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In kidney transplantation, the donor kidney inevitably undergoes ischemia-reperfusion
injury (IRI). It is of great importance to study the pathogenesis of IRI and find effective
measures to attenuate acute injury of renal tubules after ischemia-reperfusion. Our
previous study found that Src homology region 2 domain-containing phosphatase-1
(SHP-1) insufficiency aggravates renal IRI. In this study, we systematically analyzed
differences in the expression profiles of SHP-1 (encoded by Ptpn6)-insufficient mice
and wild-type mice by RNA-seq. We found that a total of 161 genes showed at least
a twofold change, with a false discovery rate <0.05 in Ptpn6 +/mev mice after IRI and
42 genes showing more than a fourfold change. Of the eight genes encoding proteins
with immunoreceptor tyrosine-based inhibitory motifs (ITIMs) that bind to Ptpn6, three
were upregulated, and five were downregulated. We found that for the differentially
expressed genes (DEGs) with a fold change >2, the most significantly enriched Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways were the cell division pathway
and peroxisome-proliferator activated receptor PPARα signaling pathways. Furthermore,
the downregulated genes of the PPARα signaling pathway were mainly related to fatty
acid absorption and degradation. Using an agonist of the PPARα signaling pathway,
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fenofibrate, we found that renal IRI was significantly attenuated in Ptpn6 +/mev mice. In
summary, our results show that insufficiency of SHP-1 inhibits the expression of genes
in the PPARα signaling pathway, thereby leading to increased reactive oxygen species
(ROS) and exacerbating the renal IRI. The PPARα signaling agonist fenofibrate partially
attenuates renal IRI induced by SHP-1 insufficiency.

Keywords: kidney transplantation, renal ischemia-reperfusion injury, SHP-1, PPARα signaling, bioinformatics

INTRODUCTION

Kidney transplantation is the best alternative therapy for
end-stage renal disease. Renal ischemia-reperfusion injury
(IRI) refers to a combination of warm ischemic injury, cold
preservation injury during procurement and preservation, and
injury induced by vascular recanalization during transplantation.
IRI is one of the key factors affecting the clinical outcomes
of kidney transplantation and remains a major challenge of
kidney transplantation (1). After renal IRI, large amounts
of reactive oxygen species (ROS) are produced by activated
vascular endothelial cells in the kidneys, which can damage
cell membranes and mitochondria. Renal tubular epithelial cells
(TECs), which form the main group of renal parenchymal cells,
are more sensitive than other renal cells to ischemia and hypoxia.
IRI can cause excessive inflammatory responses and apoptosis or
necrosis of TECs. In addition, the sodium-potassium pumps in
TECs become dysfunctional during IRI due to a lack of energy,
which directly leads to necrosis and apoptosis of the TECs and
exposure of the basement membrane.

Src homology region 2 domain-containing phosphatase-1
(SHP-1), encoded by the Ptpn6 gene, is a member of the
classical phosphatase family that mediates the dephosphorylation
of tyrosine. SHP-1 is widely involved in various biological
processes, including cell communication through adhesion
junctions, signal transduction in the cytokine-receptor pathway,
the natural immune response mediated by natural killer cells,
and the adaptive immune response of the B/T lymphocyte-
receptor signaling pathway (2–4). Previous studies have indicated
that SHP-1 can regulate apoptosis, possibly by playing a
proapoptotic role (5–7). SHP-1 can also negatively regulate
the production of Toll-like receptors mediated proinflammatory
factors by inhibiting the activation of the nuclear factor kappa-
B and mitogen-activated protein kinase signaling pathways (8).
Moreover, SHP-1 can upregulate the production of type I
interferon by interacting with IRAK1 (8). It has been reported
that ROS produced in the IRI process can inactivate some
phosphatases of the protein tyrosine phosphatase (PTP) family
via short oxidation, thus fine-tuning tyrosine phosphorylation-
dependent signaling pathways (9, 10). Additionally, Krotz et al.
found that inhibition of SHP-1 function can increase intracellular
ROS concentrations by increasing or prolonging the activation of
endogenous ROS release mechanisms (11).

