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endoplasmic reticulum stress-
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ischemia/reperfusion injury
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and Xiaopeng Hu1,2*

1Department of Urology, Beijing Chao-Yang Hospital, Capital Medical University, Beijing, China,
2Institute of Urology, Capital Medical University, Beijing, China
Background: Renal ischemia-reperfusion injury (RIRI) is an inevitable

complication in the process of kidney transplantation and lacks specific

therapy. The study aims to determine the underlying mechanisms of RIRI to

uncover a promising target for efficient renoprotection.

Method: Four bulk RNA-seq datasets including 495 renal samples of pre- and

post-reperfusion were collected from the GEO database. The machine learning

algorithms were utilized to ascertain pivotal endoplasmic reticulum stress genes.

Then, we incorporated correlation analysis and determined the interaction

pathways of these key genes. Considering the heterogeneous nature of bulk-

RNA analysis, the single-cell RNA-seq analysis was performed to investigate the

mechanisms of key genes at the single-cell level. Besides, 4-PBA was applied to

inhibit endoplasmic reticulum stress and hence validate the pathological role of

these key genes in RIRI. Finally, three clinical datasets with transcriptomic profiles

were used to assess the prognostic role of these key genes in renal allograft

outcomes after RIRI.

Results: In the bulk-RNA analysis, endoplasmic reticulum stress was identified as

the top enriched pathway and three endoplasmic reticulum stress-related genes

(PPP1R15A, JUN, and ATF3) were ranked as top performers in both LASSO and

Boruta analyses. The three genes were found to significantly interact with kidney

injury-related pathways, including apoptosis, inflammatory response, oxidative

stress, and pyroptosis. For oxidative stress, these genes were more strongly

related to oxidative markers compared with antioxidant markers. In single-cell

transcriptome, the three genes were primarily upregulated in endothelium, distal

convoluted tubule cells, and collecting duct principal cells among 12 cell types of

renal tissues in RIRI. Furthermore, distal convoluted tubule cells and collecting

duct principal cells exhibited pro-inflammatory status and the highest pyroptosis

levels, suggesting their potential as main effectors of three key genes for

mediating RIRI-associated injuries. Importantly, inhibition of these key genes

using 4-phenyl butyric acid alleviated functional and histological damage in a

mouse RIRI model. Finally, the three genes demonstrated highly prognostic value

in predicting graft survival outcomes.
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Conclusion: The study identified three key endoplasmic reticulum stress-related

genes and demonstrated their prognostic value for graft survival, providing

references for individualized clinical prevention and treatment of postoperative

complications after renal transplantation.
KEYWORDS

renal ischemia-reperfusion injury, endoplasmic reticulum stress, renal transplantation,
single-cell gene expression analysis, bioinformatics
1 Introduction

Renal ischemia-reperfusion injury (RIRI) refers to the

pathological changes in the process of tissue re-oxygenation

following ischemia (1). In renal transplantation, allograft kidneys

inevitably undergo RIRI, causing delayed recovery of allograft

function, acute rejection and even loss of allograft (2, 3). Many

potential mechanisms of RIRI have been determined, including

inflammatory responses, oxidative damage and endothelial

dysfunction (4, 5). In detail, the oxidative and inflammatory

status induced by ischemia is further exacerbated by the explosive

production and dramatic accumulation of reactive oxygen species

(ROS) after reperfusion (2, 3). Several techniques and drugs were

developed to prevent or alleviate RIRI, including reduction of renal

ischemic time, elimination of ROS, inflammation, and ischemic

preconditioning (3, 6–8). Although these methods have been

applied in clinical practice, the treatment outcomes for RIRI

remain limited. Thus, future studies that explored potential

mechanisms underlying RIRI are in unmet need for the

development of novel strategies to efficiently prevent or

mitigate RIRI.

Endoplasmic reticulum (ER) is a vital organelle for maintaining

cellular homeostasis and acting a crucial role in protein synthesis,

folding and structural maturation (9). Many factors, including

hypoxia, oxidative stress, metabolic abnormalities, iron imbalance,

calcium ion leakage, and viral infection, impair the ER protein-

folding ability, causing the accumulation of unfolded and misfolded

proteins. This resulting disorder of ER homeostasis refers to ER

stress (ERS) (10–12). ERS has been reported to be involved in

various renal diseases, including genetic mutations, acute kidney

injury, diabetic nephropathy, and proteinuria (13). However, the

underlying mechanisms of ERS in RIRI remain ambiguous. Several

studies have identified ER molecular chaperones (BiP/GRP78 and

GRP94) and found that unfolded protein response inducers could

induce BiP/GRP78 and alleviate RIRI, suggesting the protective role

of ERS in RIRI (14–17). On the contrary, intermedin was reported

to protect against RIRI by repressing ERS and ERS-related

apoptosis, indicating the pathogenic role of ERS in RIRI (18).

Although this apparent discrepancy remains undefined, these

experimental results are in accordance with the “double-edged

sword” hypothesis of ERS. Specifically, the mild-moderate and
02
severe ERS-induced cytoprotective unfolded protein response and

pathological apoptotic pathways, respectively. Owing to the

contradictory findings of ERS in RIRI, it is crucial to describe in

detail the role of ERS in RIRI and identify key ERS-related genes

based on large human and mouse datasets, which might serve as

therapeutic targets.

In this research, we integrated bulk transcriptomic and single-

cell RNA-seq datasets to elucidate the detailed mechanisms

underlying ERS in RIRI. In bulk transcriptomic levels, the

inducers and downstream targets of ERS were top upregulated in

the renal tissue after reperfusion. Then, we enrolled the ERS-related

gene sets and identified three key ERS-related genes, which were

consistently upregulated among human and mouse datasets during

RIRI. The three key ERS-related genes were strongly correlated with

pathological pathways participating in RIRI, including NF-kappa B,

inflammatory pathways, apoptosis, oxidative stress and pyroptosis.

At the single-cell level, altered expressions of three key ERS-related

genes before and after reperfusion were primarily observed in

endothelium, DCT and CD-PC. Among these three cell types,

DCT and CD-PC exhibited the pro-inflammatory status and the

highest pyroptosis levels. In addition, the three genes were

demonstrated as risk factors for allograft survival, deteriorated

graft function and allograft loss. Overall, our results highlighted

the crucial role of the three key ERS-related genes in RIRI and

provided evidence for potential RIRI treatments targeting these

three genes.
2 Materials and methods

2.1 Bulk RNA data collection
and processing

We enrolled three human bulk RNA-seq datasets (GSE43974,

GSE90861 and GSE126805) (19–21) comprising a total of 495 renal

samples of pre- and post-reperfusion. The mouse bulk RNA-seq

dataset (GSE98622) (22) included various post-reperfusion time

points and was used for cross-species validation. In addition, three

datasets (GSE21374, GSE52694, and GSE58601) (23–25) containing

transcriptomic data of renal allografts and graft outcomes were

collected for clinical analysis. All datasets were downloaded from
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the publicly available GEO database, and data acquisition and

application were accorded to GEO publication guidelines and

data access policies.

The DESeq2 R package and limma R package were utilized for

normalization and differential expressed gene (DEG) analysis of

bulk RNA-seq data and bulk RNA array data, respectively (26, 27).

For enrichment analysis, the Kyoto Encyclopedia of Genes and

Genomes (KEGG) and Gene Ontology (GO) pathway analysis were

conducted using the DAVID online enrichment tool (https://

david.ncifcrf.gov). The single-sample gene set enrichment analysis

(ssGSEA) by the gsva R package was implemented with gene sets as

the reference, including hallmarks obtained from the Molecular

Signatures Database (MSigDB) and cell-death-related gene

signatures (28). The protein-protein interaction (PPI) networks

were acquired from the STING online database and visualized by

the Cytoscape software. The glmnet R package was used to apply the

least absolute shrinkage and selection operator (LASSO) regression

analysis to select candidate genes for further study. The relevance

scores obtained from GeneCards presented the correlations

between key genes and oxidative stress markers. The interactions

with a relevance score ≥ 5 were applied by the Cytoscape software to

construct networks of key genes and oxidative stress markers. The

CIBERSORT algorithm (29) was utilized to infer the 22 immune cell

populations of renal allografts. For the construction of miRNA- and

transcription factors (TFs)-gene regulatory networks, miRNet

(https://www.mirnet.ca/) and NetworkAnalyst (https://

www.networkanalyst.ca/) were accessed to obtain miRNA and

upstream TFs of selected genes, respectively (30, 31).

