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Background: Acute kidney injury (AKI) is clinically characterized by a rapid deterioration of renal function and is often as-
sociated with inflammation and oxidative stress. This study elucidated protective roles and underlying mechanisms of tight
junction (TJ) proteins in AKI, with particular emphasis on the involvement of the TYRO protein tyrosine kinase binding pro-
tein (TYROBP) (also known as DNAX-associated protein 12 [DAP12])/phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)
signaling pathway.
Methods: After establishing a cisplatin-induced AKI model, TJ protein levels, inflammation and oxidative stress were evaluated.
ZO-1 (TJP1)-related genes were identified usingWeightedGeneCo-ExpressionNetworkAnalysis (WGCNA) and Protein-Protein
Interaction (PPI) network analysis. An HK-2 cell injury model was established using cisplatin, followed by assessment of the
impact of DAP12 silencing on TJ proteins, inflammation, oxidative stress, and PI3K/AKT signaling pathway. Renal function,
inflammation (tumor necrosis factor-α [TNF-α] and interleukin-1β [IL-1β]), oxidative stress (reactive oxygen species [ROS] and
malondialdehyde [MDA]), and TJ protein levels were determined through histopathology, Western blotting and enzyme-linked
immunosorbent assay (ELISA).
Results: Cisplatin-induced AKI resulted in downregulated TJ proteins (ZO-1, Occludin, Claudin-1), elevated inflammation and
oxidative stress, and activated DAP12/PI3K/AKT (p < 0.05). Among the three TJ proteins, only TJP1 level was diminished
in kidney injury-related diseases. Then, through WGCNA and PPI analysis, DAP12 was identified as a key gene negatively
correlated with TJP1. DAP12 silencing in the HK-2 cell injury model attenuated cellular damage, restored TJ protein expression,
and reduced inflammation and oxidative stress, concomitantly suppressing the activation of the PI3K/AKT pathway (p < 0.01).
Conclusion: Targeting the DAP12/PI3K/AKT pathway and TJ proteins presents therapeutic potential for AKI, and the upstream
and downstream mechanisms of DAP12 in kidney injury warrant further investigation.
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Introduction

Acute kidney injury (AKI) is a prevalent clinical syn-
drome primarily characterized by a sudden decline in re-
nal function [1], resulting in the accumulation of metabolic
waste and toxins in the body, as well as disruptions in water-
electrolyte and acid-base homeostasis [2,3]. The onset and
progression of AKI involve multiple complex pathophysi-
ological processes, among which inflammation and oxida-
tive stress are considered pivotal mechanisms [4,5]. Of
note, these two processes are interrelated and mutually re-
inforcing. Specifically, inflammatory cell infiltration and
release of inflammatory mediators can exacerbate oxida-
tive stress, while oxidative stress can further activate rele-
vant signaling pathways and promote the release of inflam-
matory mediators, thereby forming a detrimental cycle [6–
8]. Therefore, effectively reducing inflammatory responses
and oxidative stress levels is of great significance for pro-

tecting the kidneys from damage and promoting the recov-
ery of renal function, which may be a promising therapeutic
avenue for AKI.

Tight junctions (TJs), as important connection struc-
tures between renal tubular epithelial cells, are mainly
composed of claudin family proteins, junctional adhesion
molecules (JAMs), Occludin, and zonula occludens pro-
teins (ZO-1, ZO-2, ZO-3) [9]. Their integrity and func-
tional stability are essential for renal protection and physi-
ological function [10]. Recent studies have shown that TJ
proteins are aberrantly expressed in various kidney diseases
and are closely related to disease progression and progno-
sis [11,12]. TJ protein dysregulation is a common feature in
various forms of AKI [13]. In cisplatin-induced nephrotox-
icity models, this dysregulation manifests as a significant
reduction in TJ protein expression [14], suggesting their po-
tential involvement in disease pathogenesis. However, the
specific mechanisms underlying the aberrant expression of
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TJ proteins and their potential interaction with inflamma-
tion and oxidative stress responses in AKI warrant further
elucidation.

