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Ischemia-reperfusion injury (IRI) causes massive tissue damage. Renal IRI is the most common type of acute renal
injury, and the defects caused by it may progress to chronic kidney disease (CKD). Rodent models of renal IRI,
with various patterns, have been used to study the treatment of human kidney injury. A rat model of bilateral IRI,
in which the bilateral kidney blood vessels are clamped for 60 min, is widely used, inducing both acute and
chronic kidney disease. However, the molecular mechanisms underlying the effects of bilateral IRI on kidney
cells have not yet been fully elucidated. This study aimed to perform a whole-transcriptome analysis of the IRI
kidney using single-cell RNA sequencing. We found renal parenchymal cells, including those from the proximal
tubule, the loop of Henle, and distal tubules, to be damaged by IRI. In addition, we observed significant changes
in macrophage population. Our study delineated the detailed cellular and molecular changes that occur in the rat
model of bilateral IRI. Collectively, our data and analyses provided a foundation for understanding IRI-related
kidney diseases in rat models.

1. Introduction Therefore, a detailed understanding of the mechanisms underlying IRI is

essential, not only to elucidate its pathophysiology, but also to develop

Blood supply is essential for maintaining tissue homeostasis. Imme-
diate reperfusion is required when tissues encounter ischemic condi-
tions. However, reperfusion after ischemia may sometimes evoke a
detrimental outcome in tissues, which is known as ischemia-reperfusion
injury (IRI) [1]. Although the detailed mechanisms underlying IRI are
not fully understood yet, the involvement of oxidative stress from
reactive oxygen species and various chemical mediators has been re-
ported [2]. IRI has been described in multiple tissues, including the
kidney, brain, lungs, heart, and liver. Acute kidney injury (AKI) caused
by IRI leads to chronic kidney disease (CKD) [3,4]. IRI also occurs in the
kidney at the time of renal transplantation, affecting its outcome [5,6].
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new therapeutic strategies.

Rodent models have been developed to analyze IRI in the kidneys [7,
8]. One of the earliest models of IRI is the rat model in which bilateral
kidney blood flow is cut off for 60 min followed by reperfusion [9]. In
this model, intense tubular damages resulting in proteinuria as early as
16 weeks after reperfusion. In addition, transforming growth factor
(TGF)-pl-dependent interstitial fibrosis develops approximately 40
weeks after reperfusion, and therefore, it can be used as a model for
AKI-to-CKD transition [9]. Various renal IRI models with unilateral renal
ischemia and/or with different ischemic times have been developed and
used in various studies to elucidate the pathophysiology. However, a
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recent study suggested that the acute phase of IRI in the kidney could be
impaired differently in humans and mice [7]. Thus, a comprehensive
molecular-level understanding is essential to comprehend how the
widely used rat model of renal bilateral 60-min ischemia-reperfusion
injury could explain the changes in human pathology.

In this study, we aimed to perform single-cell RNA-sequencing (RNA-
seq) in a rat model of renal bilateral ischemia to comprehensively
analyze the gene expression profiles at a single-cell level. We attempted
to identify the cells that are particularly impaired during ischemia-
reperfusion and analyzed the cells contributing to the cellular
impairment.

2. Materials and methods
2.1. Animals

All experiments were performed on six-week-old male Sprague-
Dawley rats weighing 166-178 g, purchased from SLC Japan (Shi-
zuoka, Japan) and maintained at the Institute of Experimental Animal
Sciences of Osaka University Medical School. All animal studies were
approved by the Osaka University Animal Research Committee (Permit
No 03-032-003), according to the relevant regulatory standards.

