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ARTICLE INFO ABSTRACT

Keywords: Acute kidney injury (AKI) is characterized by a rapid decrease in renal function with high mor-
Acute kidney injury tality and risk of progression to chronic kidney disease (CKD). Ischemia and reperfusion injury
Maladaptive repair (IRI) is one of the major causes of AKI. However, the cellular and molecular responses of the
Pmteom_e o kidney to IRI are complex and not fully understood. Herein, we conducted unbiased proteomics
Fatty acid oxidation - . . .

Acoxl and bioinformatics analyses in an IRI mouse model on days 3, 7, and 21, and validated the results

using IRI, unilateral ureteral obstruction (UUO), and biopsies from patients with AKI or CKD. The
results indicated an obvious temporal expression profile of differentially expressed proteins and
highlighted impaired lipid metabolism during the progression of AKI to CKD. Acyl-coenzyme A
oxidase 1 (Acox1), the first rate-limiting enzyme of peroxisomal fatty acid beta-oxidation, was
then selected, and its disturbed expression in the two murine models validated the proteomic
findings. Accordingly, Acox1 expression was significantly downregulated in renal biopsies from
patients with AKI or CKD, and its expression was negatively correlated with kidney injury score.
Furthermore, in contrast to the decreased Acox1l expression, lipid droplet accumulation was
remarkably increased in these renal tissues, suggesting dysregulation of fatty acid oxidation. In
conclusion, our results suggest that defective peroxisomal fatty acid oxidation might be a common
pathological feature in the transition from AKI to CKD, and that Acox1 is a promising intervention
target for kidney injury and repair.

1. Introduction

Acute kidney injury (AKI) is characterized by an abrupt decline in renal function [1], and the in-hospital mortality rate ranges from
50 to 70% depending on comorbidities and specific clinical conditions [2,3]. In addition to its high short-term mortality, AKI is
substantially associated with the progression of chronic kidney disease (CKD), with a 9-fold increased risk of progressive CKD
compared to patients without AKI [4,5]. Ischemia-reperfusion injury (IRI) is a leading risk factor for AKI. However, the mechanistic
features and effective therapeutic strategies for IRI-AKI and its transition to CKD have not been elucidated [6]. Therefore, delineating
the pathogenesis of AKI to CKD is required.
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Several essential mechanisms have been proposed, especially proximal tubular epithelium maladaptive repair [7,8]. Proximal
tubular epithelium cell (RTEC), the major component of kidney, is extremely sensitive to multiple stresses including hypoxia, toxins,
and sepsis [9]. Increasing studies have suggested that proximal tubular epithelium plays a vital role in kidney injury and repair
processes [7]. Indeed, surviving injured proximal tubular cells with robust dedifferentiation and proliferation capacity contribute to
rebuilding damaged epithelial structures and restoring renal function [10]. However, some severe or persistent AKI events can
frequently lead to maladaptive or incomplete repair of tubular epithelial cells, ultimately resulting in renal fibrosis and inexorable
transition of AKI to CKD [11,12]. Additionally, previous research has suggested that lipid metabolism disorders mediate the patho-
genesis of AKI, abnormal kidney repair, and CKD [13]. Calorie restriction or fatty acid binding protein 4 deficiency decreases lipid
droplet accumulation, attenuates kidney injury, promotes kidney repair, and restores renal function [13,14]. Peroxisome
proliferator-activated receptors (PPARs), the upstream of fatty acid oxidation, might be a promising druggable target to attenuate renal
fibrosis via restoring fatty acid oxidation capacity [15,16].

Omics technologies, including genomics, transcriptomics, metabolomics, and proteomics, have remarkably advanced the molec-
ular insight into the understanding of AKI, which might open new avenues for biomarker discovery or identification of drug targets
[17-19]. In addition to other omics, proteomics can provide much more information regarding protein production, modification,
degradation, and interactions between proteins or other biomolecules [17]. Furthermore, proteomic data are considered more closely
related to pathological symptoms and clinical parameters of patients [17]. However, changes in proteins during renal IRI and repair
remain largely unclear. In this regard, we conducted an unbiased proteomic study and bioinformatic analysis using a severe bilateral
IRI mouse model on days 3, 7, and 21. As a result, we illustrated an obvious temporal expression profile of differentially expressed
proteins (DEPs) and highlighted the dysregulated fatty acid oxidation in the progression of AKI to CKD. Proteomic findings were also
validated using IRI, unilateral ureteral obstruction (UUO), and renal tissues from patients with AKI or CKD. Together, this study
provides new insights into the pathophysiology of AKI progression and may advance therapeutic strategies for kidney injury and
repair.