Additionally, the Kaplan–Meier survival curve was used for

assessing the prognostic value of key genes using the survival

(https://github.com/therneau/survival) and survminer (https://

github.com/kassambara/survminer) R packages.
2.2 Collection and analysis of single-cell
transcriptome data

The mouse single-cell dataset (GSE161201) (32) contained one

normal renal sample and two RIRI samples (samples from 6 hours

and 24 hours post-reperfusion). The single-cell transcriptome data

was processed and integrated using the Seurat R (33) and Harmony

R (34) packages, respectively. The single-cell data matrices were

filtered by custom criterion (cells expressing 500~3000 and with

proportions of mitochondrial genes < 50% and ribosomal genes

< 10% were retained). Marker genes for clusters were selected by the

Seurat FindAllMarkers function (genes at least detected in 25% of

cells in target population cells, log2FC > 0.25). Odds ratios (OR) of

each cell cluster were calculated and characterized the tissue or

sample distribution of meta-clusters (35). Cell–cell interaction

ana lys i s was conducted by the Cel lChat R package

(www.cellchat.org). For enrichment analysis of target cell types,

the Seurat FindMarkers function was implemented to calculate the

log fold change of genes among different groups, applying for the

gene set enrichment analysis (GSEA) with hallmarks as reference.

The irGSEA R package (https://github.com/chuiqin/irGSEA/) was

utilized to calculate the singscore of specific gene sets for single cells.
Frontiers in Immunology 03
Supplementary Table 1 summarizes detailed information on the

above data sets used in this study.
2.3 Experimental mouse RIRI model and
estimation of renal damage

In animal experiments, twenty-four C57BL/6 mice (8 weeks old,

male) were purchased fromWeitonglihua (Beijing, China) and housed

under a 12-hour light dark cycle with free access to food and water. All

mice were kept in a pathogen-free environment and given a week to

adapt to the conditions. The 4-phenyl butyric acid (4-PBA) (100mg/kg,

intraperitoneally injected 1 h prior renal ischemia, MCE), an ERS

inhibitor, was dissolved in phosphate buffered saline (PBS) and sodium

hydroxide was applied to adjust pH to 7.4. Mice were categorized into

four groups, including the sham group with PBS (sham + PBS group,

n=6), IRI group with PBS (IRI + PBS group, n=6), IRI group with 4-

PBA (IRI + 4-PBA group, n=6) and sham group with 4-PBA (sham +

4-PBA group, n=6). RIRI models were conducted with the following

procedures: after anesthetized with intraperitoneal injection of

pentobarbital, the right kidney was cut, and the left renal pedicle was

clamped for thirty minutes in a heating pad (34°C - 36°C), followed by

blood reperfusion for 24h. Mice in sham + PBS and sham + 4-PBA

groups experienced the same processes without clamping of the left

renal pedicle. All mice were euthanized 24 hours after corresponding

operation and blood samples and left kidneys were then collected. The

renal samples isolated from mice were fixed in 4% paraformaldehyde,

embedded in paraffin and stained with Hematoxylin and eosin (H&E),

periodic acid-Schiff staining (PAS) and terminal deoxynucleotidyl

transferase dUTP nick end labeling (TUNEL) to assess renal

histological injury in general. The blood samples were centrifugated

at a speed of 3000 revolutions per minute for 10 minutes to get serum

samples for blood urea nitrogen (BUN) and creatinine (Cre)

measurements by an automated chemistry analyzer (Chemray 800).
2.4 qRT-PCR analysis

Total RNA was isolated from the kidneys using TRIzol reagent

and then reverse transcribed to cDNA by a cDNA synthesis kit. The

mRNA expression levels were normalized to the Ct values of the

internal control gene (GAPDH), and fold changes were calculated

compared with the control samples. Each sample was performed in

triplicate in independent experiments. The primer sequences of

three key ERS-related genes were listed in Supplementary Table 5.
2.5 Statistical analysis

The normality of the variable distribution was assessed using the

D’Agostino and Pearson omnibus normality tests. Parameters with

normal distribution were conducted contrasts by a two-tailed unpaired

t-test and the Pearson correlation analysis. For variables that did not

follow a normal distribution, the Mann-Whitney U test and Spearman

correlation were employed. A significance level of less than 0.05 was

considered statistically significant. We performed R software (version
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4.0.5; http://www.r-project.org/) for statistical analysis and

graphical representations.
3 Results

3.1 Biological processes and pathways
activated during RIRI

The DEG analysis for GSE43974 was performed and identified 219

DEGs (177 up-regulated genes and 42 down-regulated genes)

(Supplementary Table 2) based on the criterion (|logFC| > 0.5 and

FDR < 0.05) (Figure 1A). The significantly enriched GO terms based on

DEGs referred to “response to unfolded protein”, “response to heat”,

“unfolded protein binding” and “protein binding involved in protein

folding” (Figure 1B; Supplementary Table 3). The functionally KEGG

pathway analysis displayed that the significantly top pathways involved

in RIRI were the MAPK signaling pathway, protein processing in ER

and NF−kappa B signaling pathway (Figure 1C; Supplementary

Table 3). Overall, biological GO and KEGG pathway analyses

indicated a response of renal tissues to unfolded proteins in the ER

during post-reperfusion. Co-activation of the ERS, MAPK pathway

and apoptosis as evidenced by significantly upregulated c-Jun N-

terminal kinase (JNK) and CHOP (36) during RIRI pointed to

interactions between ERS, JNK/p38 MAPK signaling and apoptosis

(Figure 1D). Additionally, nuclear factor-kB (NF-kappa B) was

demonstrated to be the target of ERS (37). In brief, ERS inducers
Frontiers in Immunology 04
and downstream targets were activated in the renal tissue

after reperfusion.
3.2 Identification and verification of key
ERS-related genes during RIRI

ERS-related genes (n=258) from two ERS-related gene sets

(including GO RESPONSE TO ENDOPLASMICRETICULUM

STRESS and GO REGULATION OF RESPONSE TO

ENDOPLASMIC RETICULUM STRESS) were obtained from

Molecular Signature Database v7.0 (MSigDB). Then, eight genes

(ATF3, PPP1R15A, CEBPB, PMAIP1, HSPA1A, ERN1, DDIT3, and

JUN) were selected through an intersection analysis between ERS-

related genes and DEGs (Figure 2A). The PPI network showed that

these eight genes were all strongly linked (Figure 2B). Three key genes

(PPP1R15A, JUN and ATF3) were identified from these eight genes

using the LASSO algorithm (Figures 2C, D), which ranked the top

three by Boruta analysis (Figure 2E). Then, we found that these three

key genes were also significantly elevated in two additional datasets

(GSE90861 and GSE126805) during RIRI (Figure 2F). The mouse

dataset (GSE98622) included transcriptomic data of sham control

kidneys and post-reperfusion renal tissues at various post-reperfusion

time points (2h, 4h, 24h, 2d, 3d, 7d, 14d, 28d, 6m and 12m). The time

course analysis of three key genes using the GSE98622 dataset revealed

that gene expression levels were significantly elevated during early

reperfusion (2h, 4h and 24h) (Figure 2G). In addition, we also found
B C

D

A

FIGURE 1

Enrichment analysis of renal tissues during RIRI. (A) Volcano plot shows DEGs between post-reperfusion and pre-reperfusion samples. Blue and red
dots represent significantly downregulated genes and upregulated genes, respectively. (B, C) Bar plots showing top 5 Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for significantly differentially expressed genes during RIRI. Bar length and color
represent log10-transformation with q-value of their corresponding pathways. (D) Top disturbed pathway during reperfusion of ischemically injured
kidneys, namely Protein processing in ER (modified from KEGG pathway hsa04141). Significantly differentially expressed genes are indicated in red.
RIRI, renal ischemia-reperfusion injury; DEG, differential expressed gene; ER, endoplasmic reticulum.
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that these three gene levels 6 months after RIRI were higher compared

to pre-reperfusion samples (Figure 2G), suggesting that these three

gene levels might serve as an indicator for the long-term prognosis of

patients with renal transplantation.
3.3 Three key ERS-related genes exhibited
closely related to inflammatory pathways,
apoptosis, oxidative stress and pyroptosis
during RIRI

In three independent RIRI datasets, the levels of apoptosis,

hypoxia, inflammatory response and TNFa signaling via NF-

kappa B were significantly higher than in pre-reperfusion

samples (Supplementary Figures S1A–D). The correlation

results showed that three key genes positively correlated with

these kidney injury-related pathways across three human RIRI

datasets (Figure 3A). Furthermore, inflammatory genes (CCL2,

CCL20, CCL8 and CXCL2) were demonstrated to positively

correlate with all three genes. The chemokine genes (CCL2,
Frontiers in Immunology 05
CCL20, CCL8 and CXCL2) displayed chemotactic activity for

monocytes, basophils, lymphocytes and eosinophils (Figure 3B).