2.2. Ischemia-reperfusion injury

The rats were randomly allocated to two groups, namely (i) sham
operated (n = 4) and (ii) IRI (n = 5). Renal IRI or sham surgery was
performed at six weeks of age, as described previously [10,11]. Briefly,
rats were anesthetized with isoflurane and placed on heating pads to
maintain their body temperature during surgery. A midline abdominal
incision was made, and the bilateral renal pedicles were exposed and
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occluded with atraumatic microvascular clamps for 60 min. After the
clamp was released, complete reperfusion was visually confirmed, and
the incision was sutured (Fig. 1A). Sham surgery was performed iden-
tically, except for the renal pedicle clamping. Forty-eight hours after
reperfusion, blood samples were collected from the tail vein, and serum
creatinine levels were measured. To confirm that the degree of renal
injury was consistent with established IRI data, two rats from each group
were selected for renal specimen collection. The rats were euthanized,
and blood, urine, and kidney samples were obtained. Before tissue
collection, the kidneys were perfused by injecting saline through the left
ventricle and debridement through an incision in the right atrium.

2.3. Histology

For histological evaluation, tissue samples extracted from rats were
embedded in 4% paraformaldehyde. Four-micrometer-thick tissue sec-
tions were deparaffinized with xylene and stained with hematoxylin and
eosin (HE). Histological slides were examined by light microscopy using
a BZ-X710 microscope (Keyence, Osaka, Japan).

2.4. Serum creatinine quantification

Blood samples were collected from the tail vein immediately before
kidney harvest, and serum creatinine levels were measured using a
VetScan VS2 (Zoetis, Tokyo, Japan).

2.5. Library preparation for single-cell RNA-seq analysis

The left kidney of each rat (n = 2/group) was harvested and rinsed
with Dulbecco’s phosphate-buffered saline (DPBS; Nacalai, Kyoto,
Japan). The renal capsule was removed and finely minced in a Petri dish

Fig. 1. Ischemia-reperfusion surgery (A) Schematic
diagram illustrating the establishment of the rat
model of bilateral ischemia-reperfusion. (B) Scheme
48h showing time course of the experiment. Whole kidney
specimens were used for single-cell transcriptome

analysis, and pathological assessment was performed
using identically treated rats. (C) Representative im-
ages of renal sections stained with hematoxylin and
eosin 48 h after surgery in the sham and ischemia-
48h reperfusion injury (IRI) groups. Acute pathological
changes were observed in renal tissues of the IRI

Kidney sampling for
pathological assessment

Bilateral renal pedicle
atraumatic clamp for 60 min

D (mg/dL)

sham

group. The black arrow indicates a dilated tubular
with prolapse of tubular epithelial cells and loss of the
brush border. The white arrowhead indicates cast
formation. (D) Serum creatinine levels 48 h after
surgery in the sham and IRI groups. Black square
plots indicate the data of the rats subjected to single-
cell transcriptome analysis.
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on ice. Tissue pieces were placed in 5 mL of the solution from Multi
Tissue Dissociation kit 2 (Miltenyi Biotec, Bergisch Gladbach, Germany)
and digested using a gentleMACS Dissociator (Miltenyi Biotec). Disso-
ciated cells were passed through a 70-um cell strainer and centrifuged at
300xg for 5 min. The pellet was suspended in 30% Percoll (GE
Healthcare, Chicago, IL, USA) and centrifuged at 700xg for 7 min. Cells
were suspended in a-MEM (Thermo Fisher Scientific, Waltham, MA,
USA) containing 2% fetal bovine serum and stained with CD45-APC/
Cy7 antibody (BioLegend, San Diego, CA, USA). Dead cells were
stained with SYTOX Blue Dead Cell Stain (Thermo Fisher Scientific) just
before sorting. SYTOX-negative live cells and CD45-negative cells were
sorted and collected using FACSAria III (BD Biosciences, Franklin Lakes,
NJ, USA). Libraries were prepared using the Next GEM single cell 3’ kit
(10 x Genomics, Pleasanton, CA, USA) according to the manufacturer’s
protocol (targeted 6000 cells for each sample).