2. Materials and methods
2.1. Mouse ischemic AKI models

All experimental protocols were approved by the ethics committee of the Army Medical University. Male C57BL/6J mice aged 8
weeks and weighing 20-22 g were subjected to bilateral renal ischemia reperfusion injury (IRI) as previously described [20]. In brief,
ischemia was induced by the retroperitoneal approach in both kidneys for 35 min at 37 °C (severe IRI). Control-operated mice (control
group) underwent the same procedure, but without renal pedicle clamping at the same time (n = 6 per group).

2.2. UUO models

Eight-week-old male C57BL/6J mice were anesthetized and the left proximal ureter was separated and sutured. Next, the ureter
was cut between the ligatures. With the exemption of ureter ligation, the control group underwent the same surgery as the model group
(n = 6 per group).

2.3. Patients

A total of 52 patients with AKI between January 2018 and December 2020 in Daping Hospital (Chongqing, China) were enrolled in
the study. The inclusion criteria were a biopsy-proven AKI (defined by standard morphological criteria), as previous study described
[21]. Patients aged < 18 years, with chronic kidney disease (CKD), and hyperlipidemia who were taking lipid-lowering drugs were
excluded. Twenty-six control human kidney samples were obtained from the unaffected portion of tumor nephrectomies. The study
protocol was approved by the Ethical and Protocol Review Committee of the Army Military Medical University, and written informed
consent was obtained from each patient.

2.4. Blood examination

Serum creatinine and urea nitrogen (BUN) levels were measured using an automatic biochemistry analyzer (Unicel DXC 800;
Beckman Coulter, Skykesville, MD, USA).

2.5. Histological staining

Kidney sections (4 pm) were stained with periodic acid-Schiff (PAS) and Masson’s trichrome and analyzed using an Olympus
microscope (Tokyo, Japan). Kidney damage scores included acute and chronic kidney injury. The degree of acute kidney injury was
scored semi-quantitatively on a O to 5 scale, according to the percentage of tubular necrosis, loss of brush border, and tubular dilation
(0 = no lesion, 1 < 25%, 2 > 25%-50%, 3 > 50%-75%, 4 > 75% to < 100%, 5 = 100%) [22]. Chronic kidney injury was scored
semi-quantitatively on a 0 to 4 scale, based on tubular atrophy and interstitial fibrosis (0 = no lesion; 1 < 25%; 2 = 25%-50%; 3 =
50%-75%; 4 > 75%) according to previous studies [23].
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2.6. Proteomics analysis

Renal cortex tissue from each sample (three biological replicates) was lysed (lysis buffer: 8 mol/L urea) and digested with trypsin.
The ration of protein and trypsin was 50:1 for the first-time digestion, and 100:1 for another time. The protein concentration of each
tissue lysate was measured using a BCA protein assay kit (Beyotime, Beijing, China). Subsequently, 1000 pg of protein from each
sample was digested with trypsin. The tryptic peptides were fractionated into fractions by high pH reverse-phase HPLC using a Thermo
Betasil C18 column (5 pm particles, 10 mm ID, 250 mm length), dissolved in solvent A (0.1% formic acid, 2% acetonitrile/in water),
and then loaded onto a home-made reversed-phase analytical column (25 cm, 100 pm i.d.). The gradient comprised an increase from
6% to 24% solvent B (0.1% formic acid in 90% acetonitrile) over 70 min, 24%-35% over 14 min, and climbing to 80% over 3 min, then
holding at 80% for the last 3 min, all at a constant flow rate of 450 nL/min on a nanoElute UHPLC system (Bruker Daltonics). The
peptides were subjected to capillary source followed by timsTOF Pro (Bruker Daltonics) mass spectrometry coupled online to UPLC.
The precursors and fragments were analyzed using a TOF detector. The applied electrospray voltage was 1.6 kV. The timsTOF Pro was
operated in parallel accumulation serial fragmentation (PASEF) mode. Precursors with charge states of 0-5 were selected for frag-
mentation, and 10 PASEF-MS/MS scans were acquired per cycle. The dynamic exclusion was set at 30 s. Raw MS/MS data were
processed using the MaxQuant search engine (v.1.6.6.0). Tandem mass spectra were searched against (mouse SwissProt) (17,045
entries) database concatenated with reverse decoy database. Trypsin/P was specified as cleavage enzyme allowing up to 2 missing
cleavages. The mass tolerance for precursor ions was set as 20 ppm in First search and 20 ppm in Main search, and the mass tolerance
for fragment ions was set as 0.02 Da. Carbamidomethyl on Cys was specified as fixed modification and acetylation on protein N-
terminal and oxidation on Met were specified as variable modifications. The FDR was adjusted to <1%, and the minimum score for
modified peptides was set at > 40.

