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Abstract
Background: Acute kidney injury (AKI), a prevalent complication of sepsis, causes substantial 
burden on patients’ families as well as the society. More reliable markers are urgently required 
for the prevention and treatment of AKI. Pleckstrin homology-like domain, family A, member 1 
(PHLDA1) was implicated in various diseases, but its involvement in sepsis-induced AKI remains 
to be explored. The JNK/ERK pathway has been revealed as being involved in progression of 
sepsis. One previous study demonstrated that PHLDA1 could activate the JNK/ERK pathway in 
hepatic ischemia/reperfusion injury. Nevertheless, involvement of PHLDA1 in sepsis-triggered 
AKI through the JNK/ERK pathway has not been probed.
Methods: A cecal ligation and punctured (CLP) mice model of sepsis-induced AKI was estab-
lished. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and immu-
nofluorescence staining were applied to evaluate the expression of PHLDA1. Concentration 
of blood urea nitrogen (BUN) and serum creatinine (Scr), inflammation markers, including 
interleukin-6 (IL-6), IL-1β, and tumor necrosis factor-α, as well as oxidative stress-associated 
proteins (catalase, malondialdehyde, superoxide dismutase, and glutathione), in the kidney 
tissues of mice were evaluated by enzyme-linked-immunosorbent serologic assay. Western blot 
analysis was applied for measuring protein expression levels. 
Results: The BUN and SCr levels in mice were obviously elevated in the CLP group compared 
to the sham group. Moreover, the expression of PHLDA1 was also elevated in the CLP group 
in comparison to the sham group. Down-regulation of PHLDA1 alleviated renal injury, inflam-
mation, and oxidative stress in AKI model. Mechanistic study showed that PHLDA1 knockdown 
suppressed the activation of c-JUN N-terminal kinase/p38 and extracellular signal-regulated 
kinase (JNK/ERK) pathway. 
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Methods

Animal model

The animal experiments were conducted with the 
approval of the Ethics Committee of Affiliated Hospital 
of Zunyi Medical University (Approval No. KLLY (A) -2019-
047). Vital River (Beijing, China) provided 6–8-week-old 
C57BL/6 mice (weighing 20–25 g). All animals were kept in 
individual cages having a temperature of 25 ± 2°C under 
a 12-h light/dark cycle for one week for environmental 
adaptation, and were provided with free water and food. 
Cecal ligation and puncture (CLP) surgery was performed 
in mice to trigger sepsis.18 The animals were subjected 
to preheated normal saline, and anesthetized by isoflu-
rane. A 1–2-cm incision was made at the midline of the 
abdomen after cleaning, and the cecum was removed 
followed by ligation using a sterile silk suture and dou-
ble punctured with a 20-gauge needle. Post-squeezing, 
the cecum was put back into the abdominal cavity and 
the incision was closed. In the sham group, the proce-
dures were repeated without CLP operation. After 72 h, 
the blood and kidney tissues of mice were harvested for 
further use.

The animals (n = 24) were divided into the following 
four groups (each group, n = 6): (1) Sham group; (2) CLP 
group; (3) CLP+adeno-associated virus (AAV) group; and 
(4) CLP+AAV-short hairpin PHLDA1 (shPHLDA1) group.

Detection of blood urea nitrogen (BUN), serum 
creatinine (Scr), inflammatory markers, and 
 oxidative stress-associated proteins

Blood samples of mice were collected from jugular vein 
and centrifuged (10 min at 3000 rpm) to obtain serum 
for measuring the levels of BUN, Scr, and inflammatory 
markers.19,20 The BUN and Scr levels were tested, respec-
tively, by the BUN assay kit (Jiancheng Biotech, Nanjing, 
China) and the creatinine assay kit (Biosino Bio-Technology, 
Beijing, China).

Inflammation markers, including interleukin-6 (IL-6), 
IL-1β, and tumor necrosis factor-alpha (TNF-α), were eval-
uated by specific commercial enzyme-linked-immunosor-
bent serologic assay (ELISA) kit (Sigma-Aldrich, USA).