However, analysis of immune cell abundances based on the bulk

RNA dataset indicated that only eosinophils abundances showed

significantly increased after reperfusion (Supplementary Figures

S2A–D). Moreover, eosinophils infiltrating abundances were

positively correlated with three key ERS-related gene expression

levels (sure S2E). The GeneCard database was applied for

correlation analysis between oxidative stress markers and the

three genes, revealing that these genes were more strongly

related to oxidative markers than antioxidant markers

(Figure 3C). The networks of the three genes revealed that the

oxidative markers, including total oxidant status (TOS), ROS and

oxidized glutathione (GSSG) were strongly correlated with both

JUN and ATF3 (Figure 3D). In addition, among 11 PCD-related

gene sets (28), pyroptosis was strongly and positively correlated

with key ERS-gene expression levels across three human datasets

(Figure 3E). The pyroptosis scores after RIRI exhibited

significantly higher than those of pre-reperfusion in the three

human datasets (Figure 3F).
B C

D E

F G

A

FIGURE 2

Identification and verification of key ERS-related genes during RIRI. (A) Veen plot shows the intersection of differentially significantly expressed genes
(DEGs) and ERS-related genes. (B) The protein-protein interaction (PPI) network displaying eight tightly intersected genes. (C) The coefficient profiles
of the LASSO regression model. (D) Cross-validation for tuning parameter screening in the LASSO regression model. (E) Boruta plot showing the
importance (y-axis) of eight intersected genes. (F) Box plots showing the expression of three key ERS-gene after reperfusion in GSE43974,
GSE90861 and GSE126805. (G) Line plots show changes in expression levels of three key ERS-related genes controls and RIRI samples at various
post-reperfusion stages, including eleven different time points as illustrated on the bottom-right side. ERS, endoplasmic reticulum stress; LASSO,
least absolute shrinkage and selection operator. ****p<0.0001.
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3.4 Prediction of miRNA and TFs for three
key ERS-related genes

ThemiRNA- and TF-mRNA interaction networks were comprised

of 137 miRNAs and 174 TFs, respectively. For miRNA-mRNA

regulatory interactions, 31 miRNAs, 113 miRNAs and 31 miRNAs

target PPP1R15A, JUN and ATF3, respectively (Supplementary Figure

S3A). Among them, ten miRNAs (hsa-mir-1-3p, hsa-mir-10b-5p, hsa-

mir-16-5p, hsa-mir-17-5p, hsa-mir-21-3p, hsa-mir-24-3p, hsa-mir-

30a-5p, hsa-mir-34a-5p, hsa-mir-124-3p and hsa-mir-191-5p) could

regulate all three key ERS-related genes (Supplementary Figure S3A).

For TF-mRNA regulatory interactions, PPP1R15A, JUN and ATF3
Frontiers in Immunology 06
could be regulated by 120 TFs, 73 TFs and 39 TFs, respectively

(Supplementary Figure S3B). Eight TFs, including ZFP37, SMAD5,

REST, RAD21, KLF16, FOXJ2, ELF1, and BCL11B, could regulate all

three key ERS-related genes (Supplementary Figure S3B).
3.5 Altered expressions of key ERS-related
genes during RIRI injury were primarily in
the endothelium, DCT and CD-PC

The single-cell RNA-seq dataset (GSE161201) included 22,310

cells, comprising 5,246 cells from the sham control sample, 10,393
B

C D

E F

A

FIGURE 3

Key ERS-related genes show a crucial role for inflammatory pathways, apoptosis, oxidative stress and pyroptosis during RIRI. (A) Bubble chart
displaying correlation analysis between key ERS-related gene expression levels and RIRI-related pathway scores. Bubble size and color are
represented with p-values and coefficients of correlation analysis in GSE43974, GSE90861 and GSE126805. (B) Bubble plot showing correlation
analysis between three key gene expression values and inflammatory gene expression levels. The p-values and coefficients of correlation analysis are
indicated in bubble size and color. (C) Bubble plot of the relevance scores of key ERS-related gene expression levels and oxidative stress. Red text
represents oxidative markers, and blue text represents antioxidant markers. (D) The networks of key ERS-genes with oxidative markers. Oxidative
biomarkers and antioxidant biomarkers are indicated in red and blue. (E) Bubble plot of the relevance scores of key ERS-related gene expression
levels and 11 programmed cell death levels. (F) Box plots showing pyroptosis scores between pre-and post-reperfusion in GSE43974, GSE90861 and
GSE126805. *p < 0.05, **p<0.01, ***p<0.001.
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cells from the RIRI-6h sample and 6,671 cells from the RIRI-24h

sample (Supplementary Figure S4A). After filtration, 16,658 cells

were obtained, including 4,282 cells from the sham control sample,

6,515 cells from the RIRI-6h sample, and 5,861 cells from the RIRI-

24h sample. Next, a total of 22 clusters within the integrated dataset

were identified and visualized by the t-SNE algorithm

(Supplementary Figure S4B). The anatomical mapping of various

cell types to specific nephron segments were presented due to the

complexity of kidney tissue (Figure 4A). The clusters were combined

and assigned to 12 known cell types based on the marker genes from

the previous studies (38–40) and CellMarker database (http://

xteam.xbio.top/CellMarker/) (Figures 4B, C; Supplementary

Table 4). The OR of each cell type was calculated and visualized by

the heatmap to characterize the distribution of the 12 known cell

lineages among the three groups. The ORs of cell types showed that

renal tissues of 24h post-reperfusion exhibited higher levels

offibroblasts, neutrophil cells and macrophages than renal tissues of

the control and 6h post-reperfusion (Figure 4D). Cell-cell interaction

analysis showed that the number of interactions and interaction

strengths between neutrophils and other cell types were elevated after

reperfusion (Supplementary Figures S4C, D). The gene expression

density maps were analyzed to explore cell-specific changes in key

ERS-related gene expression levels for each sample. The key ERS-

related genes were mainly upregulated in endothelium, CD-PC and

DCT of RIRI-6h or RIRI-24h samples compared with the sham

control sample (Figures 5A–F). These results supported weak

connections between the key ERS-gene levels and most immune
Frontiers in Immunology 07
cell abundances by bulk RNA-seq analysis, suggesting the vital role of

ERS on non-immune cells (endothelium, CD-PC and DCT) during

RIRI damage.
3.6 DCT and CD-PC presented with pro-
inflammatory status and high
pyroptosis scores

