophage efferocytosis and reduced anti-
inflammatory and pro-healing signals64. Therefore, the mecha-
nism of decreased inflammatory response in the kidney after
macrophage FoxO1 inhibition may be associated with suppressed
mtROS production, which needs further experimental evidence.

FoxO1 is widely expressed in various renal parenchymal cells,
such as podocytes, mesangial cells, and tubular epithelial cells65.
Previous studies have demonstrated the involvement of FoxO1 in
several kidney diseases, including AKI, diabetic kidney disease,
and renal fibrosis17,66-68. It is important to note that the specific
roles of FoxO1 in these diseases vary. Our previous studies have
indicated that renal I/R injury leads to an up-regulation of FoxO1
expression in the kidney18. However, Zhang et al.65 discovered
that the downregulation of FoxO1 in mRTECs and the resulting
mitochondrial damage contribute to the development of
endotoxin-induced AKI. Conversely, the over-expression of
FoxO1 through focal adeno-associated virus delivery to the kidney
has been shown to enhance renal function and mitigate mito-
chondrial damage. Here, we provide evidence of a positive cor-
relation between the expression of FoxO1 in the kidney and the
severity of kidney trauma following AKI induced by I/R injury.
Additionally, we have identified an upregulation of FoxO1 in renal
macrophages subsequent to I/R injury. To demonstrate the impact
of FoxO1 on macrophages in the context of I/R injury, we
employed a FoxO1 inhibitor AS-Lipo that mainly acts on mac-
rophages and observed its effective mitigation of renal damage
caused by I/R injury. Similarly, using myeloid-specific FoxO1-
knockout (Lyz2-CreERT2 FoxO1flox/flox) mice also conferred
protection against I/R-induced AKI. These contradictory
findings may be attributed to variations in the AKI
induction models employed, as well as the distinct cell types
involved in the investigation. Specifically, the infiltration of
macrophages into the kidney promotes the initiation of the in-
flammatory cascade within a mere 2 h of reperfusion69. Previous

Figure 7 Renal I/R injury upregulated macrophage FoxO1

expression, inhibitors targeting macrophage FoxO1 could suppress

macrophage infiltration and chemotaxis, as well as the inhibition of

inflammatory factor-induced damage to mRTECs, thus alleviating I/R-

induced AKI.
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studies have indicated the presence of endotoxin tolerance in
macrophages, with endotoxin-tolerant macrophages exhibiting
similarities to anti-inflammatory macrophages70. Additionally, we
observed an upregulation of FoxO1 expression and a decrease in
FoxO3 expression in renal I/R injury. Interestingly, we found a
negative correlation between FoxO3 and tubular necrosis, in
contrast to FoxO1. This observation may be attributed to the
complementary expression of FoxO1, FoxO3, and FoxO4 mRNA
in embryos71. A previous study has reported that FoxO1 and
FoxO3 exhibit differential regulation of gene expression in
HUVECs72. Consequently, further investigation is required to
elucidate the interaction between FoxO1 and FoxO3 in I/R-
induced AKI.

RhoA is a widely expressed cytoplasmic protein belonging to
the small GTPase family, functioning as a molecular switch that
regulates the activation of cytoskeletal proteins73,74. In their study,
Rougerie et al.75 discovered that Fam65b, a target of FoxO1,
suppresses chemokine-induced migration by inhibiting RhoA ac-
tivity, indicating a functional connection between FoxO1 and
RhoA pathways. Similarly, our in vitro experiments with macro-
phages revealed that overexpression of FoxO1 significantly en-
hances RhoA activation. The expression of GTP-RhoA was
observed to decrease upon FoxO1 inhibition. ARHGEF1, an
intracellular protein expressed by hematopoietic cells, is known to
activate RhoA and plays a crucial role in leukocyte migration and
adhesion37,38. This activation occurs through RhoA GTPase76.
Previous research has demonstrated that the absence of ARHGEF1
in neutrophils and B lymphocytes leads to impaired migration and
adhesion77. In our study, we found that the expression of both
ARHGEF1 and RhoA GTPase decreased in BMDMs following
FoxO1 inhibition. Additionally, our study revealed that FoxO1
possesses a binding site on the promoter of ARHGEF1. Trans-
well experiments demonstrated that the overexpression of FoxO1
in BMDMs facilitated cell migration, but this effect was impeded
upon knockdown of ARHGEF1. However, we observed that solely
knocking down ARHGEF1 did not impact macrophage migration,
potentially due to the inherent low migration of macrophages
under normal conditions, such as without the overexpression of
FoxO1. These findings suggest that ARHGEF1 serves as a po-
tential mediator between FoxO1 and the activity of the RhoA
pathway.

5. Conclusions

This study demonstrates that ablation of macrophage transcrip-
tional factor FoxO1 protects against I/R-induced AKI. The pri-
mary mechanism underlying this effect involves the reduction in
macrophage infiltration and chemotaxis, as well as the inhibition
of inflammatory factor-induced damage to mice tubular epithelial
cells (Fig. 7). In summary, FoxO1 is an important pathogenic
mediator in AKI by regulating macrophage polarization, chemo-
taxis, and migration. AS-Lipo may represent a potential thera-
peutic strategy.
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