2.7. Statistical and bioinformatic analysis of the proteomic data

The label free quantification (LFQ) intensities from the “Protein Groups” txt file were extracted and the proteins with “Reverse” and
“Contamination” were filtered. To exclude the bias of different replicates and samples, the relative protein abundance was normalized
by the mean abundance across samples (Table S1). Data are presented as mean + standard deviation (SD) for normally distributed
variables and as median (interquartile range) for non-normally distributed variables. Differences between the two groups were
determined using a two-tailed Student’s t-test. For the three groups, statistical differences were analyzed using ANOVA followed by
Bonferroni and Kruskal-Wallis tests for normally and non-parametrically distributed variables, respectively. Statistical significance
was set at p < 0.05. Upregulated or downregulated proteins (fold change 21.5 or £(1/1.5) 0.667, respectively; t-test p < 0.05) were
defined as differentially expressed proteins (DEPs). The proteins were functionally annotated according to their biological processes,
molecular functions, and cellular components derived from the UniProt-GOA database. A graph theoretical clustering algorithm,
molecular complex detection (MCODE), was used to analyze densely connected regions. Principal component analysis (PCA) and
hierarchical clustering were performed using R software (v.3.0.1). Co-expression clusters were identified using the WGCNA R package
[24].

2.8. Western blot analyses

Western blotting analysis was performed on renal lysates with RIPA solution containing protease inhibitors (Beyotime Biotech-
nology, Beijing, China). Protein samples (30 pg) were fractionated by 10-12% SDS-PAGE gels and then transferred to polyvinylidene
difluoride membranes (PVDFs, Millipore, Billerica, MA, USA). Following blocking with 5% non-fat milk, these PVDFs were incubated
with the following primary antibodies: Acox1 (1:1000, 10957-1-AP; Proteintech group, Wuhan, China), Crot (1:500, ab175450;
Abcam, Cambridge, UK), Amacr (1:500, ab268062; Abcam), and anti-GAPDH (1:5000, BM3876; Boster Biotechnology, Wuhan, China)
and anti-GAPDH (1:5000, 10494-1-AP; Proteintech group, Wuhan, China). The intensity of each band was analyzed using the Quantity
One software (Bio-Rad, Hercules, CA, USA).

2.9. Immunohistochemical and immunofluorescent staining

All the specimens were deparaffinized and rehydrated. Following antigen retrieval, the tissues were incubated with primary anti-
Acox1 (1:100, 10957-1-AP; Proteintech group) and a-SMA (1:200, BM0002; Boster Biotechnology) antibodies at 4 °C overnight. At
least ten fields were randomly selected to evaluate the percentage of Acox1-positive and a-SMA-positive RTECs. For immunofluo-
rescence, all sections were incubated with anti-Acox1 antibody (1:100, 10957-1-AP; Proteintech group) followed by Alexa-488 con-
jugated goat anti-rabbit antibody (1:200, ab150077; Abcam), anti-a-SMA antibody (1:200, BM0002; Boster Biotechnology), and anti-
collagen I (1:100, ab6308; Abcam) followed by Alexa-555 conjugated goat anti-mouse antibody (1:200, ab150118; Abcam) at 4 °C
overnight. The cells were then co-stained with DAPI (1:500, C1006; Beyotime Biotechnology). All samples were analyzed using a
fluorescence microscope (Leica, Germany). At least six fields were randomly selected to evaluate the percentage of positive staining
with Image J software (version 1.37; National Institutes of Health, Bethesda, MD).