Functional enrichment analysis of the endothelium, CD-PC and

DCT in RIRI-6h or RIRI-24h samples compared with the control

sample showed a consistently significant enrichment of TNFa
signaling via NF-kappa B (Figure 6A). Apart from the

endothelium, DCT and CD-PC exhibited enrichment of pro-

inflammatory pathways (complement, inflammatory response, IL-

2/STAT5 signaling and IL-6/JAK/STAT3 signaling pathways) and

apoptosis (Figure 6A). Based on these results, we speculated that DCT

and CD-PC with pro-inflammatory and apoptotic status served as

main senders or targets of ERS for mediating RIRI injury. In addition,

density maps were applied to estimate the relevance scores of

pyroptosis for each cell type and showed that DCT and CD-PC

exhibited the highest pyroptosis scores among all cell types examined

(Figure 6B). In both DCT and CD-PC, the relative levels of pyroptosis

were significantly increased in the RIRI-6h or RIRI-24h samples

compared with the sham control sample (Figure 6C). In brief,

pyroptosis responses were mainly in DCT and CD-PC among

other renal cells and were significantly elevated during RIRI.
B

C D

A

FIGURE 4

Single-cell characterization of mouse IRI kidneys. (A) Main cell types of mouse human kidney (CD-IC, collecting duct intercalated cells; CD-PC,
collecting duct principal cells; DCT, distal convoluted tubule; EC, endothelium; Fibro, fibroblasts; Macro, macrophages; Neu, neutrophils; Podo,
podocytes; PT, proximal tubule). (B) tSNE plot showing 16,658 cells from the sham control, IRI-6h and IRI-24h samples, colored by 12 major cell
types. (C) Dotplot displaying the percent expressed cells and average expression levels of marker genes of 12 cell lineages. (D) Heatmap of relative
abundances for each cell types among the sham control, IRI-6h and IRI-24h groups. The OR levels represent the cell abundances and range from 0
(blue) to 4 (yellow). tSNE, t-distributed stochastic neighbor embedding; OR, odds ratios.
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3.7 Inhibition of ERS alleviated RIRI and
suppressed three key ERS-related genes
in mice

Amouse RIRI model with or without 4-PBA was constructed to

further unveil the role of ERS in RIRI (Figure 7A). The results

showed that BUN and Cre were significantly elevated after

reperfusion and renal impairment induced by RIRI was greatly

ameliorated by 4-PBA application, manifested as the amelioration

of functional damage (Figures 7B, C) and histological injuries

(Figure 7D). Thus, we concluded that inhibition of ERS improved

renal ischemia/reperfusion-associated injuries. The expression

levels of three key ERS-related genes were further verified by

qRT-PCR analysis. Compared with the sham group, the

expression levels of these genes after RIRI were significantly

higher than those in sham samples and greatly decreased in the

group treated with 4-PBA (Figures 7E–G).
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3.8 Prognostic value evaluation of key
ERS-related genes

The 282 kidney recipients in the GSE21374 dataset were divided

into high and low gene-expression groups dichotomized at the

corresponding median of each key ERS-related gene level. Kaplan-

Meier survival curves showed a trend toward worse prognosis for

recipients with high expression of PPP1R15A, JUN and ATF3

compared to those with low expression (Figures 8A, C, E). The

area under the curve (AUC) of predictions for 1, 2, and 3 years was

depicted in Figures 8B, D, F. The highest AUC values of PPP1R15A,

JUN and ATF3 were 0.668, 0.762, and 0.723, respectively. Besides,

all three key ERS-related genes were significant risk factors for renal

allograft survival (Figure 8G). The GSE52694 dataset included RNA

profiles of 13 renal graft samples from patients with the diagnosis of

borderline changes early (≤2 months). These samples were

categorized into stable (STA, n=6) and deteriorated graft function
B

C D
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FIGURE 5

Characteristics of key ERS-gene expression levels during renal IRI. tSNE plots showing the expression of PPP1R15A (A), JUN (C) and ATF3 (E) for 12
cell types. Intensities of color reveal normalized gene expression. Violine plots depicting significantly upregulation of PPP1R15A (B), JUN (D) and
ATF3 (F) in 6h and 24h post-reperfusion samples compared with sham control sample. *p<0.05, ****p<0.0001.
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(DGF, n=7) groups during 2 years after renal transplantation. All

key ERS-related genes exhibited an increasing trend in the DGF

group and JUN and ATF3 were significantly enhanced in the DGF

group (Figure 8H). The receiver operating characteristic (ROC)

curves indicated that all three key ERS-related genes with a high

degree of reliability in accurately predicting allograft outcomes

(PPP1R15A: AUC = 0.714; JUN: AUC = 0.952; ATF3: AUC =

0.881) (Figures 8I–K). In addition, a total of 28 renal biopsy samples

(STA, n=20; graft loss, n=8) were applied for gene expression

profiling and it was found that all three genes showed higher

levels in the graft loss group than those in the STA group

(Figure 8L). The AUCs of three key genes in predicting renal

graft outcomes were greater than 0.7, which was considered as an

acceptable predictive accuracy (Figures 8M–O). Overall, the three

key ERS-related genes have prognostic values in predicting graft

survival outcomes and assessing the risk of DGF and graft loss and

the primary mechanisms by which the three genes affect RIRI are

depicted schematically in Figure 9.
4 Discussion

RIRI, a common tissue after renal transplantation, causes

delayed graft function, increases the risk of renal allograft

rejection and even contributes to graft loss (2, 3). However, the

underlying mechanisms of RIRI are complicated and there is no

FDA-approved drugs for the treatment of RIRI in clinics (41). To
Frontiers in Immunology 09
fully determine the mechanisms of RIRI and identify potential new

targets, we collected all available RIRI datasets with a large sample

size and performed bulk RNA-seq analysis on these samples.

Results showed that ERS was the top enriched pathway in RIRI.

Among ERS-related genes, three key genes (PPP1R15A, JUN and

ATF3) ranked top based on machine learning algorithms and were

found to positively correlate with kidney injury-related pathways,

including apoptosis, inflammatory response, oxidative stress, and

pyroptosis. Our single-cell RNA-seq analysis suggested that DCT

and CD-PC with pro-inflammatory status and the highest

pyroptosis levels in RIRI were the main effectors of the three key

genes. Furthermore, inhibition of the three key genes alleviated the

functional and histological damage of RIRI. Importantly, renal

allograft recipients with high levels of the three genes exhibited

poor prognosis in long-term outcome and graft survival. The study

is the first analysis to integrate multi-omics and clinical data for

determining the crucial roles of three key ERS-related genes in RIRI,

providing new ideas for clinical treatment.

Previous reports have shown that ERS is closely related to

kidney diseases, including acute kidney injury, diabetic

nephropathy and renal fibrosis (13). Hypoxia and ischemia as ER

stressors caused the accumulation of misfolded proteins and

eventually resulted in ERS (42). Several studies have found that

RIRI can induce ERS in renal cells (43, 44). Some studies focusing

on ER molecular chaperones identified the protective role of ERS in

RIRI, while others on intermedin suggested the pathogenic role of

ERS. However, the exact cause of the discrepancy and mechanisms
B C

A

FIGURE 6

Functional profile of endothelium, CD-PC and DCT during renal IRI. (A) Dotplot showing the enriched hallmarks of endothelium, CD-PC and DCT
between IRI 6h versus control versus e or IRI 24h versus control. Dot color and size present normalized enrichment scores (NES) and p-values
obtained from GSEA analysis. The apoptosis, inflammatory pathways and TNFa signaling via NF-kappa B are labelled with blue, red and yellow
colors. (B) tSNE plot revealing pyroptosis densities of 12 cell types. DCT and CD-PC cells circled in red exhibit the top density of pyroptosis.
(C) Violine plot displaying significantly elevated pyroptosis levels in IRI 6h and IRI 24h samples compared with control sample in DCT and CD-PC.
CD-PC, collecting duct principal cells; DCT, distal convoluted tubule; GSEA, gene set enrichment analysis. **p<0.01, ****p<0.0001.
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underlying ERS in RIRI are still unclear. Currently, there is a lack of

focus on measuring determinants of ERS or key ERS-related genes

based on renal tissues of patients with RIRI. Our results showed that

ERS was the top enriched pathway during RIRI across 336 samples,

manifested as upregulation of ERS inducers and downstream

targets, such as IRE1, CHOP, and JNK. For ERS-related genes,

three key genes (PPP1R15A, JUN and ATF3) ranked top using

machine learning algorithms and were significantly up-regulated in

all three bulk-RNA datasets (including 495 samples). Importantly,

these independent datasets were obtained from different centers and

hence have high clinical heterogeneity. All the aforementioned

results indicated the crucial role of ERS and identified three new

ERS-related genes for further mechanistic studies of RIRI.