However, the role of SHP-1 in renal IRI has not yet been fully
investigated. In a previous study, we demonstrated that SHP-
1 was expressed mostly in TECs, not in macrophages, in the
kidney cortex. SHP-1 inhibited renal IRI by dephosphorylating
ASK1 and suppressing apoptosis of TECs in Ptpn6 +/mev mice

after renal IRI (12). The goal of this research was to analyze the
differentially expressed genes (DEGs) in mice with renal IRI to
gain more insights into the potential role of SHP-1 in renal IRI
and to determine the underlying mechanisms. Since homozygous
mice rarely survive anesthesia and surgery when used as kidney
IRI models, heterozygous mice with wild-type littermates by all
indicators except SHP-1 expression (decreased SHP-1 expression
in heterozygotes) were used in our studies (13).

MATERIALS AND METHODS

Sample and Data Collection
Ptpn6+/mev mice maintained on a C57BL/6 background were
purchased from Jackson Laboratories. These mice exhibit a
T-to-A mutation at a splice consensus site. We designed
primers (Supplementary Table 1) containing the mutation site
in the middle of the PCR amplicon to genotype wild-type
(+/+), heterozygous (+/mev), and homozygous (mev/mev) mice
with sequence maps. All animal experiments were undertaken
following the National Institutes of Health’s Guide for the
Care and Use of Laboratory Animals with the approval of
the institutional research ethics committee of Navy Medical
University, Shanghai, China.

A mouse renal IRI model was established with three 7-week-
old Ptpn6+/mev mice and three wild-type littermates. The steps
for I/R model establishment are shown in Figure 1A, as described
previously (14). Before surgery, the mice were anesthetized by
intraperitoneal injection with 100 mg/kg pentobarbital sodium.
Each mouse was placed on a temperature-controlled heating
blanket and fitted with a rectal thermometer probe connected
to a thermal feedback controller (RWD Life Science, China),
and the rectal temperature was maintained at 37 ± 0.5◦C.
An abdominal midline incision was made, and then the right
kidney of the mice was resected. The pedicle of the left
kidney was clamped for 34 min with a non-traumatic vascular
clamp before intraperitoneal injection of heparin (50 U/kg).
During the clamping time, the abdominal midline incision was
covered with a surgical dressing to keep the kidney warm
and hydrated. The sham controls underwent similar procedures
except for left kidney pedicle clamping. At 24 h post-IRI,
the mice were sacrificed, and the left kidneys were removed
for histologic and RNA analyses. For fenofibrate intervention,
three mice were i.p. injected with 100 mg/kg/d fenofibrate
(Sigma-Aldrich, Germany) and three mice were i.p. injected with
corn oil (MedChemExpress, United States) from day 0 to day 20
before IRI surgery.
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FIGURE 1 | SHP-1 insufficiency in vivo aggravated renal IRI and increased apoptosis. (A) The steps involved in the establishment of the mouse renal IRI model and
analysis process. Briefly, the control group and the heterozygous mice underwent unilateral nephrectomy. After right nephrectomy, the left kidney was clipped

(Continued)
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FIGURE 1 | for 34 min, and 24 h later, the left kidney was removed for subsequent experiments. (B) Creatinine levels of wild-type and Ptpn6+/mev mice after renal IRI
(n = 3 in each group). (C) Blood urea nitrogen levels of wild-type and Ptpn6+/mev mice after renal IRI (n = 3 in each group). (D) H&E staining of wild-type and
Ptpn6+/mev mice after renal IRI; the quantitative results are shown. Scale bars = 50 µm. The pathological scoring is as follows: score 1, less than 10%; score 2, 10%
to less than 25%; score 3, 25–75%; and score 4, more than 75% of cortex with tubular damage. (E) TUNEL in the wild-type and Ptpn6+/mev mouse groups after
renal I/R and their quantitative results. Scale bars = 50 µm. (F) Accumulation of ROS levels in the kidneys of ROS in the wild-type and Ptpn6+/mev mouse groups
after renal I/R. Scale bars = 50 µm. (G,H) Quantitative results of H&E staining and TUNEL staining. *p < 0.05 and **p < 0.01.