2.10. Oil Red O staining

Lipid accumulation was evaluated by Oil Red O staining. Briefly, samples were fixed with 4% paraformaldehyde and stained with
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0Oil Red O for 30 min. Subsequently, the samples were counterstained with hematoxylin for 5 min. The staining was examined using a
light microscope (Leica). The percentages of oil-red positive area were quantified using Image J software (version 1.37).

2.11. Statistical analysis

Data are presented as mean =+ standard deviation (SD) for normally distributed variables and as median (interquartile range) for
non-normally distributed variables. Differences between the two groups were determined using a two-tailed Student’s t-test. For the
three groups, statistical differences were analyzed using ANOVA followed by Bonferroni and Kruskal-Wallis tests for normally and non-
parametrically distributed variables, respectively. Statistical significance was set at p < 0.05.

3. Results
3.1. Histological changes during the progression of AKI induced by IRI

An intact contralateral kidney can compensate for impaired renal function and the kidney owns a powerful reserved function, so we
used a bilateral ischemia perfusion injury model (35 min blocking of the renal pedicle) to investigate alterations in protein expression
during the initiation and progression of ischemic AKI, as previously described and summarized in Fig. 1A [25-27]. First, we generated
a mouse model of I/R-AKI compared to the control group, the ischemic groups, mostly notable on day 3, exhibited significantly
increased serum BUN and creatinine levels, confirming the presence of AKIL. By 7 and 21 days after I/R, the impaired renal function
gradually recovered but did not completely return to baseline, suggesting the persistence of injury (Fig. 1B and C). Further histo-
pathological examinations showed remarkable necrosis of renal tubular epithelial cells and a massive loss of brush borders on day 3
(3D) (Fig. 1D and E). On 7D, these changes seemed to be ameliorated, but inflammatory cell infiltration and tubular atrophy clearly
started to appear and increased on day 21, indicating maladaptive repair in progression (Fig. 1D and E). Masson staining showed
time-dependent collagen deposition, confirming the progression of renal fibrosis (Fig. 1D, F). Collectively, these results clearly indicate
that irreversible kidney injury, maladaptive tubular repair, and advanced interstitial fibrosis contribute to the transition from AKI to
CKD following an ischemic insult.
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Fig. 1. Progression of AKI induced by IRI. (A) Schematic diagram of ischemic treatment and sample collection. (B-C) Serum creatinine and BUN
levels were determined at different time points (n = 6). (D) PAS (red, glycogen) and Masson staining (blue, collagen) for histological changes after
IRI. Long arrows indicate fibrotic area, short arrows represent tubular injury, while arrowheads show the infiltrated inflammatory cells. Scale bar,
80 pm. (E-F) Kidney injury score and fibrotic area were quantified (n = 6). Data are expressed as the means + SDs for each group. Differences
between the two groups were assessed with a two-tailed Student’s t-test. *P < 0.05 versus control; **P < 0.05 versus 3D/7D. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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3.2. Kidney proteomic remodeling during the progression of AKI induced by IRI

