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Comprehensive molecular and
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ischemia/reperfusion injury
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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 RIRL

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
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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, log,FC > 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
analysis was conducted by the CellChat 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.
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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 from Weitonglihua (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 (JlogFC| > 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
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and downstream targets were activated in the renal tissue
after reperfusion.

3.2 ldentification 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, PPPIRI5A, CEBPB, PMAIP1, HSPAIA, ERNI, 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
(PPPIRI5A, 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
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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 logl0-transformation with g-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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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.

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 TNFo 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,
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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).
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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

3.4 Prediction of miRNA and TFs for three
key ERS-related genes

The miRNA- 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 PPPIRI5A, 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, PPPIRI5A, JUN and ATF3
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could be regulated by 120 TFs, 73 TFs and 39 TFs, respectively
(Supplementary Figure S3B). Eight TFs, including ZFP37, SMADS>,
REST, RAD21, KLF16, FOXJ2, ELF1, and BCLIIB, 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
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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
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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/STATS signaling and IL-6/JAK/STATS3 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 RIRL
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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 O
(blue) to 4 (yellow). tSNE, t-distributed stochastic neighbor embedding; OR, odds ratios.
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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
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ATF3 (F) in 6h and 24h post-reperfusion samples compared with sham control sample. *p<0.05, ****p<0.0001.

3.7 Inhibition of ERS alleviated RIRI and
suppressed three key ERS-related genes
in mice

A mouse 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 PPPIRI5A, 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 PPPIRI5A,
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
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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 IRl 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 IRl 6h and IRl 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.

(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 81-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-0). 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
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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 (PPPIRI5A, JUN and
ATEF3) 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
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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 (x200 magnification) of renal tissues. mRNA levels of key ERS-related genes [PPP1R15A (E), JUN (F) and ATF3 (G)] in RIRI
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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 (PPP1RI15A, 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 eIF20¢ 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 MEKKI-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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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—0) ROC curves revealing that three key genes exhibited acceptable predictive

performance in renal allograft outcomes. *p<0.05, **p<0.01.

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
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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-o
expressions and phosphorylation of p38 MAPK/NFkB signaling
proteins (58-60). Apart from the NF-kappa B pathway, apoptotic
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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.

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-PC may also be vital targets
of pyroptosis in RIRI, providing new insights into the mechanism of
RIRL In addition to non-immune cells, innate and adaptive
immune cells are also involved in IRL 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
DGEF 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 RIRIL.

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,
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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 RIRT 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/ATGI16
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, SMADS5, REST,
RAD?21, 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 RIRL 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
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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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