Histomorphological Examination
Left renal kidney specimens were processed and sectioned
as reported previously (15). Then, the sections were stained
with hematoxylin-eosin (H and E) for histomorphological
examination. A semiquantitative method was used to score the
percentage of tubular damage according to the following metric:
score 1, less than 10%; score 2, 10% to less than 25%; score 3,
25% to 75%; score 4, higher than 75% of cortex with tubular
damage. At least three fields per section were analyzed by two
different pathologists.

Western Blot Analysis
For western blot analysis, proteins were extracted from
mouse kidney tissues and processed according to a routine
procedure. The antibodies used in this experiment were SHP-1
(E1U6R) rabbit monoclonal antibody and β-actin (13E5) rabbit
monoclonal antibody (Cell Signaling Technology, United States),
which were diluted as 1:1000. Images were obtained with a DM
IL LED microscope (Leica Microsystems, Germany).

Terminal Deoxynucleotidyl Transferase
(TdT)-Mediated dUTP Nick-End Labeling
Staining Assay
Apoptosis was confirmed with a terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick-end labeling (TUNEL)
staining assay. TUNEL staining was conducted according to the
kit manufacturer’s instructions (Beyotime, China).

RNA Isolation and Deep Sequencing
Total RNA samples from the left kidney tissues were isolated
with TRIzol reagent (Thermo Fisher Scientific, United States). An
Agilent 2100 Bioanalyzer was used to characterize the quality of
the in vitro RNA transcripts. The RNA integrity numbers (RINs)
of all samples were greater than 8.0.

The poly-A-containing mRNA molecules were purified with
poly-T oligo-attached magnetic beads using two rounds of
purification. A SuperScript Double-Stranded cDNA Synthesis Kit
(Thermo Fisher Scientific, United States) was used to synthesize
the double-stranded cDNA. Further library preparation was
performed using a TruSeqTM RNA Sample Preparation Kit
(cat# FC-122-1001, Illumina, United States). The libraries were
sequenced as 2 × 150 bp single reads using an Illumina HiSeq
2000 according to the manufacturer’s instructions. We removed
adaptor, low-complexity, and low-quality sequences from the
raw reads. The remaining clean reads were used for further
analyses.

Gene Expression Analysis
TopHat v2.1.0 was used with the default parameters to
generate acceptable alignments for Cufflinks, which was used
to align the RNA sequencing (RNA-seq) paired-end reads
against the reference genome, Ensembl release 90 GRCm38.p5
(16). The expression of the annotated genes in the RNA-
seq data was evaluated in fragments per kilobase million
(FPKM) using Cufflinks. The following formula was used
to calculate the FPKM value: FPKM = (number of mapped
fragments) × 103

× 106/[(length of transcript) × (total number
of fragments)]. Log transformation and zero-mean normalization
were used to normalize the expression data for comparisons.
The false discovery rate (FDR) of <0.05, after applying
Benjamini-Hochberg correction, was chosen for determining
significant DEGs.

An online analysis tool, the Protein ANalysis THrough
Evolutionary Relationships (PANTHER) classification system,
was used to annotate the DEGs into three major Gene Ontology
(GO) domains: the molecular function, biological process, and
cellular component domains (17). We also used the STRING
system to analyze the most significantly (FDR < 0.005) enriched
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
in DEGs (18, 19). STRING is an online analysis tool that can
provide customized protein-protein networks and functional
characterization of user-uploaded gene/measurement sets. The
results of enrichment analysis were presented after Bonferroni
correction for multiple comparisons.

Validation of Differentially Expressed
Genes
Reverse Transcription-Polymerase Chain Reaction (RT-PCR)
was carried out with a LightCycler R© 480 II real-time RT-
PCR system (Roche, Switzerland). RNA samples from the
kidneys of 3 knockdown mice and 3 wild-type littermates
after renal IRI were used in reverse transcription reactions.
cDNA was synthesized using an oligo-dT reverse primer and
a PrimeScriptTM RT reagent kit (Takara, Japan). The primers
used for RT-PCR validation of genes are listed in Supplementary
Table 1. The expression of the GAPDH housekeeping gene was
used to normalize the data. Gene expression was quantified
with the 2−11CT method, and the results are expressed as fold
change (FC) relative to the levels in the corresponding control
samples (20).