To monitor the underlying longitudinal changes and possible mechanisms that determine the pathogenesis and progression of AKI
to CKD, we performed proteomic analysis using LC-MS/MS with a label-free quantitative approach at the indicated time points
(Fig. 2A). In total, 2,642,078 MS spectra were detected, and 6158 proteins were quantified from the global kidney proteome, with an
estimated FDR of 1% (Fig. 2B and Table S1). As shown in Fig. 2C, principal component analysis (PCA) revealed that proteomics was
clearly segregated among the different groups. In contrast to the considerable difference in proteomics on day 3, the proteomics on day
7 seemed to reshape back to normal controls, whereas it still did not completely shift to baseline on day 21, suggesting persistent
changes in kidney proteomics. The PCA shows an outlier in each of the AKI groups (3 d, 7 d, and 21 d), which might to be related with
the heterogeneity of mice response to IRI surgery. To investigate stage-specific protein expression and molecular characteristics under
these conditions, we conducted pairwise comparisons to identify significant different expression proteins (DEPs). Volcano plots, with a
log 2 (1.5) FC cutoff value of 0.585 for the differential expressed criteria, provided an overview of the DEPs (Fig. 2D and Fig. S1C).
Compared with the hundreds of DEPs in 3/7/21D vs. Cont, the number of DEPs was smaller in 7D vs. 3D, 21D vs. 3D, and 21D vs. 7D,
indicating modest changes among these IRI groups (Fig. S1A). Similarly, the common changes in DEPs in 3/7/21D versus Cont. were
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Fig. 2. Protein identification in kidney cortex samples from IRI mouse using LC-MS/MS. (A) Experimental scheme. Proteomic sample preparation,
mass spectrometry analysis and bioinformatics analysis. (B) Spectrums, peptides and proteins were screened. (C) Principal-component analysis
(PCA) of all identified proteins. (D) Volcano plots shows the upregulated and downregulated differentially expressed proteins (DEPs) in different
groups. (E) Venn diagram shows the number of DEPs in each group. (F) Heat-map analysis of DEPs in all samples.
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Fig. 3. Temporal expression profiling of DEPs and functional analysis. (A) Gene Ontology (GO)-biological process analysis of upregulated and
downregulated DEPs in different groups (B) Six co-expression clusters of DEPs. Each line indicates the relative abundance of each protein and is
color-coded by the cluster membership. (C) Biological process analysis of DEPs from cluster 4. (D) Heat-map analysis of lipid metabolism related
proteins from cluster 4. (E) The relative expression (LFQ intensity) of Acox1, Acox3, Crot and Amacr. (For interpretation of the references to color in
Ehis figure legend, the reader is referred to the Web version of this article.)

28, with 24 upregulated and 4 downregulated, which was more than the DEPs from the ischemic groups (Fig. 2E and Fig. S1B). Finally,
heatmaps revealed changes in DEPs at different time points (Fig. 2F). Consistent with the PCA results, some of the remarkably changed
proteins on days 3 and 7 seemed to recover on day 21 (Fig. 2F). Collectively, these results revealed that some of the DEPs could recover
over time after IRI, but the sustained changes in the expression of certain proteins might contribute to renal fibrosis, suggesting that the
proteomes displayed remodeling during the progression of IRI injury.

3.3. Temporal expression profiling of differentially expressed proteins and function analysis

We performed gene ontology (GO) enrichment analysis to gain more insight into DEPs during the progression of IRI injury and
repair. GO analysis is divided into three domains: biological processes, molecular functions, and cellular components. As shown in
Fig. 3A, the biological processes of upregulated DEPs were enriched in several pathways, including calcium-mediated signaling,
endocytosis, immune cell activation and proliferation, cell migration and motility, and angiogenesis, which are associated with
inflammation, cell injury and repair, and fibrosis (Fig. 3A) [25]. Similar results were found regarding the molecular function and
cellular component analyses (Fig. S2). On the other hand, GO analysis of downregulated DEPs showed enrichment of pathways in the
majority of cellular metabolic processes, including fatty acid metabolic process, organic anion and acid transport, and carboxylic acid
biosynthetic process (Fig. 3A and S2). All DEPs were further clustered and sorted according to their abundance patterns to investigate
molecular changes. They were allotted into six groups by hierarchical clustering analysis. Consistent with the results of the PCA and
heatmaps in Fig. 2, sequential variations were found in these clusters, suggesting stage-specific proteome profiles and pathological
conditions (Fig. 3B). Additionally, an ingenuity pathway analysis was performed to classify the DEPs based on their functions. In
accordance with the GO findings, clusters 1 and 3 revealed variability in complement activation, coagulation, and wound healing in
the acute phase, which gradually returned to baseline on day 21 (Fig. 3B). Interestingly, results from clusters 4 and 6 highlighted the
dysregulation of cellular metabolic processes, especially fatty acid and lipid metabolism in cluster 4 (Fig. 3C). Evidence from the GO
and ingenuity pathway analyses clearly revealed the dysfunctions of lipid metabolism in IRI-AKI progression, which is in agreement
with published studies [25,28]. We then analyzed the lipid metabolism-related DEPs in cluster 4 and identified 15 proteins for further
study. The heat map showed a remarkable decrease in the levels of certain proteins on day 3, which were further down-regulated on
day7, whereas a trend of recovery was clearly observed on day 21 (Fig. 3D). Consistently, four important enzymes of fatty acid
oxidation, Acox1, Acox3, Amcar, and Crot, were significantly downregulated on days 3 and 7 but recovered closely to the normal levels
on day 21 (Fig. 3E). Together, the temporal expression profiling of DEPs and functional analysis indicated that lipid metabolism,
especially fatty acid oxidation, might contribute to the progression of IRI-AKI.