Previous studies have indicated that the three genes are involved

in the process of ischemia-reperfusion injury or ischemia. The
Frontiers in Immunology 10
PERK and IRE pathways were activated in sustained ERS during

neonatal hypoxia-ischemia, leading to a transient phosphorylation

of eIF2a and an increased induction of PPP1R15A (45). JUN is a

member of the AP-1 (Activator Protein-1) transcription factor

family and is an important transcription factor downstream of

ERK 1/2 and JNK in the signaling cascade, which were activated in

response to ERS induced by coronary microembolization,

ultimately leading to cardiomyocyte apoptosis (46–48). ATF3 is a

gene that encodes a transcription factor, which is upregulated in

ischemia-reperfusion injury including brain (49), liver (50), and

cardiac microvascular (51). Studies have shown that the

heterodimer of ATF3 can induce heat shock protein 27, which

activates the Akt pathway and inhibits MEKK1-JNK, thereby

inhibiting neuronal apoptosis (49). In addition to brain, liver and

cardiac IRI, limited studies have been conducted on elucidating the
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FIGURE 7

ERS in RIRI mouse model. (A) Pharmacotherapy of RIRI mouse model. The 4-phenyl butyric acid (4-PBA) is administered intraperitoneally to the
mice 1 hour before ischemia. (B, C) Serum BUN and blood urea nitrogen (BUN) and creatinine (Cre) levels in mice. (D) Representative images of HE,
PAS and TUNEL staining (×200 magnification) of renal tissues. mRNA levels of key ERS-related genes [PPP1R15A (E), JUN (F) and ATF3 (G)] in RIRI
mouse model. *P < 0.05, **P < 0.01, ****P < 0.0001, HE: hematoxylin and eosin staining, PAS, periodic acid-Schiff staining, TUNEL, terminal
deoxynucleotidyl transferase dUTP nick end labeling staining.
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molecular roles of the three genes in RIRI. Thus, we incorporated

correlation analysis to explore significantly enriched pathways

associated with the three genes in RIRI. Results revealed that the

three genes were correlated with inflammatory response, oxidative

stress, NF-kappa B pathway, apoptosis and pyroptosis. ERS can

directly initiate the inflammatory pathway, and the activation of the

inflammatory pathway releases a large number of inflammatory

factors, which in turn triggers ERS. This induces a pro-

inflammatory positive feedback loop that further amplifies the

inflammatory response (52, 53). In addition to inflammatory

responses, ROS have been shown to act a crucial part in the
Frontiers in Immunology 11
pathology of IRI (54). Oxidative stress produced at the

reperfusion stage might induce injury to the insulted tissues. This

process is part of the term “oxygen paradox”, in which re-

oxygenation of ischemic tissues generates injuries that largely

exceed the injuries caused by ischemia alone (55). In recent years,

studies showed that ROS destroyed ER functions and initiated

unfold protein response and ERS in vivo and in vitro (56, 57). For

NF-kappa B pathway, several studies have shown that ERS can

activate the NF-kappa B pathway through facilitating TNF-a
expressions and phosphorylation of p38 MAPK/NFkB signaling

proteins (58–60). Apart from the NF-kappa B pathway, apoptotic
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FIGURE 8

Prognostic value evaluation of key ERS-related genes. Kaplan-Meier and receiver operating characteristic (ROC) curves assessing prognostic values
of PPP1R15A (A, B), JUN (C, D) and ATF3 (E, F) expression levels for kidney recipients. (G) Forest plot based on univariable Cox regression analysis
showing that key ERS-related genes are significantly risk factors for renal allograft survivals. (H) Boxplot comparing key ERS-related gene expression
levels between kidney recipients with stable renal function (STA) and deteriorated graft function (DGF). (I–K) ROC curves showing that key ERS-
related genes were able to accurately predict renal function after renal transplantation. (L) Boxplot comparing key ERS-related gene expression
levels between kidney recipients with STA and allograft loss. (M–O) ROC curves revealing that three key genes exhibited acceptable predictive
performance in renal allograft outcomes. *p<0.05, **p<0.01.
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pathways induced by ERS are an important type of apoptosis (61).

The activation of the unfolded protein response initiated apoptotic

cell death via up-regulation of CHOP, a pivotal marker of ERS (61).

Besides, p38 can activate the transcription of CHOP through ATF6

and inhibition of p38 by SB203580 also restrained the expression of

ERS markers, supporting the role of MAPK pathway in response to

ERS-induced apoptosis. The first study on pyroptosis and RIRI can

be traced back to 2014 and demonstrated that RIRI can induce

pyroptosis in renal tubule epithelial cells by the CHOP-caspase-11

pathway (62). Furthermore, several subsequent studies indicated

that GSDMD as the protein effector of pyroptosis acted as an

executor and contributor to renal I/R injury (63–66). Overall, our

results suggested that the three genes were involved in multiple

pathological pathways of RIRI rather than a single process,

emphasizing their importance. However, the specific mechanisms

and the potential upstream and downstream relationships between

the three genes and these interrelated pathways still need to be

further studied.

Owing to the vulnerability of the renal proximal tubules, most

studies have explored the potential mechanisms underlying RIRI

using human renal proximal tubule epithelial cell line (HK2) rather

than distal tubule cells. Surprisingly, the single-cell RNA-seq

analysis indicated that endothelium, DCT and CD-PC exhibited

significantly elevated expression levels of the three genes after renal

reperfusion. Yoshio et al. also determined that oxygen-regulated

protein (ORP150), a key chaperone for ERS in response to RIRI,

was principally expressed in distal tubules (67). Besides, we

leveraged scRNA-seq of RIRI to show that DCT and CD-PC

exhibited pro-inflammatory status and the highest pyroptosis

density among all cell types examined. While previous studies

have provided a general understanding of the role of pyroptosis

in the renal tubular epithelium, few studies have specifically

addressed which segment of the tubular is affected (68, 69). We

innovatively revealed that DCT and CD-PCmay also be vital targets

of pyroptosis in RIRI, providing new insights into the mechanism of

RIRI. In addition to non-immune cells, innate and adaptive

immune cells are also involved in IRI. IRI is a type of sterile
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inflammatory response but has similarities with the inflammation

by pathogens (70). Infiltration of neutrophils occurs as early as 30

minutes after reperfusion, causing interstitial edema activation of

the endothelium in peritubular capillaries (71). The neutrophils

exacerbate kidney injury through secreting ROS (72) and

inflammatory cytokines. Depleting neutrophils by anti ICAM-1

antibody can protect against RIRI (73, 74), demonstrating the

determinants of neutrophils in acute kidney injury in mice.

However, the pathological role of neutrophils is still not fully

validated, and ICAM-1 blocking exhibits no beneficial effect on

DGF after RIRI (75). Consistent with these human studies, our

study found that the infiltrating neutrophils showed no significant

differences between pre- and post-reperfusion in three cohorts. In

contrast with bulk RNA-seq analysis, results of single-cell analysis

revealed that the numbers of interactions and interaction strengths

between neutrophils and other cell types were elevated after

reperfusion, suggesting that cell-cell interaction between

neutrophils and other cells may be more crucial than the levels of

infiltrating neutrophils in RIRI.

The mice model of RIRI successfully validated the pathological

role of three key ERS-related genes on acute kidney injury. In detail,

compared with the RIRI group with PBS, the RIRI group treated

with 4-PBA exhibited lower levels of the three genes and acute renal

damage after reperfusion. In addition to acute kidney injury after

RIRI, the patients recovered from RIRI may suffer from chronic

kidney disease later (76–78). The maladaptive repair is determined

to be a vital mechanism for renal fibrosis, inducing RIRI to chronic

kidney disease (79). The ERS-induced apoptosis displayed a role in

the progression of kidney fibrosis in the rat model (80). Thus, we

collected three datasets with long-term follow-ups and found that

the three genes exhibited highly prognostic values in renal allograft

outcomes. Taken together, the three genes have clinical value for

both acute injury and late graft outcomes. The 4-PBA has notable

safety profiles in vivo, which is approved by the U.S. Food and Drug

Administration for clinical use in urea-cycle disorders (81–83),

suggesting its potential in RIRI treatment. However, the 4-PBA

inhibited a panel of ERS-related genes beyond just the three genes,
FIGURE 9

Overview of three key ERS-related genes in RIRI. RIRI induced the accumulation of unfold proteins and thus mediating the activation of ERS. The
three genes (PPP1R15A, JUN, and ATF3) were determined as crucial ERS genes involved in RIRI. The three genes were biologically related to kidney-
injury pathways (including inflammation, oxidative stress, and pyroptosis) and had clinical value in both acute injury and late graft outcomes.
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and the impact of 4-PBA on the late development of renal fibrosis

still needed to be evaluated. Although important roles for ERS were

recognized by multi-omics analysis, only a small portion of ERS-

relate genes were differentially expressed during RIRI. Compared

with 4-PBA, new drugs targeting these three genes may result in

better efficacy and minimal off-target effects.