Reactive Oxygen Species Staining Assay
Detection of ROS was performed on frozen sections using
dihydroethidium (D7008, Sigma-Aldrich, United States) which
was diluted as 1:500 for 30 min at 37◦C in a dark incubator.
DAPI (4′, 6-diamidino-2-phenylindole, Beyotime, China) was
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added after the slides were dry and incubated for 10 min in the
dark at room temperature. Slides were washed three times for
5 min each in phosphate buffered saline (pH 7.4) on a shaker.
After the plate was blocked with an antifade mounting medium
(Servicebio, China), the images were observed and acquired
under a fluorescence microscope.

Statistics
GraphPad Prism 8.0 (GraphPad Software Inc., United States) was
used to perform statistical analyses. All data are presented as the
mean ± standard deviation. We performed Student’s unpaired
t-tests for comparisons between two groups. All experiments
were repeated more than three times. P < 0.05 was considered
statistically significant.

RESULTS

Development of Renal Renal
Ischemia-Reperfusion Injury in Ptpn6
+/mev Mice
First, we validated the mutation and protein expression of SHP-1
in Ptpn6+/mev mice by Sanger sequencing and western blotting,
respectively (Supplementary Figures 1A–C). According to the
process shown in Figure 1A, we then established IRI models in
the wild-type +/+ and Ptpn6+/mev groups and performed RNA
sequencing and data analysis. Mice in the Ptpn6+/mev group
exhibited more severe injury than those in the wild-type+/+

group, with higher serum creatinine (CR) and urea nitrogen
(BUN) levels (Figures 1B,C). H and E staining revealed that
tubular injury was significantly worse in the Ptpn6+/mev group
than in the wild-type group (Figure 1D). The TUNEL-positive
areas of the kidneys were more intensely stained in Ptpn6+/mev

mice than in wild-type mice, and the positive areas were larger
(Figure 1E). Quantitative results of H&E staining and TUNEL
staining were also shown in Figures 1G–H. ROS staining results
showed that Ptpn6 +/mev mice produced more ROS than wild-
type mice after IRI (Figure 1F). This finding suggests that the
increased apoptosis of TECs in mice with SHP-1 deficiency
contributes to renal IRI. Together, these results indicate that SHP-
1 might be involved in apoptosis regulation and may exert a
protective effect against renal IRI.

Differentially Expressed Genes in Kidney
Samples From Mice After Renal
Ischemia-Reperfusion Injury
We extracted RNA from the kidneys of three C57BL/6J-
Ptpn6+/mev mice and three C57BL/6J control mice after renal IRI.
Samples from individual mice were sequenced for bioinformatics
analysis. The ischemia/reperfusion time was fixed at 34 min/24 h.
After removing reads that could be mapped to ribosomes, a total
of 152.67 million mRNA sequencing (mRNA-seq) reads were
obtained. An average of 23.9 million reads of mRNA-seq data
were generated per mRNA sample with a read length of 150 bp
(paired-end reads) and an expected insertion size of 200 bp.
The alignment rate against the reference genome (see section

“Materials and Methods”) ranged from 94.07% (sample WT-3)
to 92.00% (sample WT-2), with average mapping rates of 93.30
and 93.72% for the control and Ptpn6+/mev samples, respectively
(Supplementary Table 2).

As presented in the principal component analysis (PCA) plot,
after IRI, the kidneys of three Ptpn6 +/mev mice and control mice
showed differences in overall gene expression (Figure 2A). A total
of 336 genes were differentially expressed in the kidney samples
(FDR < 0.05). Of the 336 DEGs, 169 were upregulated, and 167
were downregulated in Ptpn6+/mev mice after IRI. A total of 161
genes showed | FC| > 2 with FDR < 0.05, of which 42 genes with
| FC| > 4 (Figure 2B). Of the 161 genes significantly changed
after IRI, 99 were upregulated, and 62 were downregulated in
Ptpn6+/mev mice (Figure 2C). These 161 genes were DEGs in the
following analysis (Supplementary Table 3).