The oxidative stress-associated proteins (cata-
lase [CAT], malondialdehyde [MDA], superoxide dismutase 
[SOD], and glutathione [GSH]) in the kidney tissues of mice 
were assessed by using commercial kits (Jiancheng Biotech, 
Nanjing, China) according to respective instructions.21,22

Introduction

Sepsis is a response to infection presented as a whole-body 
inflammation, and can lead to severe damage to tissues 
and organs.1,2 Previous data have revealed that sepsis has 
become the leading cause of death in intensive care units 
(ICUs).3 Acute kidney injury (AKI) is a prevalent compli-
cation of sepsis, and in ICUs, more than 50% AKI patients 
were admitted due to sepsis.4,5 Although clinical and inten-
sive care in ICUs provided to AKI patients has improved, 
still no effective therapy is available for the treatment of 
AKI patients, and their prognosis remains unfavorable.4,6 
Acute renal failure occurs in almost 5% of AKI patients, and 
morality of AKI patients is approximately 60%; among 15% 
of survivors, renal replacement therapy (RRT) after dis-
charge is still required.7 AKI causes substantial burden on 
patients’ families as well as the society,8,9 hence more reli-
able markers for the prevention and treatment of AKI are 
urgently required.

Pleckstrin homology-like domain, family A, member 
1 (PHLDA1) is found to be a potential transcription fac-
tor located on 12q21.2, and is required for Fas expres-
sion and mouse T cell hybridoma apoptosis activation.10,11 
By interacting with membrane components, PHL protein 
domain contained in PHLDA1 is involved in eliciting cellular 
responses by regulating the transduction of cell signaling, 
trafficking of vesicular, and rearrangement of cytoskel-
etons.12 Previous studies have revealed that PHLDA1 also 
participates in several biological processes, including cell 
proliferation, apoptosis, and differentiation.13 In addition, 
PHLDA1 is engaged in the oxygen glucose deprivation and 
reperfusion (OGD/R)-mediated neurons by modulating 
GSK-3β/Nrf2 pathway.14 PHLDA1 is majorly expressed in 
ulcerative colitis, which could provide a novel biomarker 
for managing dysplasia.15 PHLDA1 is involved in human 
ovarian cancer cells by modulating endoplasmic reticulum 
stress response as well as oxidative stress.16 PHLDA1 par-
ticipates in hepatic ischemia/reperfusion injury as a target 
of miR-194 by regulating TRAF6.17 Although the function 
of PHLDA1 has been corroborated in various diseases, 
whether it is implicated in sepsis-induced AKI remains to 
be explored.

Here, the role and function of PHLDA1 in sepsis- 
induced AKI was investigated, and it was observed that 
PHLDA1 silencing suppressed inflammation and oxidative 
stress in sepsis-induced AKI through modulating the c-JUN 
N-terminal kinase/p38 and extracellular signal-regulated 
kinase (JNK/ERK) pathway. The findings of our study might 
highlight the role of PHLDA1 in the future treatment of 
 sepsis-induced AKI for improving the prognosis of AKI 
patients.

Conclusion: Down-regulation of PHLDA1 suppressed inflammation and oxidative stress through 
the modulation of JNK/ERK pathway in sepsis-induced AKI. The results could offer a novel 
insight into the treatment of patients with sepsis-induced AKI. 
© 2022 Codon Publications. Published by Codon Publications.
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their subjecting to sodium dodecyl sulfate– polyacrylamide 
gel electrophoresis (SDS-PAGE). The concentration of pro-
teins was measured by a bicinchoninic acid (BCA) assay 
kit (Thermo Fisher Scientific, USA). Equal amount of total 
proteins was loaded for SDS-PAGE in each lane and trans-
ferred on polyvinylidene fluoride (PVDF) membranes. 
Non-fat milk was applied for sealing the membranes, and 
primary antibodies were added to the membranes for 
one night. Then horseradish peroxidase (HRP)-conjugated 
secondary antibodies (Sigma-Aldrich, USA) were supple-
mented for 2 h. Bands were normalized with GAPDH, and 
signal intensities of the bands were quantified by Image J 
(NIH, Bethesda, MD, USA). An enhanced chemiluminesence 
system (Amersham Biosciences, USA) and the ImageLab 
software (Bio-Rad, USA) were employed, respectively, 
for the visualization and quantification of band signals. 
Primary antibodies were as follows: anti-PHLDA1 (1:10,000, 
ab133654; Abcam, Shanghai, China), anti-nuclear fac-
tor erythroid 2-related factor 2 (Nrf2) (1:1000, ab92946; 
Abcam), anti- Cyclooxygenase-2 (COX-2) (1:1000, ab179800; 
Abcam), anti-inducible nitric oxide synthase (iNOS) (1:1000, 
ab178945; Abcam), anti-p65 (1:1000, ab32536; Abcam), anti-
p-p65 (1:1000, ab76302; Abcam), anti-JNK (1:1000, ab76125; 
Abcam), anti-p-JNK(1:5000, ab76572; Abcam), anti-ERK 
(1:1000, ab32537; Abcam), anti-p-ERK (1:1000, ab201015; 
Abcam), and anti-GAPDH (1:1000, ab9483; Abcam).