The molecules identified in gene-miRNA and gene-TF regulatory

networks may offer some clues to better understand the mechanisms

of RIRI and can be potential drug targets. MiRNAs as small RNAs (18-

24 nt in size) regulate the post-transcription of mRNAs and hence are

involved in multiple biological processes, such as cell survival and

stress response. Results showed that ten miRNAs (including hsa-mir-

34a-5p, hsa-mir-30a-5p, hsa-mir-24-3p, hsa-mir-21-3p, hsa-mir-191-

5p, hsa-mir-17-5p, hsa-mir-16-5p, hsa-mir-1-3p, hsa-mir-124-3p and

hsa-mir-10b-5p) interacted with all three key ERS-related genes.

Unsurprisingly, nine miRNAs of these ten miRNAs have been

demonstrated to independently predict the occurrence of RIRI or

prevent the development of RIRI in previous studies (84–91). The

miRNAs, including miR-10b-5p, miR-16-5p, miR-24-3p, miR-34a-5p,

and miR-191-5p, have been identified to aggravate RIRI through

various mechanisms, such as downregulation of PIK3CA expression,

regulation of autophagy and promotion of apoptosis. Conversely,

miR-21-3p, miR-17-5p, miR-30a-5p, and miR-124-3p have been

shown to alleviate IRI by targeting different pathways including

caspase signaling pathway, death receptor 6, Beclin 1/ATG16

pathway, and TNFa/RIP1/RIP3 pathway. These findings provide

important insights into the role of miRNAs in RIRI and could serve

as potential therapeutic targets for future clinical interventions. In

addition, eight upstream TFs (including ZFP37, SMAD5, REST,

RAD21, KLF16, FOXJ2, ELF1 and BCL11B) could regulate all three

key ERS-related genes in RIRI. Among these eight TFs, only REST has

been confirmed to involve the process of RIRI. The previous study

found that REST was a crucial inducer of ferroptosis in RIRI and

inhibiting REST can alleviate the progression of chronic kidney disease

from RIRI (92). The results of these studies suggest a great potential

for these regulatory miRNAs and TFs as a class of therapeutic targets.

The development of drugs may achieve better for controlling better

through incorporating these regulatory molecules and ERS-related

genes rather than focusing solely on ERS-related genes.

Our study still had some limitations. First, the living donor (LD)

to deceased donor (DD) ratio of bulk-RNA datasets (GSE43974,

GSE90861 and GSE126805) selected in the current research are

different and the biological differences will inevitably produce an

impact on our findings. Second, the RIRI mouse model has inherent

limitations in recapitulating RIRI in human kidney transplantation

(93, 94). Apart from their species heterogeneity, transplant process-

related factors including organ retrieval, preservation, transport,

and implantation can introduce additional variables and potential

sources of injuries that are not present in the controlled laboratory

environment of a mouse study (95, 96). Despite these limitations,

the use of mouse models provides valuable mechanistic insights and

serves as an initial screening platform for studying RIRI. Previous

studies have demonstrated that there is a significant overlap

between gene sets associated with IRI in both mouse models and
Frontiers in Immunology 13
published microarray data from deceased donor transplants of

human kidneys (19, 22). Finally, additional clinical sample data

needs to be established for further verifying the expression levels of

the three genes and their correlations with clinical parameters.
5 Conclusion

In summary, we performed a multi-omics analysis to identify

three key ERS-related genes in RIRI and identified their related

biological processes involved in kidney injuries. The three genes

have clinical value in both acute injury and late graft outcomes. The

4-PBA inhibiting the three genes alleviated acute kidney injury after

RIRI, and its therapeutic impact on long-term outcomes is needed

to be explored. In addition, there is an urgent need for new drugs

specifically targeting the three genes, which may result in better

efficacy and minimal off-target effects.
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Opazo G, et al. Induction of ER stress in response to oxygen-glucose deprivation of
cortical cultures involves the activation of the PERK and IRE-1 pathways and of
caspase-12. Cell Death Dis. (2011) 2:e149. doi: 10.1038/cddis.2011.31

46. Schonthaler HB, Guinea-Viniegra J, Wagner EF. Targeting inflammation by
modulating the Jun/AP-1 pathway. Ann Rheum Dis. (2011) 70 Suppl 1:i109–112.
doi: 10.1136/ard.2010.140533

47. Hess J, Angel P, Schorpp-Kistner M. AP-1 subunits: quarrel and harmony
among siblings. J Cell Sci. (2004) 117:5965–73. doi: 10.1242/jcs.01589

48. Liu T, Zhou Y, Liu Y-C, Wang J-Y, Su Q, Tang Z-L, et al. Coronary
microembolization induces cardiomyocyte apoptosis through the LOX-1-dependent
endoplasmic reticulum stress pathway involving JNK/P38 MAPK. Can J Cardiol.
(2015) 31:1272–81. doi: 10.1016/j.cjca.2015.01.013

49. Nakagomi S, Suzuki Y, Namikawa K, Kiryu-Seo S, Kiyama H. Expression of the
activating transcription factor 3 prevents c-Jun N-terminal kinase-induced neuronal
death by promoting heat shock protein 27 expression and Akt activation. J Neurosci.
(2003) 23:5187–96. doi: 10.1523/JNEUROSCI.23-12-05187.2003

50. Haber BA, Mohn KL, Diamond RH, Taub R. Induction patterns of 70 genes
during nine days after hepatectomy define the temporal course of liver regeneration. J
Clin Invest. (1993) 91:1319–26. doi: 10.1172/JCI116332

51. Liu Y, Hu Y, Xiong J, Zeng X. Overexpression of activating transcription factor 3
alleviates cardiac microvascular ischemia/reperfusion injury in rats. Front Pharmacol.
(2021) 12:598959. doi: 10.3389/fphar.2021.598959

52. Zhang K, Shen X, Wu J, Sakaki K, Saunders T, Rutkowski DT, et al. Endoplasmic
reticulum stress activates cleavage of CREBH to induce a systemic inflammatory
response. Cell. (2006) 124:587–99. doi: 10.1016/j.cell.2005.11.040

53. Grootjans J, Kaser A, Kaufman RJ, Blumberg RS. The unfolded protein response
in immunity and inflammation. Nat Rev Immunol. (2016) 16:469–84. doi: 10.1038/
nri.2016.62

54. McCord JM. Oxygen-derived free radicals in postischemic tissue injury. N Engl J
Med. (1985) 312:159–63. doi: 10.1056/NEJM198501173120305

55. Yellon DM, Hausenloy DJ. Myocardial reperfusion injury. N Engl J Med. (2007)
357:1121–35. doi: 10.1056/NEJMra071667

56. Qu K, Shen N, Xu X, Su H, Wei J, Tai M, et al. Emodin induces human T cell
apoptosis in vitro by ROS-mediated endoplasmic reticulum stress and mitochondrial
dysfunction. Acta Pharmacol Sin. (2013) 34:1217–28. doi: 10.1038/aps.2013.58

57. Liu Z-W, Zhu H-T, Chen K-L, Dong X, Wei J, Qiu C, et al. Protein kinase RNA-
like endoplasmic reticulum kinase (PERK) signaling pathway plays a major role in
reactive oxygen species (ROS)-mediated endoplasmic reticulum stress-induced
apoptosis in diabetic cardiomyopathy. Cardiovasc Diabetol. (2013) 12:158.
doi: 10.1186/1475-2840-12-158

58. Akhter N, Wilson A, Arefanian H, Thomas R, Kochumon S, Al-Rashed F, et al.
Endoplasmic reticulum stress promotes the expression of TNF-a in THP-1 cells by
mechanisms involving ROS/CHOP/HIF-1a and MAPK/NF-kB pathways. Int J Mol
Sci. (2023) 24:15186. doi: 10.3390/ijms242015186