The FDR and the largest | FC| were used to filter the gene
list. Fourteen genes were differentially expressed (FDR < 0.0001)
with | FC| > 4 in the kidneys of Ptpn6+/mev mice (Figure 2D).
Different types of cells are present in the kidney, and distinct
translational signatures were identified in the nephron, interstitial
cell populations, vascular endothelium, and macrophages in mice
(21). By analyzing the Gene Expression Omnibus (GEO) dataset
(GSE52004), we found that in the 11 highly overexpressed genes
in Ptpn6+/mev mice after IRI, Cyp27b1, Mmp10, Hmgcs2, Azgp1,
Cyp2d12, and Slc38a3 were expressed mostly in nephrons, and
Ckap2l was expressed mostly in macrophages. The genes Ccna2,
Kif18b, and Lqgap3 were expressed in both the endothelium
and macrophages. Gpnmb was expressed mostly in interstitial
cells (Figure 2E).

Gene Ontology Analysis and Kyoto
Encyclopedia of Genes and Genomes
Pathway Analysis of Mouse Kidney
Samples After Renal
Ischemia-Reperfusion Injury
The list of DEGs was uploaded to the online PANTHER
version 16 classification system, which annotated the genes into
three major GO domains: the molecular function, biological
process, and cellular component domains (17). Among 161
DEGs, 104 genes were annotated to molecular functions. The
PANTHER classification system annotated 49 genes (47.1%)
to the catalytic activity category (GO:0003824) and 33 genes
(31.7%) to the binding category (GO:0005488) in the molecular
function domain. The most enriched terms in these two
categories were the hydrolase activity (GO:0016787) and protein
binding (GO:0005515) terms, respectively (Supplementary
Figure 2A). Moreover, DEGs were also enriched in molecular
function categories such as the molecular function regulator
(GO:0098772) and transporter activity (GO:0005215) categories.
In the biological process domain, a total of 66 genes were
annotated to the cellular process category (GO:0009987), and
44 genes were annotated to the metabolic process category
(GO:0008152) (Supplementary Figure 2B). The two most
represented terms in the cellular process category were the
cellular component organization (GO:0016043) and cell cycle
(GO:0007049) terms. The organic substance metabolic process
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FIGURE 2 | Differentially expressed genes (DEGs) in the kidneys of wild-type and Ptpn6+/mev mice after renal IRI. (A) The PCA plot of the Ptpn6+/mev samples
(circles) shows distinct differences between samples from wild-type mice (triangles): each graph represents all DEGs of one animal, and the most similar Ptpn6+/mev

samples (circles) are located the closest. (B) A total of 336 genes out of 19,529 genes detected by RNA-seq were differentially expressed (FDR < 0.05). (C) A total
of 161 genes showed at least twofold up-or down-regulation at FDR < 0.05. (D) Fourteen highly DEGs (FDR < 0.0001) in homozygous Ptpn6+/mev kidneys
compared to wild-type littermates. (E) Expression changes of 14 DEGs in different types of renal cells.

(GO:0071704) and primary metabolic process (GO:0044238)
terms were the two most enriched terms in the metabolic process
category. In the cellular component domain, 45 genes were
annotated to the organelle category (GO:0043226), 33.3% of
which were related to the cytoskeleton (GO:0005856), and 64
genes were annotated to the cell category (GO:0005623), 58.3%
of which were related to the intracellular space (GO:0005622)
(Supplementary Figure 2C). The PANTHER classification
system (protein classes) sorted 33 genes to the metabolite

interconversion enzyme (PC00262), 18 genes to oxidoreductase
(PC00176) and 12 genes to cytoskeletal protein (PC00085)
(Supplementary Figure 2D). Additional information on all
gene annotations and protein classifications is available upon
further request.