2.6. Bioinformatics

Sequencing outputs were demultiplexed using 10 x Genomics Cell
Ranger 6.0.0 [12] and bcl2fastq v2.20.0.422 (https://jp.support.illu-
mina.com/sequencing/sequencing_software/bcl2fastq-conversion-soft-
ware.html). The demultiplexed reads were aligned to the Rattus
norvegicus reference genome (Rnor_6.0; Ensembl), and expression levels
of transcripts were quantified using 10 x Genomics Cell Ranger. Count
tables from Cell Ranger software were converted into Seurat objects
using the “Read10X” and “CreateSeuratObject” command [13], after
which cells harboring less than 200 UMIs and more than 50% mito-
chondrial genes were trimmed out from further analyses. Differentially
expressed genes were obtained by the “FindMarkers” function built in
the Seurat package, and gene ontology analysis was performed by the
clusterProfiler package [14]. Data were visualized with dittoSeq [15] or
Scanpy [16] using an h5ad file prepared by SeuratDisk (https://mojavea
zure.github.io/eurat-disk/).

2.7. Statistical analysis

Serum creatinine levels between the two groups were compared
using a nonpaired t-test and visualized with GraphPad Prism 9.5.0 (525).

3. Results

To dissect the cellular and molecular changes induced by IRI, we
performed single-cell RNA-seq analysis of rat kidneys using the rat
model of IRI (male, 6-week-old) as described above [10,11]. To confirm
IRI, we analyzed the histology and plasma creatinine levels 48 h after
reperfusion (Fig. 1B). Histological analysis identified massive damage
such as tubular dilation, prolapse of tubular epithelial cells and cast
formation. (Fig. 1C). Pathological changes of IRI in the left and right
kidneys were comparable (Supplementary Fig. S1). Moreover, plasma
creatinine levels in the IRI model group were significantly higher (2.60
mg/dL [95% confidence interval, 1.00-4.20 mg/dL]) than those in the
sham group (0.30 mg/dL [0.17-0.43 mg/dL]; p < 0.01; Fig. 1D).
Collectively, the data indicated the successful establishment of IRI in the
rat model.

To comprehensively analyze the gene expression changes induced by
IRI, we performed single-cell RNA-seq on the renal IRI model. Kidneys
from the sham and rat models of IRI were enzymatically dissociated to
isolate live and CD45cells (to focus on non-hematopoietic cells) using
FACS (Supplementary Fig. S2). Single-cell RNA-seq libraries for live and
CD45 cells were prepared using Chromium Single Cell 3’ Gene
Expression Solution (10 x Genomics) with the aim of recovering 6000
cells each. Downstream analyses were performed using combined data
from live and CD45 cells, unless specified otherwise. The basic quality
scores after removing low-quality cells are shown in Fig. 2A. The sam-
ples from both sham and IRI models contained relatively high amounts
of mitochondrial DNA transcripts, as previously described [17]. Thus,
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based on previous studies, we used a relaxed mitochondrial transcript
filter (to remove the cells in which more than 50% of the transcripts
were occupied by mitochondrial DNA-derived transcripts). After
filtering, 11540 (live cells: 7269, CD45 cells: 4271) and 8475 (live cells:
5826, CD45 cells: 2649) cells were recovered from the sham and IRI
models, respectively. Global gene expression profiles were visualized
using a uniform manifold approximation and projection (UMAP)
(Fig. 2B). The cell types in each cluster were annotated using known
marker genes [18] (Fig. 2C). In addition to renal cells, we also identified
macrophages (expressing Adgre and Csf1r), dendritic cells (expressing
Flt3), neutrophils (expressing S100a9 and Mmp8), T/NK cells (express-
ing Cd3e and KlrbIc), endothelial cells (expressing Tek and Cdh5), and
myofibroblasts (expressing Tagln and Acta2). Cells from the sham and
IRI models were differentially plotted on UMAP (Fig. 2D), which iden-
tified massive changes in gene expression profiles after IRI in hemato-
poietic cells and renal parenchymal cells including tubular cells and
endothelial cells. The changes were particularly strong in tubular cells
and macrophages.