59. Pahl HL, Baeuerle PA. The ER-overload response: activation of NF-kappa B.
Trends Biochem Sci. (1997) 22:63–7. doi: 10.1016/s0968-0004(96)10073-6

60. Hu P, Han Z, Couvillon AD, Kaufman RJ, Exton JH. Autocrine tumor necrosis
factor alpha links endoplasmic reticulum stress to the membrane death receptor
pathway through IRE1alpha-mediated NF-kappaB activation and down-regulation of
Frontiers in Immunology 15
TRAF2 expression. Mol Cell Biol. (2006) 26:3071–84. doi: 10.1128/MCB.26.8.3071-
3084.2006

61. Hu H, Tian M, Ding C, Yu S. The C/EBP homologous protein (CHOP)
transcription factor functions in endoplasmic reticulum stress-induced apoptosis and
microbial infection. Front Immunol. (2018) 9:3083. doi: 10.3389/fimmu.2018.03083

62. Yang J-R, Yao F-H, Zhang J-G, Ji Z-Y, Li K-L, Zhan J, et al. Ischemia-reperfusion
induces renal tubule pyroptosis via the CHOP-caspase-11 pathway. Am J Physiol Renal
Physiol. (2014) 306:F75–84. doi: 10.1152/ajprenal.00117.2013

63. Liu H, Chen Z, Weng X, Chen H, Du Y, Diao C, et al. Enhancer of zeste homolog
2 modulates oxidative stress-mediated pyroptosis in vitro and in a mouse kidney
ischemia-reperfusion injury model. FASEB J. (2020) 34:835–52. doi: 10.1096/
fj.201901816R

64. Tajima T, Yoshifuji A, Matsui A, Itoh T, Uchiyama K, Kanda T, et al. b-
hydroxybutyrate attenuates renal ischemia-reperfusion injury through its anti-
pyroptotic effects. Kidney Int. (2019) 95:1120–37. doi: 10.1016/j.kint.2018.11.034

65. Diao C, Chen Z, Qiu T, Liu H, Yang Y, Liu X, et al. Inhibition of PRMT5
attenuates oxidative stress-induced pyroptosis via activation of the Nrf2/HO-1 signal
pathway in a mouse model of renal ischemia-reperfusion injury. Oxid Med Cell Longev.
(2019) 2019:2345658. doi: 10.1155/2019/2345658

66. Pang Y, Zhang P-C, Lu R-R, Li H-L, Li J-C, Fu H-X, et al. Andrade-Oliveira
Salvianolic acid B modulates caspase-1-mediated pyroptosis in renal ischemia-
reperfusion injury via Nrf2 pathway. Front Pharmacol. (2020) 11:541426.
doi: 10.3389/fphar.2020.541426

67. Bando Y, Tsukamoto Y, Katayama T, Ozawa K, Kitao Y, Hori O, et al. ORP150/
HSP12A protects renal tubular epithelium from ischemia-induced cell death. FASEB J.
(2004) 18:1401–3. doi: 10.1096/fj.03-1161fje

68. Fu Z-J, Wang Z-Y, Xu L, Chen X-H, Li X-X, Liao W-T, et al. HIF-1a-BNIP3-
mediated mitophagy in tubular cells protects against renal ischemia/reperfusion injury.
Redox Biol. (2020) 36:101671. doi: 10.1016/j.redox.2020.101671

69. Smith SF, Hosgood SA, Nicholson ML. Ischemia-reperfusion injury in renal
transplantation: 3 key signaling pathways in tubular epithelial cells. Kidney Int. (2019)
95:50–6. doi: 10.1016/j.kint.2018.10.009

70. Chen GY, Nuñez G. Sterile inflammation: sensing and reacting to damage. Nat
Rev Immunol. (2010) 10:826–37. doi: 10.1038/nri2873

71. Devarajan P. Update on mechanisms of ischemic acute kidney injury. J Am Soc
Nephrol. (2006) 17:1503–20. doi: 10.1681/ASN.2006010017

72. Awad AS, Rouse M, Huang L, Vergis AL, Reutershan J, Cathro HP, et al.
Compartmentalization of neutrophils in the kidney and lung following acute ischemic
kidney injury. Kidney Int. (2009) 75:689–98. doi: 10.1038/ki.2008.648

73. Kelly KJ, Williams WW, Colvin RB, Meehan SM, Springer TA, Gutierrez-Ramos
JC, et al. Intercellular adhesion molecule-1-deficient mice are protected against
ischemic renal injury. J Clin Invest. (1996) 97:1056–63. doi: 10.1172/JCI118498

74. Kelly KJ, Williams WW, Colvin RB, Bonventre JV. Antibody to intercellular
adhesion molecule 1 protects the kidney against ischemic injury. Proc Natl Acad Sci
USA. (1994) 91:812–6. doi: 10.1073/pnas.91.2.812

75. Salmela K, Wramner L, Ekberg H, Hauser I, Bentdal O, Lins LE, et al. A
randomized multicenter trial of the anti-ICAM-1 monoclonal antibody (enlimomab)
for the prevention of acute rejection and delayed onset of graft function in cadaveric
renal transplantation: a report of the European Anti-ICAM-1 Renal Transplant Study
Group. Transplantation. (1999) 67:729–36. doi: 10.1097/00007890-199903150-00015

76. He L, Wei Q, Liu J, Yi M, Liu Y, Liu H, et al. AKI on CKD: heightened injury,
suppressed repair, and the underlying mechanisms. Kidney Int. (2017) 92:1071–83.
doi: 10.1016/j.kint.2017.06.030

77. Venkatachalam MA, Weinberg JM, Kriz W, Bidani AK. Failed tubule recovery,
AKI-CKD transition, and kidney disease progression. J Am Soc Nephrol. (2015)
26:1765–76. doi: 10.1681/ASN.2015010006

78. Basile DP, Bonventre JV, Mehta R, Nangaku M, Unwin R, Rosner MH, et al.
Progression after AKI: understanding maladaptive repair processes to predict and
identify therapeutic treatments. J Am Soc Nephrol. (2016) 27:687–97. doi: 10.1681/
ASN.2015030309

79. YanM, Shu S, Guo C, Tang C, Dong Z. Endoplasmic reticulum stress in ischemic
and nephrotoxic acute kidney injury. Ann Med. (2018) 50:381–90. doi: 10.1080/
07853890.2018.1489142

80. Chiang C-K, Hsu S-P, Wu C-T, Huang J-W, Cheng H-T, Chang Y-W, et al.
Endoplasmic reticulum stress implicated in the development of renal fibrosis.Mol Med.
(2011) 17:1295–305. doi: 10.2119/molmed.2011.00131

81. Maestri NE, Brusilow SW, Clissold DB, Bassett SS. Long-term treatment of girls
with ornithine transcarbamylase deficiency. N Engl J Med. (1996) 335:855–9.
doi: 10.1056/NEJM199609193351204

82. Collins AF, Pearson HA, Giardina P, McDonagh KT, Brusilow SW, Dover GJ.
Oral sodium phenylbutyrate therapy in homozygous beta thalassemia: a clinical trial.
Blood. (1995) 85:43–9. doi: 10.1182/blood.V85.1.43.bloodjournal85143

83. Chen WY, Bailey EC, McCune SL, Dong JY, Townes TM. Reactivation of
silenced, virally transduced genes by inhibitors of histone deacetylase. Proc Natl Acad
Sci USA. (1997) 94:5798–803. doi: 10.1073/pnas.94.11.5798