We also performed enrichment analysis of KEGG pathways
in DEGs using the online STRING classification system (18, 19).
The most significantly enriched (FDR < 0.005) KEGG pathways
for the 62 genes that were significantly down-regulated more
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FIGURE 3 | Kyoto encyclopedia of genes and genomes (KEGG) analysis of all DEGs and the expression of PPARα signaling pathway related genes. (A) KEGG
pathway annotation of all DEGs. (B) The top 20 enriched KEGG pathways of all DEGs. A larger rich factor indicates a higher degree of enrichment. The plot is plotted
with the pathways ranked by P-value from smallest to largest for the top 20. (C) KEGG enrichment network diagram of all DEGs. (D) The expression of PPARα

signaling pathway related genes were obtained by RNA-seq analysis. *p < 0.05.
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FIGURE 4 | Fenofibrate reverses renal tubular injury caused by a decrease in lipid metabolism gene expression and the accumulation of reactive oxygen species
mediated by SHP-1 insufficiency in mice with ischemia-reperfusion injury. (A) Schematic diagrams of the experimental procedure. (B,C) Levels of creatinine and urea
nitrogen in Ptpn6+/mev mice given fenofibrate and vehicle control (corn oil). (D,E) H and E staining in the kidneys of Ptpn6+/mev mice given fenofibrate and in those
given vehicle control after IRI; the quantitative results are shown. Scale bars = 50 µm. (F,G) Accumulation of ROS levels in the kidneys of Ptpn6+/mev mice given
fenofibrate and in those given vehicle after IRI; the quantitative results are shown. Scale bars = 50 µm. (H) Expression of Acaa1b, Ehhadh, Cyp4a10, and Cyp4a14
in Ptpn6+/mev mice given fenofibrate and in those given vehicle control after IRI. *p < 0.05, **p < 0.01.

than twofold were the peroxisome-proliferator-activated receptor
alpha (PPARα) signaling pathway and retinol metabolism
(Figures 3A–C). In these two pathways, we identified the nine
PPARα signaling pathway-related genes CD36, Fabp1, Acaa1b,
Ehhadh, Cyp4a10, Cyp4a14, Cyp4a31, Pck1, and Hmgcs2. Among
these genes, CD36 and Fabp1 are related to fat absorption, while
Acaa1b, Ehhadh, Cyp4a10, and Cyp4a14 are related to fatty acid
degradation. The expression of genes encoding Ptpn6-interacting
proteins in kidney samples from Ptpn6+/mev mice after IRI is

shown in Figure 3D. Then we found that the expression of Ppara
was also significantly decreased in Ptpn6+/mev mice than in wild-
type mice after IRI (FC −1.63, FDR = 0.003). We validated the
expression of the nine genes involved in the PPARα signaling
pathway in the Ptpn6+/mev mice and wild-type mice after IRI
by RT-PCR. We also compared the expression of these genes in
the control kidneys without IRI in Ptpn6 +/mev and wild-type
mice and found that there were no significant changes (| FC|
< 1.5 with FDR > 0.05) (Supplementary Table 4). Moreover,
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for the 99 significantly upregulated genes in Ptpn6+/mev mice
after IRI, the most significantly enriched KEGG pathways were
the mitotic cell cycle process and cell division pathways. Previous
studies have revealed that cell cycle function-associated genes are
generally upregulated at the peak of injury (24 h after IRI) (22).
In this study, key kinases involved in the proper spindle and
kinetochore assemblies, such as Aurkb, Plk1, Cdk1, Tpx2, and
Cdca3, were upregulated in the Ptpn6+/mev group compared with
the wild-type+/+ group at 24 h after IRI.

Src homology region 2 domain-containing phosphatase-1
has two SH2 binding domains and one PTP catalytic domain.
SHP-1 inhibits signal transduction from receptors in many cell
types1 through interaction with the immunoreceptor tyrosine-
based inhibitory motif (ITIM) (23–25). After IRI, we found five
upregulated and nine downregulated genes in Ptpn6+/mev mice
that encoded proteins with ITIMs (FDR < 0.05), of which three
genes were upregulated and five genes were downregulated by
more than twofold (Supplementary Table 5). Of these eight
genes, six genes were related to lipid metabolism. In the kidneys,
proximal TECs use fatty acids as their main energy source
due to the high energy demand. A previous study indicated
that overexpression of ATF6a transcriptionally downregulated
PPARα, leading to reduced fatty acid β-oxidation, enhanced
apoptosis and reduced cell viability in a human proximal TEC
line (HK-2) (26). Since apoptosis in TECs was also enhanced in
our study, we suggest that the PPARα signaling pathway plays
an important role in the development of renal IRI in SHP-1-
knockdown mice.