To further understand the impact of IRI on renal cells, we specifically
extracted the renal cells (CD45 cells from Fig. 2B) and re-clustered them
(Fig. 3A). Detailed cell-type annotation was performed using known
marker genes (Fig. 3B) [18,19]. We successfully recovered the principal
cells (expressing Agp2 and Fxyd4) and proximal tubule cells (expressing
Slc5a2 and Slc13al), the loop of Henle (expressing Slc12al and Umod),
distal convoluted tubule cells (expressing Slc12a3 and Lhx1), and col-
lecting duct cells (expressing Atp6v0d2 and Atp6v1b1). Cells from the
sham and IRI models were labeled on UMAP (Fig. 3C). Interestingly, the
proportion of most renal parenchymal cells significantly decreased after
IR], and only a portion of the proximal tubule cells remained. In addi-
tion, we observed SPP1-positive renal parenchymal cells, which were
rarely detected in the sham data. Taken together, the data indicated that
IRI caused massive and detrimental changes to the kidney.

Next, we evaluated changes in the macrophage population. We
extracted the clusters expressing CsfIr or Adgrel (encoding the well-
known macrophage marker F4/80), cells corresponding to clusters 1,
2, and 7 of the previous UMAP representation in Fig. 2B, and re-
clustered them (Fig. 4A). Cells from the sham and IRI models were
labeled on UMAP, showing a substantial difference in localization
(Fig. 4B). We identified six different clusters, and the proportion of each
cluster is shown in Fig. 4C. Since cluster 5 did not contain enough cells, it
was omitted from further downstream analyses. Clusters 3 and 4 likely
represented resident macrophages, since the complement genes,
including C1qa and C1qc, were expressed (Fig. 4D). Cluster 4, expressing
cell cycle-related genes, including Mki67, was predominantly occupied
by cells from the IRI group, suggesting that the cells were undergoing
rapid cell division in response to IRI-related inflammation (Fig. 4E). It
was noteworthy that cluster 4 contained a fraction of cells expressing
Flt3, but not the complement genes, suggesting that the cluster included
fast-cycle dendritic cells, in addition to the resident macrophages
(Supplementary Fig. S3). Cluster O, strongly expressing Cxcr4, was
dominant in the sham control but diminished in IRI (Fig. 4E). After IRI
we observed two new clusters, cluster 1, weakly expressing Cxcr4, and
cluster 2, expressing Cd14 (Fig. 4E). Interestingly, cluster 1 expressed
Cd274 (also known as PD-L1), suggesting its involvement in IRI-induced
anti-apoptotic effects [20,21] (Fig. 4E). Moreover, we found that cluster
2 expressed Vcan, which is involved in the establishment of fibrosis [22,
23] (Fig. 4E). Together, the data indicated that macrophages dynami-
cally repopulated upon IRI, and specific subtypes of macrophages that
emerged upon IRI were inferred to be involved in IRI-induced cell death
and fibrosis.

4. Discussion
Understanding the molecular mechanisms in renal IRI is critical,

since IRI can induce CKD. In addition, renal transplantation inevitably
results in IRI. Thus, in this study, we performed a whole-transcriptome
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Fig. 2. Single-cell RNA-seq analysis using the ischemia-reperfusion injury (IRI) kidney (A) Violin plot showing the percentages of total mitochondrial tran-
scripts. (B) Uniform Manifold Approximation and Projection showing the global gene expression signatures for each cell. Detected clusters were numbered and
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analysis of the kidney from a rat model of bilateral IRI using single-cell Collectively, we identified that bilateral IRI in rats causes significant
RNA-seq. Our data and analyses revealed that the renal tubules were damage to the kidneys, the effects being mainly focused on renal tubules
severely damaged by bilateral IRI. Furthermore, infiltrating macro- and macrophages.