Statistical analysis

The Statistical Product and Service Solutions 13.0 software 
(IBM Inc., New York, USA) was applied for statistical analysis 
expressed as mean ± standard error (SE). Unpaired two-tail 
Student’s t-test and one-way analysis of variance (ANOVA) 
were applied for comparison of differences between groups. 
All the experiments were conducted for at least three times, 
and P < 0.05 was considered as statistically significant.

Results

PHLDA1 is enhanced in the renal tissues of  
AKI mice

In order to probe the function of PHLDA1 in sepsis-induced 
AKI, a CLP mouse model of sepsis-induced AKI was estab-
lished. The BUN and SCr levels of mice were measured. 
The results revealed that the BUN and SCr levels were 
elevated in the CLP group compared to the sham group 
(Figure 1A), suggesting that the AKI model was successfully 
constructed. RT-qPCR manifested that the PHLDA1 mRNA 
level was evidently enhanced in the CLP group (Figure 1B). 
Consistently, IF staining showed that the protein expression 
of PHLDA1 was also elevated in the CLP group compared 
to the sham group (Figure 1C). In a nutshell, PHLDA1 was 
enhanced in the renal tissues of AKI mice.

Silencing of PHLDA1 alleviates renal injury

The function of PHILDA1 was studied by silencing it in the 
renal tissues of mice through the injection of AAV-shPHLDA1. 

Immunofluorescence (IF) staining

The kidney tissues of mice were maintained at room tem-
perature for 1 h in a box of paraformaldehyde (PFA 1%; 
Sigma-Aldrich) and Triton X-100 (0.2%; Sigma-Aldrich). Post 
washing by droplets, the tissues were blocked in bovine 
serum albumin (BSA, 3%) solution and fetal bovine serum 
(FBS)/phosphate buffer solution (PBS, 10%) overnight at 
4°C. Next, the tissues were incubated with the primary 
antibodies of PHLDA1 (1:50, ab133654; Abcam, Shanghai, 
China) overnight at 4°C. The secondary anti-rabbit antibod-
ies (1:400; Sigma-Aldrich) were added and incubated at 4°C 
post-washing. A fluorescence microscope (Olympus, Japan) 
was used for observing the images.

Hematoxylin and eosin (H&E) staining

Xylene was used for dewaxing of paraffin-embedded kidney 
tissues of mice followed by hematoxylin staining for 10 min. 
The tissues were rinsed in distilled water and subjected to 
eosin staining for 2 min. Then, 95% and 100% ethanol was 
added to tissues for 1 min. Subsequently, the sections were 
mounted with neutral resin, and images were observed 
under microscope (Olympus, Japan).

RNA extraction and quantitative reverse 
 transcription-polymerase chain reaction (RT-qPCR)

The TRIzol reagent (Invitrogen, Carlsbad, USA) was applied 
for RNA extraction from the kidney tissues of mice. The 
PrimeScript RT reagent kit (Takara, Dalian, China) was used 
for the synthesis of single-stranded complementary DNA 
(cDNA). RT-qPCR was performed using the standard SYBR 
Green PCR kit (Toyobo Life Science, Shanghai, China) and 
executed on the ABI Prism 7500 Sequence Detection System 
(PerkinElmer Inc., USA). Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) acted as a control, and the relative 
level of PHLDA1 was analyzed using the 2-ΔΔCt method.

The primers were as follows:
PHLDA1:
F: 5′-CCAGGACAGATGCTACTTGG-3′
R: 5′-GACTACATAACCTAGCAGTGG-3′;
GAPDH:
F: 5′-AACGTGTCAGTGGTGGACCTG-3′
R: 5′-AGTGGGTGTCGCTGTTGAAGT-3′.