Peroxisome-Proliferator-Activated
Receptor Alpha Agonists Attenuate
Renal Ischemia-Reperfusion Injury in
Ptpn6+/mev Mice
To confirm that PPARα signaling plays a central role in
the aggravation of renal IRI induced by SHP-1 insufficiency,
we activated PPARα signaling by administrating the agonist
fenofibrate or vehicle control (corn oil) to six Ptpn6+/mev mice
for 3 weeks to activate the PPARα signaling pathway, followed
by IRI (Figure 4A). When the mice were killed 24 h after IRI,
the serum CR and BUN of three mice taking fenofibrate were
significantly lower than those of three mice taking corn oil
(Figures 4B,C). Furthermore, as assessed using H and E staining
and ROS staining analysis, the kidneys of mice in the fenofibrate-
treated group showed attenuation of renal injury and reduction
of ROS levels (Figures 4D–G). We extracted RNA from the
kidney after IRI for RT-PCR to confirm that the expression of
Acaa1b, Ehhadh, Cyp4a10, and Cyp4a14, which are related to
fatty acid degradation, was significantly increased in mice treated
with fenofibrate but not corn oil (Figure 4H). Taken together,
these in vivo results suggested that SHP-1 knockdown may lead
to the downregulation of fatty acid oxidation, along with an
increase in ROS production and renal tubular damage. This
phenotypic combination ultimately contributes to extracellular
matrix production and promotes mesangial matrix or basement

1http://biogps.org and www.immgen.org

FIGURE 5 | Schematic of the mechanisms that aggravate IRI after SHP-1
knockdown, possibly through downregulation of the PPARα signaling
pathway.

membrane thickening after IRI in Ptpn6+/mev mice. A schematic
of SHP-1 insufficiency leading to the development of renal IRI via
suppression of PPARα signaling is shown in Figure 5.

DISCUSSION

Src homology region 2 domain-containing phosphatase-1, a
highly conserved intracellular PTP, is expressed primarily in
hematopoietic cells and plays a critical role in deciding the fate
of immune cells by modulating the duration and amplitude
of a downstream cascade transduced via receptors in both
mice and humans (27). In several studies, SHP-1 has been
considered a negative regulator of hemopoietic and immune
cytokine signaling (28, 29). However, the biological function of
SHP-1 in epithelial cells is not well understood. Inconsistent with
these findings, a previous study conducted in our laboratory
demonstrated that SHP-1 can bind to and dephosphorylate ASK1
to inhibit its activation, thus repressing apoptosis in TECs in
SHP-1 knockout mice after renal IRI, which is a new insight into
the biological function of SHP-1 in epithelial cells (12).

Peroxisome-proliferator-activated receptor alpha, which is
expressed primarily in fat, liver, heart, muscle, renal cortex, and
other tissues with high catabolic rates, is the main regulator of
lipid and energy metabolism (30). PPARα also participates in
mediating inflammation and apoptosis caused by injury (31).
Previous studies have shown that PPARα plays a protective role
against IRI in many solid organs. For example, PPARα activation
can enhance antioxidation and the anti-inflammatory response
in the context of hepatic IRI by increasing the expression
of antioxidant enzymes and inhibiting the activity of NFκB
(32). In myocardial ischemia-reperfusion, branched-chain amino
acids can render the heart vulnerable to IRI by enhancing
GCN2/ATF6/PPARα pathway-dependent fatty acid oxidation
and metabolism (33). Similarly, ginsenoside Rb3 can activate
the PPARα pathway, thus protecting against myocardial IRI.
Other studies have also suggested that PPARα activation can
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protect against myocardial IRI in type 2 diabetic rats through
PI3K/Akt and NO pathway activation (34). In the kidneys,
PPARα expression decreases after renal IRI. Agonists of PPARα

have been found to ameliorate renal IRI in mice and rat
models (26, 35). Moreover, PPARα can decrease kidney fibrosis
development in TECs by regulating fatty acid oxidation (36).
Decreased expression of PPARα after renal IRI can promote
fibrosis, and overexpression of PPARα induced by miR-21
deletion can prevent ureteral obstruction-induced injury and
fibrosis of the kidneys (37).