3.4. Validation of the proteins involved in fatty acid oxidation in IRI mice

To confirm the above proteomic results, we examined the expression of Acyl-coenzyme A oxidase 1 (Acox1), the first rate-limiting
enzyme of peroxisomal fatty acid beta-oxidation, using western blotting and immunohistochemical (IHC) staining. In agreement with
the proteomic findings, it was shown that the significantly decreased Acox1 expression on days 3 and 7 was slightly reversed on day 21
after IRI injury (Fig. 4A). Similar results were observed for Crot (Fig. 4B) and Amcar (Fig. 4C) expression. As shown in Fig. 4D, Acox1
was mainly expressed in the tubular cells. Moreover, Acox1 staining was remarkably decreased on day 3 and steadily decreased on day
7, but was slightly elevated on day 21, suggesting recovery at a later stage. Fatty acid oxidation dysfunction leads to lipid droplets
accumulation [7,13,29]. Furthermore, we investigated the accumulation of lipid droplets after IRI injury using Oil Red O staining. In
contrast to the dramatic accumulation in renal epithelial tubular cells on days 3 and 7, the lipid droplets clearly decreased on day 21
but remained at a higher level than that in the controls (Fig. 4E). Aiming to explore the relationship of peroxisomal fatty acid
beta-oxidation dysfunction and renal fibrosis, we co-stained Acox1 with fibrotic markers a-SMA and collagen I. As shown in Fig. 4F,
Acox1 did not colocalize with these fibrotic markers, suggesting that dysregulated peroxisomal fatty acid beta-oxidation with
downregulated Acoxl in fibrotic regions. Collectively, these results suggest that dysregulated lipid metabolism, especially
Acox1-related peroxisomal fatty acid oxidation, is closely associated with IRI-AKI progression and recovery.

3.5. Validation of the proteins involved in peroxisomal fatty acid oxidation in UUO

We further validated the critical role of dysregulated peroxisomal fatty acid oxidation in another model of AKI to CKD using
unilateral ureteral obstruction (UUO). Consistent with published data, renal interstitial fibrosis, detected by Masson staining, was
slightly increased on day 7 in UUO mice, but was remarkably augmented on days 14 and 21 (Fig. 5A) [30]. Accordingly, relative
quantification of Masson’s staining showed a sustained increase compared to the control groups (Fig. 5B). Similarly, the a-SMA--
positive area was significantly increased and gradually peaked on day 21 after ureteral obstruction, as shown in Fig. 5A and C.
Moreover, western blotting showed that Acox1 was significantly downregulated on day 7, and was further decreased on days 14 and
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Fig. 5. Validation of the proteins involved in peroxisomal fatty acid oxidation in the UUO model. (A) Masson staining for histological changes and
THC staining for a-SMA of kidney sections (n = 6). (B-C) Fibrotic and a-SMA positive areas were quantified (n = 6). (D-E) Western blotting was used
to determine the expression of Acox1 in UUO, and their levels are expressed relative to those of GAPDH. (F-H) Representative micrographs show
renal Acox1 expression and Oil red O staining in UUO mice, and the percentage of positive area was quantified. Scale bar, 40 pm. Data are expressed
as the means + SDs for each group. Differences between the two groups were assessed with Student’s t-test. *P < 0.05 versus control; **P < 0.05
versus 14 d. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

21, compared with the controls (Fig. 5D-E). Similar results were obtained from IHC staining for Acox1 (Fig. 5F-G). In contrast to the
persistently decreased Acox1 expression, lipid droplet accumulation in the renal tubular epithelial areas increased significantly over

time (Fig. 5F, H). Overall, these results suggested that dysregulated peroxisomal fatty acid oxidation was a common pathological
feature of UUO-induced CKD.