Transfection of adenovirus

Adenovirus-mediated AAV-shPHLDA1 was transfected into 
mice for the knockdown of PHLDA1 level. AAV-shPHLDA1 
was transfected into the abdominal cavity of mice 4 days 
prior to CLP. After anesthetization, the mice were intra-
peritoneal injected with AAV-shPHLDA1. After transfection, 
level of PHLDA1 was measured by Western blot analysis.

Western blot analysis

Protein samples were extracted from the kidney tissues and 
prepared in sodium dodecyl sulfate (SDS) buffer followed by 
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the renal tissues of AKI model (Figure 2B). In addition, tubu-
lar injuries, including tubule dilation, loss of brush margin, 
cytoplasmic vacuole, and tubular formation, in the CLP 
group were alleviated by knockdown of PHLDA1 (Figure 2C). 
To summarize, silencing of PHLDA1 alleviated renal injury.

The data demonstrated that PHLDA1 was increased in the 
CLP model, and the transfection of AAV-shPHLDA1 signifi-
cantly reduced the level of PHLDA1 in the renal tissues of 
mouse model (Figure 2A). Moreover, down-regulation of 
PHLDA1 attenuated the levels of elevated BUN and SCr in 

(A)

Figure 1 PHLDA1 is boosted in the renal tissues of AKI mice. Groups were separated as sham group (n = 6) and CLP group (n = 6). 
(A) The concentrations of BUN and SCr were evaluated via the corresponding commercial kits. (B) The level of PHLDA1 was 
revealed by RT-qPCR. (C) Immunofluorescence staining expressed the expression of PHLDA1. ***P < 0.001 relative to sham group.

(C)

(B)(A)

Figure 2 Silencing PHLDA1 alleviates renal injury. Groups were separated as sham group (n = 6), CLP group (n = 6), CLP+AAV group 
(n = 6), and CLP+AAV-shPHLDA1 group (n = 6). (A) The protein level of PHLDA1 was measured by Western blot analysis. (B) The 
concentrations of BUN and SCr were evaluated by corresponding commercial kits. (C) Hematoxylin and eosin staining uncovered 
the pathological changes of renal tissues. ***P < 0.001 relative to sham group; ##P < 0.01, ###P < 0.001 relative to CLP+AAV group.

(A)

(C)

(B)
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PHLDA1 reduced the CLP-induced elevation of the JNK/ERK 
pathway-related proteins (p-JNK and p-ERK; Figure 5). This 
result established that knockdown of PHLDA1 suppressed 
the activation of JNK/ERK pathway.

Discussion

As a prevalent complication of sepsis, AKI affects nearly 
50% of patients with sepsis and the mortality rate of up 
to 60%.23,24 Nonetheless, the detailed pathogenesis of 
 sepsis-induced AKI is still unclear. In previous studies, 
multiple proteins were identified to be implicated in the 
development of sepsis-induced AKI. For instance, Bcl-2 
serves as a target of microRNA-543 and is involved in devel-
oping sepsis-induced AKI.25 Nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase (NOX) 4 modulates 
sepsis-induced AKI by mediating apoptosis, inflammation, 
and oxidative stress in kidney tubular epithelial cells by 
regulating phosphatase and tensin homolog (PTEN) path-
way.26 70 Kilodalton heat shock protein (HSP70) alleviates 
the inflammation-associated apoptosis in sepsis-induced 
AKI by combining with TNF receptor-associated factor 6 
(TRAF6).27 Fatty acid-binding protein 4 mediates inflam-
matory response and cell apoptosis in sepsis-induced AKI, 
and might act as a novel therapeutic target for sepsis- 
induced AKI.28 PHLDA1 is reported to be involved in OGD/
R-mediated neurons,14 ulcerative colitis and dysplasia,15 
ovarian cancer,16 and hepatic ischemia/reperfusion injury.17 
However, participation of PHLDA1 in sepsis-induced AKI 
remains to be explored. In the current study, a CLP-mice 
model of sepsis-induced AKI was established to identify the 
role and function of PHLDA1 in the disease. It was observed 

PHLDA1 knockdown reduces inflammation 

Next, the role of PHLDA1 in the inflammation of AKI was 
investigated. Concentrations of inflammation markers (IL-
6, IL-β, and TNF-α) were evaluated. The results showed 
that the increased concentrations of IL-6, IL-β, and TNF-α 
in the CLP group were attenuated by PHLDA1 knockdown 
(Figure 3A). In addition, the p-p65 protein level was ele-
vated in the CLP model whereas suppression of PHLDA1 
inversely changed this effect (Figure 3B). In general, 
PHLDA1 knockdown reduced inflammation in AKI.