phages were found to drastically alter their gene expression status. Different types of IRI models, such as unilateral IRI, unilateral IRI
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with contralateral nephrectomy, and bilateral IRI, are commonly used in
animal experiments. In the unilateral IRI model, the contralateral kidney
is intact and continuously functional. Therefore, compared to the
bilateral IRI model, the unilateral IRI model allows long-term observa-
tion and is suitable for observing the transition from AKI to CKD [24].
However, the progression of renal failure over time is difficult to
monitor using blood or urine samples, since the contralateral kidney
functions in a compensatory manner. The unilateral IRI model with
contralateral nephrectomy has better blood re-flow to the kidney after
ischemia, thereby contributing to renal tissue recovery [25,26]. This
model also has less renal fibrosis than a model without contralateral
nephrectomy [27]. Typical causes of acute kidney injury in clinical
practice include cardiac surgery and septic shock, which often result in
bilateral kidney damage. In this respect, the bilateral IRI model re-
sembles the pathophysiology of acute kidney injury in humans. Bilateral
IRI models allow for long-term observation and exhibit events associated
with the progression from AKI to CKD, such as fibrosis and proteinuria
[27,28]. The factors that define renal injury from IRI are not limited to
unilateral or bilateral inhibition. Varying the duration of renal ischemia
can change the degree of damage, and some groups have reported
different animal species, such as mice and humans, to have different
outcomes induced by IRI [7,29]. Thus, an in-depth characterization of
the model is critical to understand the extent to which it recapitulates
human pathophysiology.

Analysis of renal parenchymal cells showed that IRI reduced the
number of normal renal cells, and a population of cells expressing Spp1
emerged. Sppl is a gene encoding the secreted phosphoprotein osteo-
pontin, which is expressed in normal kidneys as well as bone [30].
Furthermore, it has been reported that osteopontin expression is
increased in damaged kidneys [30,31]. One of the various functions of
osteopontin is macrophage accumulation [32], and Shirakawa et al.
reported that osteopontin is essential for both macrophage clearance of
dead cells and promotion of fibrosis of the infarcted nest after myocar-
dial infarction [33]. Therefore, Sppl expression may be associated with
the process by which injured cells are removed and tissue repair begins
or fibrosis is established.

Detailed analysis of macrophage showed that the expression of Cxcr4
was significantly altered by IRI. CXCR4 is the receptor for the leukocyte
chemotactic factor SDF-1 [34]. Altered expression of Cxcr4 in infil-
trating macrophage clusters after IRI suggests altered chemotaxis of
infiltrating macrophages. Cd274, also known as PD-L1, leads to T-cell
apoptosis [20]. The increased expression of Cd274 in infiltrating mac-
rophages after IRI suggests the existence of a mechanism that acts in a
suppressive manner on cellular immunity over-activated by IRI. Another
macrophage cluster expressing Cd14 and Vcan also appeared after IRI.
CD14 on phagocytes recognizes lipopolysaccharides as a co-receptor for
Toll-Like Receptor 4, which has also been reported to function in the
removal of apoptotic cells by macrophage [35]. Interestingly, this
CD14-mediated removal of apoptotic cells does not elicit inflammatory
responses [35]. Versican is an extracellular matrix proteoglycan that is
related to the establishment of renal fibrosis [22,23]. It is also an
important molecule for leukocyte migration [36]. Since Versican can
exhibit both pro- and anti-inflammatory effects through interactions
with other cytokines [36], its significance in the post-IRI context is un-
clear, but it is likely to be related to the migration of leukocytes to the
site of injury.

The results of the present study suggest an association between
damaged renal parenchymal cells and macrophages in IRI. Renal
parenchymal cells are assumed to signal to macrophages by increasing
Spp1 expression. As a result, macrophages undergo dynamic changes in
cell proliferation, leukocyte migration, suppression of cellular immu-
nity, and clearance of apoptotic cells.

One limitation of this study is that progression to CKD and renal
fibrosis have not been evaluated. Various reports with different
modeling methods have reported that renal fibrosis occurs a few weeks
to several months after IRI [7]. How single-cell transcriptomes change in
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the chronic phase after IRI needs to be evaluated in future studies.

In this study, we provided comprehensive cellular and molecular
profiles of bilateral IRI in rats. We specifically analyzed a model in which
ischemia was limited to 60 min. Our data and analyses can support
future studies to clarify the pathophysiology and develop effective
therapies using the rat model of bilateral IRI.
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