84. Xu D, Li W, Zhang T, Wang G. miR-10a overexpression aggravates renal
ischemia-reperfusion injury associated with decreased PIK3CA expression. BMC
Nephrol. (2020) 21:248. doi: 10.1186/s12882-020-01898-3
frontiersin.org

https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1038/sj.embor.7400779
https://doi.org/10.1038/nature07203
https://doi.org/10.1038/s41467-022-33110-5
https://doi.org/10.1038/s41467-022-33110-5
https://doi.org/10.1038/s41419-022-05138-4
https://doi.org/10.1038/s41419-022-05138-4
https://doi.org/10.1681/ASN.2020010052
https://doi.org/10.3390/jcm9010253
https://doi.org/10.1016/j.coph.2009.11.006
https://doi.org/10.1038/cddis.2011.26
https://doi.org/10.3389/fphar.2020.00039
https://doi.org/10.1038/cddis.2011.31
https://doi.org/10.1136/ard.2010.140533
https://doi.org/10.1242/jcs.01589
https://doi.org/10.1016/j.cjca.2015.01.013
https://doi.org/10.1523/JNEUROSCI.23-12-05187.2003
https://doi.org/10.1172/JCI116332
https://doi.org/10.3389/fphar.2021.598959
https://doi.org/10.1016/j.cell.2005.11.040
https://doi.org/10.1038/nri.2016.62
https://doi.org/10.1038/nri.2016.62
https://doi.org/10.1056/NEJM198501173120305
https://doi.org/10.1056/NEJMra071667
https://doi.org/10.1038/aps.2013.58
https://doi.org/10.1186/1475-2840-12-158
https://doi.org/10.3390/ijms242015186
https://doi.org/10.1016/s0968-0004(96)10073-6
https://doi.org/10.1128/MCB.26.8.3071-3084.2006
https://doi.org/10.1128/MCB.26.8.3071-3084.2006
https://doi.org/10.3389/fimmu.2018.03083
https://doi.org/10.1152/ajprenal.00117.2013
https://doi.org/10.1096/fj.201901816R
https://doi.org/10.1096/fj.201901816R
https://doi.org/10.1016/j.kint.2018.11.034
https://doi.org/10.1155/2019/2345658
https://doi.org/10.3389/fphar.2020.541426
https://doi.org/10.1096/fj.03-1161fje
https://doi.org/10.1016/j.redox.2020.101671
https://doi.org/10.1016/j.kint.2018.10.009
https://doi.org/10.1038/nri2873
https://doi.org/10.1681/ASN.2006010017
https://doi.org/10.1038/ki.2008.648
https://doi.org/10.1172/JCI118498
https://doi.org/10.1073/pnas.91.2.812
https://doi.org/10.1097/00007890-199903150-00015
https://doi.org/10.1016/j.kint.2017.06.030
https://doi.org/10.1681/ASN.2015010006
https://doi.org/10.1681/ASN.2015030309
https://doi.org/10.1681/ASN.2015030309
https://doi.org/10.1080/07853890.2018.1489142
https://doi.org/10.1080/07853890.2018.1489142
https://doi.org/10.2119/molmed.2011.00131
https://doi.org/10.1056/NEJM199609193351204
https://doi.org/10.1182/blood.V85.1.43.bloodjournal85143
https://doi.org/10.1073/pnas.94.11.5798
https://doi.org/10.1186/s12882-020-01898-3
https://doi.org/10.3389/fimmu.2024.1340997
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1340997
85. Hao J, Wei Q, Mei S, Li L, Su Y, Mei C, et al. Induction of microRNA-17-5p by
p53 protects against renal ischemia-reperfusion injury by targeting death receptor 6.
Kidney Int. (2017) 91:106–18. doi: 10.1016/j.kint.2016.07.017

86. Hu H, Jiang W, Xi X, Zou C, Ye Z. MicroRNA-21 attenuates renal ischemia
reperfusion injury via targeting caspase signaling in mice. Am J Nephrol. (2014) 40:215–
23. doi: 10.1159/000368202

87. Liu X-J, Hong Q, Wang Z, Yu Y-Y, Zou X, Xu L-H. MicroRNA-34a suppresses
autophagy in tubular epithelial cells in acute kidney injury. Am J Nephrol. (2015)
42:168–75. doi: 10.1159/000439185

88. Ke J, Zhao F, Luo Y, Deng F, Wu X. MiR-124 negatively regulated PARP1 to
alleviate renal ischemia-reperfusion injury by inhibiting TNFa/RIP1/RIP3 pathway. Int
J Biol Sci. (2021) 17:2099–111. doi: 10.7150/ijbs.58163

89. Chen H-H, Lan Y-F, Li H-F, Cheng C-F, Lai P-F, Li W-H, et al. Urinary miR-16
transactivated by C/EBPb reduces kidney function after ischemia/reperfusion-induced
injury. Sci Rep. (2016) 6:27945. doi: 10.1038/srep27945

90. Lorenzen JM, Kaucsar T, Schauerte C, Schmitt R, Rong S, Hübner A, et al.
MicroRNA-24 antagonism prevents renal ischemia reperfusion injury. J Am Soc
Nephrol. (2014) 25:2717–29. doi: 10.1681/ASN.2013121329
Frontiers in Immunology 16
91. Wu X-Q, Tian X-Y, Wang Z-W,Wu X, Wang J-P, Yan T-Z. miR-191 secreted by
platelet-derived microvesicles induced apoptosis of renal tubular epithelial cells and
participated in renal ischemia-reperfusion injury via inhibiting CBS. Cell Cycle. (2019)
18:119–29. doi: 10.1080/15384101.2018.1542900

92. Gong S, Zhang A, Yao M, Xin W, Guan X, Qin S, et al. REST contributes to AKI-
to-CKD transition through inducing ferroptosis in renal tubular epithelial cells. JCI
Insight. (2023) 8:e166001. doi: 10.1172/jci.insight.166001

93. Doncheva NT, Palasca O, Yarani R, Litman T, Anthon C, Groenen MAM, et al.
Human pathways in animal models: possibilities and limitations. Nucleic Acids Res.
(2021) 49:1859–71. doi: 10.1093/nar/gkab012

94. Bagul A, Frost JH, Drage M. Stem cells and their role in renal ischaemia
reperfusion injury. Am J Nephrol. (2013) 37:16–29. doi: 10.1159/000345731

95. Simona M-S, Alessandra V, Emanuela C, Elena T, Michela M, Fulvia G, et al.
Evaluation of oxidative stress and metabolic profile in a preclinical kidney
transplantation model according to different preservation modalities. Int J Mol Sci.
(2023) 24:1029. doi: 10.3390/ijms24021029

96. Wei Q, Dong Z. Mouse model of ischemic acute kidney injury: technical notes
and tricks. Am J Physiol Renal Physiol. (2012) 303:F1487–1494. doi: 10.1152/
ajprenal.00352.2012
frontiersin.org

https://doi.org/10.1016/j.kint.2016.07.017
https://doi.org/10.1159/000368202
https://doi.org/10.1159/000439185
https://doi.org/10.7150/ijbs.58163
https://doi.org/10.1038/srep27945
https://doi.org/10.1681/ASN.2013121329
https://doi.org/10.1080/15384101.2018.1542900
https://doi.org/10.1172/jci.insight.166001
https://doi.org/10.1093/nar/gkab012
https://doi.org/10.1159/000345731
https://doi.org/10.3390/ijms24021029
https://doi.org/10.1152/ajprenal.00352.2012
https://doi.org/10.1152/ajprenal.00352.2012
https://doi.org/10.3389/fimmu.2024.1340997
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Comprehensive molecular and cellular characterization of endoplasmic reticulum stress-related key genes in renal ischemia/reperfusion injury
	1 Introduction
	2 Materials and methods
	2.1 Bulk RNA data collection and processing
	2.2 Collection and analysis of single-cell transcriptome data
	2.3 Experimental mouse RIRI model and estimation of renal damage
	2.4 qRT-PCR analysis
	2.5 Statistical analysis

	3 Results
	3.1 Biological processes and pathways activated during RIRI
	3.2 Identification and verification of key ERS-related genes during RIRI
	3.3 Three key ERS-related genes exhibited closely related to inflammatory pathways, apoptosis, oxidative stress and pyroptosis during RIRI
	3.4 Prediction of miRNA and TFs for three key ERS-related genes
	3.5 Altered expressions of key ERS-related genes during RIRI injury were primarily in the endothelium, DCT and CD-PC
	3.6 DCT and CD-PC presented with pro-inflammatory status and high pyroptosis scores
	3.7 Inhibition of ERS alleviated RIRI and suppressed three key ERS-related genes in mice
	3.8 Prognostic value evaluation of key ERS-related genes

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