3.6. Validation of the disordered peroxisomal fatty acid oxidation in patients with AKI or CKD

Finally, to validate the findings from the proteomic analysis and murine models, we collected renal biopsies from patients with AKI
and performed Oil Red O or IHC staining. The clinical characteristics of the patients (n = 52) and healthy controls (n = 26) are
presented in Table S2. In accordance with the murine findings, Oil Red O staining positive areas were markedly increased in renal
biopsies from AKI compared with those from controls (Fig. 6A, C). In contrast, Acox1l expression was significantly downregulated
(Fig. 6A-B). Furthermore, it was shown that both severe tubular injury with higher acute (4-5) and chronic (3-4) injury scores
correlated with lower expression of Acox1, suggesting a negative relationship between renal injury and Acox1 expression (Fig. 6D-E).
Similar results were observed in renal tissues of patients with CKD (Fig. S3). Taken together, the results obtained using renal biopsies
from patients with AKI or CKD corresponded to the findings in murine models, uncovering the crucial effects of dysregulated

peroxisomal fatty acid oxidation in orchestrating AKI progression and indicating the possibility of Acox1 as an intervention target for
kidney diseases.
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4. Discussion

In this study, we investigated the possible mechanisms underlying the transition from AKI to CKD using a bilateral IRI mouse model
and an unbiased proteomic study. The results revealed that some of the DEPs recovered over time, but the sustained DEPs were
associated to renal fibrosis, suggesting that the proteomes displayed remodeling during the progression of ischemic renal injury and
repair. Moreover, temporal expression profiling of DEPs and functional analysis indicated that lipid metabolism, especially dysre-
gulated fatty acid oxidation, might contribute to the progression of IRI-AKI. These findings were further confirmed in UUO-induced
CKD and renal biopsies from patients with AKI or CKD, indicating that defective peroxisomal fatty acid oxidation may be a com-
mon mechanism in the progression of AKI to CKD.

The kidney has a powerful reserved function, and an intact contralateral kidney can compensate for impaired renal function [27].
Therefore, we used a bilateral ischemia perfusion injury model (35 min blocking of the renal pedicle), which has been proved to be a
robust model for acute and chronic kidney injury [26,31]. Consistent with published evidence, we found that IRI-AKI was successfully
established with significantly increased BUN and Cre levels and obvious histological changes on day 3 [31]. Moreover, severe IRI-AKI
led to the persistence of fibrotic lesions, as evidenced by impaired renal function, increased inflammatory cell infiltration, augmented
tubular atrophy, and accumulated collagen deposition on day 7, which was further enhanced on day 21. To comprehensively
investigate the proteomic profile during the progression of IRI, we collected renal samples at the early (day 3), middle (day 7), and late
(day 21) stages after IRI surgery. To the best of our knowledge, this study is the first to report longitudinal proteomic changes in
ischemic kidney injury and repair. Combined with a few proteomic studies, mainly focused on the acute phase of kidney injury, our
research could further advance our understanding of the possible underlying mechanism of kidney injury and repair [27,32,33].

Of note, we first showed that the proteomics were clearly segregated among the different time points in this study, indicating the
substantially different pathologies over time, which is consistent with published studies, which performed transcriptional analysis of
proximal tubular epithelial cells [25]. To uncover stage-specific molecular characteristics, we analyzed the DEPs by pair-wise com-
parison and GO clarification. The upregulated DEPs were enriched in several pathways associated with inflammation, cell injury and
repair, and fibrosis, while the downregulated DEPs showed enrichment in pathways of fatty acid metabolic processes, organic anion
and acid transport, and carboxylic acid biosynthetic process, suggesting a dysregulated cellular metabolic condition. Similar results
were observed in the Venn diagram (Fig. 2E). These results were consistent with those of previous studies that examined the overall
transcriptome patterns related to innate and adaptive immunity, tubular injury/repair, and fibrotic changes [25]. In contrast to
elevated fatty acid signaling and increased levels of glycolysis, lipids, and fatty acids at 4 h and 24 h after reperfusion in a
proteo-metabolomics study, our results and previous evidence highlight sustained metabolism dysregulation during the progression of
AKI to chronic fibrosis [27]. The specific stage of pathophysiology and tubular epithelium response to injuries may account for this
discrepancy, which requires further research in the future. We further allotted DEPs into six groups by hierarchical clustering and
performed an ingenuity pathway analysis. Sequential variations were consistently found in these clusters, conforming to the
stage-specific proteome profiles. Interestingly, results from cluster 4 highlighted the dysregulation of lipid metabolism and fatty acid
oxidation (Fig. 3C) during the progression of IRI, which is corroborated by previous studies [13,14,25].