In this study, the PPARα signaling pathway was the most
significantly enriched KEGG pathway for the downregulated
genes in SHP-1-knockdown mice compared with wild-type
mice after IRI. The correlation between SHP-1 and the PPARα

signaling pathway has not been reported previously. DEGs in
porcine intramuscular adipocytes differentiated with exogenous
TNF-α and serotonin, including Ptpn6, are enriched in the
PPAR signaling pathway (38). In our study, nine downregulated
genes (CD36, Acaa1b, Ehhadh, Pck1, Hmgcs2, Cyp4a10, Cyp4a31,
Cyp4a14, and Fabp1) in the PPARα signaling pathway were also
found to be related to fatty acid degradation and absorption,
which results in the accumulation of triglycerides in injured
TECs (39). Furthermore, it has been reported that Ehhadh can be
upregulated by a new selective PPARα agonist, CP775146, which
prevents lipid accumulation in obese mice (40). Pck1, Bcl-2, and
PPARα levels can be increased by miR-292-5p downregulation
to protect against myocardial IRI (41). Gene expression profiling
has shown that Fabp1 and Hmgcs2 are upregulated in hepatocyte
humanized mice treated with the PPARα agonist fenofibrate (42).
In summary, PPARα expression decreases as peroxisomal fatty
acid oxidation is inhibited in the context of renal IRI. These
changes are consistent with the findings of previous studies and
might be leading mechanisms by which SHP-1 insufficiency in the
kidneys can exacerbate injury and apoptosis of TECs after renal
IRI (35, 43).

Reactive oxygen species is excessively generated after IRI,
which causes severe damage inside tissues transplantable tissues
such as the heart, liver, and kidney (44). There are several studies
suggesting that the generation of ROS during IRI occurs by a
well-defined mechanism (45). SHP-1 suppression is related to the
development of airway inflammation and increased ROS levels
in airway epithelia under conditions of oxidative stress (46).
Suppression of the SHP-1 function promotes a further increase
in the intracellular ROS level by eliciting amplified and prolonged
activation of endogenous ROS (11). In this study, insufficiency of
SHP-1 lead to the suppression of the PPARα signaling pathway
after IRI, while the activation of the PPARα signaling pathway
plays a protective role in reducing ROS in the heart, liver and
kidney (47–49).

Since SHP-1 is involved in various signaling pathways, we
used next-generation sequencing to characterize the DEGs in
the kidneys of SHP-1-knockdown mice after renal IRI. The
RNA-seq studies enabled complicated analyses of all biological
pathways in one experiment, which was important for profiling
the characteristic gene changes after IRI. We were able to identify
several essential pathways influenced by SHP-1, such as the
PPARα signaling pathway and the mitosis pathway. A major

limitation of this study is that the number of animals used in the
experiment is relatively low, while the changes between different
groups, although significant, are still small. We hope to expand
the number of samples in future research. In summary, our
results show that insufficiency of SHP-1 inhibits the expression
of genes in the PPARα signaling pathway, especially those
which were related to fatty acid degradation, thereby leading to
increasing in ROS and aggravating IRI. We also demonstrated
that the changes in gene expression were due to SHP-1 deficiency-
induced different responses to IRI rather than deficiency of
SHP-1. It will be interesting to analyze the fatty acid profiles in
the kidneys of the SHP-1 insufficiency mice and the wild-type
mice after IRI. Our findings help to demonstrate the mechanisms
by which SHP-1 insufficiency could lead to the development of
renal IRI and provide new insights into the roles of fatty acid
degradation and mitosis in renal IRI.
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