PHLDA1 alleviation ameliorates oxidative stress

Furthermore, participation of PHLDA1 in oxidative stress in 
AKI was explored. ELISA was performed to detect the con-
centrations of oxidative stress-associated proteins (MDA, 
SOD, GSH, and CAT). CLP treatment decreased the concen-
trations of SOD, GSH, and CAT but increased the concen-
tration of MDA; however, these effects were counteracted 
by down-regulation of PHLDA1 (Figure 4A). Moreover, the 
protein levels of Nrf2, COX-2, and iNOS were decreased 
in CLP mice, but silencing of PHLDA1 offset these effects 
(Figure 4B). These results showed that alleviation of 
PHLDA1 ameliorated oxidative stress in AKI.

PHLDA1 knockdown suppresses JNK/ERK  
pathway activation

Finally, the underlying mechanism of PHLDA1 in AKI was 
investigated. It was observed that down-regulation of 

Figure 3 PHLDA1 knockdown reduces inflammation. Groups were separated as sham group (n = 6), CLP group (n = 6), CLP+AAV 
group (n = 6), and CLP+AAV-shPHLDA1 group (n = 6). (A) The concentrations of inflammation markers were detected by ELISA. 
(B) The protein levels of p-p65 and p65 were measured by Western blot analysis. ***P < 0.001 relative to sham group; ###P < 0.001 
relative to CLP+AAV group.

(A)

(B)



6  Gong M et al.

A variety of regulatory pathways are involved in the 
occurrence and development of sepsis. For instance, 
suppression of Bruton's tyrosine kinase (BTK) signaling 
alleviates sepsis-induced AKI in mice.34 Moreover, inhi-
bition of IL-2-inducible T-cell kinase (ITK) signaling cuts 
down AKI progression in mice by modulating inflamma-
tory transcription factor signaling.35 Besides, suppression 
of spleen tyrosine kinase (Syk) signaling relieves sepsis- 
induced AKI by modulating inflammatory cytokines.36 The 
JNK/ERK pathway has been extensively corroborated to 

that PHLDA1 level was evidently enhanced in the CLP group 
compared to the sham group. In addition, PHLDA1 knock-
down attenuated the elevated levels of BUN and SCr in the 
renal tissues of AKI model, demonstrating that silencing of 
PHLDA1 alleviated renal injury. Oxidative stress and inflam-
mation are identified as critical processes that participate 
in sepsis.29–33 Similarly, in this study, we also discovered 
that PHLDA1 knockdown reduced inflammation and oxida-
tive stress in sepsis-induced AKI. To summarize, PHLDA1 
inhibition had a protective role in sepsis-induced AKI.

Figure 4 PHLDA1 alleviation ameliorates oxidative stress. Groups were separated AS sham group (n = 6), CLP group (n = 6), 
CLP+AAV group (n = 6), and CLP+AAV-shPHLDA1 group (n = 6). (A) The concentrations of SOD, MDA, GSH, and CAT were assessed 
through the corresponding commercial kits. (B) Western blot analysis tested the protein levels of Nrf2, COX-2, and iNOS. *P < 0.05, 
**P < 0.01 ***P < 0.001 relative to sham group; #P < 0.05, ##P < 0.01, ###P < 0.001 relative to CLP+AAV group.

(A)

(B)

Figure 5 PHLDA1 knockdown suppresses JNK/ERK pathway activation. Groups were separated as sham group (n = 6), CLP group 
(n = 6), CLP+AAV group (n = 6), and CLP+AAV-shPHLDA1 group (n = 6). The protein levels of JNK, p-JNK, ERK, and p-ERK were 
examined through Western blot analysis. ***P < 0.001 relative to sham group; ###P < 0.001 relative to CLP+AAV group.
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