Acox1, the first rate-limiting enzyme of the peroxisomal fatty acid beta-oxidation pathway mediating fatty acid and lipid meta-
bolism, was selected for further study. Previous studies have reported that Acox1 is correlated with multiple disorders, including axon
degeneration, severe developmental delay, epilepsy, hepatocarcinogenesis, and adipogenesis of bovine pre-adipocytes [34-36]. In this
proteomic study, we found that Acox1 expression was significantly downregulated on days 3 and 7, but gradually restored on day 21,
which was also validated by western blotting and IHC in ischemic renal tissues. We further explored whether the disrupted Acox1-
expression was found in another model of UUO-induced AKI. In accordance with the results at the early and middle stages of repair in
IRI, Acox1 expression was clearly decreased on days 7 and 14 following UUO. However, despite the trend of recovery on day 21 in IRI,
Acox1 expression was steadily downregulated, suggesting a sustained injury in the UUO model. In accordance with the above murine
findings, Acox1 expression was significantly downregulated in renal biopsies from AKI patients, suggesting that Acox1 expression
might be negatively related to renal injury. Similar results were observed in patients with CKD. In contrast to the decreased Acox1
expression, lipid droplet accumulation increased significantly in both murine tissues and patient biopsies, which is consistent with
previous studies [13,14]. Taken together, these results suggest that dysregulated peroxisomal fatty acid oxidation may be a common
pathological feature in the transition from AKI to CKD.

This study has some limitations. First, we performed proteomic analysis to study the possible underlying mechanisms involved in
the process of ischemic AKI transitions, but we did not perform transcriptomic or metabolomic studies. However, metabolism-related
results were validated in IRI and UUO murine models and in patients with AKI or CKD. Second, proteomic profiling of the very early
phase at 4 or 24 h and the terminal stage at 6 or 12 months in ischemic injured kidneys was not included, which needs to be further
studied. Even so, this study focused on the mechanism of the transition from AKI to CKD, and the current stage of murine models could
nearly represent the entire pathophysiological process. Finally, we did not investigate the mechanism through which abnormal fatty
acid oxidation is involved in the progression of AKI to CKD. Activating PPARs, the upstream of fatty acid oxidation proteins, attenuates
lipid accumulation and tubulointerstitial fibrosis in the uIRI model [37,38]. Moreover, dysregulated fatty acid oxidation is proved to be
related with tubular cell injury (ATP depletion, cell death, dedifferentiation and intracellular lipid deposition), and loss of kidney
function through lipotoxicity and oxidative stress in both AKI acute setting and its latter stage [29,39]. Together, PPARs and fatty acid
oxidation triggered tubular cell injury might contribute to the progression of AKI to CKD in this study, which needs further studied in
the future.

In conclusion, we provided an in-depth proteomic characterization of ischemic kidney injury and repair. Our results suggest that
dysregulated lipid metabolism, especially peroxisomal fatty acid oxidation, might be a common feature in the progression of AKI to
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CKD, and that Acox1 is a promising intervention target for kidney injury and repair. These findings contribute to our understanding of
AKI progression and provide potential targets for treatment.

5. New and noteworthy

Ischemia and reperfusion injury is one of the major causes of AKI. However, its cellular and molecular responses are not fully
understood. This study provided an in-depth proteomic characterization of ischemic kidney injury and repair. Our results suggested
that defective peroxisomal fatty acid oxidation might be a common pathological feature in the transition from AKI to CKD, and that
Acox1 is a promising intervention target for kidney injury and repair.
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