This study was designed to further investigate the
protective roles and underlying mechanisms of TJ pro-
teins in AKI. We identified multiple genes associated
with ZO-1 (also known as TJP1) through Weighted Gene
Co-Expression Network Analysis (WGCNA) and Protein-
Protein Interaction (PPI) network analysis, and found that
TYRO protein tyrosine kinase binding protein (TYROBP,
also termedDNAX-associated protein 12 [DAP12]) is a key
negatively correlated gene. Reportedly, DAP12 is a new
candidate gene associated with renal ischemia-reperfusion
injury, and is highly expressed in hypoxic human kidney
(HK-2) cells [15]. Moreover, DAP12 is a macrophage
M1-related Hub gene shared by AKI and acute rejection
(AR) after kidney transplantation, suggesting its diagnos-
tic utility [16]. FcγRIIb aggravates lipopolysaccharide
(LPS)-induced neuroinflammation via binding with DAP12
and activating phosphoinositide 3-kinase (PI3K)/protein
kinase B (AKT) signaling pathway in microglia [17].
In rheumatoid arthritis, phosphorylation of the tyrosine
residue within the immunoreceptor tyrosine-based activat-
ing motif (ITAM) of DAP12 induces recruitment of Syk ty-
rosine kinase, ultimately activating the PI3K and extracellu-
lar signal-regulated kinase (ERK) signaling pathways [18].
Furthermore, butyrate has been shown to upregulate the ex-
pression of ZO-1, Occludin, and E-cadherin in HK-2 cells
by inhibiting PI3K/AKT signaling [19]. Collectively, we
speculated that DAP12 may regulate TJ proteins through
the PI3K/AKT pathway, thereby promoting the develop-
ment of AKI.

In this study, we established AKI mouse models using
cisplatin, and then assessed the expression levels of TJ pro-
teins along with key markers of inflammation and oxidative
stress. By establishing an AKI model in HK-2 cells with
cisplatin, we determined the influence of DAP12 silencing
on TJ proteins, inflammation, and oxidative stress. Accord-
ingly, we identified a new mechanism through which the
DAP12/PI3K/AKT pathway promoted the restoration of TJ
protein expression levels, thereby reducing inflammation
and oxidative stress in AKI. We anticipate that our find-
ings will not only unveil novel therapeutic targets but also
provide a fundamental theoretical framework for deepening
our comprehension of AKI pathogenesis.

Materials and Methods
Mice

Thirty male C57BL/6 mice (Hua Fu Kang Co., China,
6 weeks old, 20–25 g) were housed in a specific pathogen-
free facility under a 12-hour light/dark cycle, and received
water and food ad libitum. All animal experiments con-
ducted in this study were approved by the Ethics Commit-
tee for Experimental Animals Welfare in Zhejiang Center
of Laboratory Animals (No. ZJCLA-IACUC-20030160).

Model of Cisplatin-Induced AKI
AKI was induced in mice by administration of cis-

platin (purity >99.5%, Chengdu Herbpurify Co., Ltd.,
China) according to previous literature [20]. Micewere ran-
domly distributed into a cisplatin-inducedAKImodel group
(n = 6; intraperitoneal injection of cisplatin (20 mg/kg)) and
a control group (n = 6; injection with an equal volume of
saline). At 72 h after cisplatin injection, blood was col-
lected from each mouse and centrifuged to obtain serum.
Subsequently, all mice were anesthetized via an intraperi-
toneal injection of sodium pentobarbital (50 mg/kg) and eu-
thanized by cervical dislocation. Kidney tissues were then
immediately harvested and snap-frozen at –80 °C for sub-
sequent analysis.

Histopathology Assessment
Kidney tissues were fixed in formalin, dehydrated in

graded alcohol, embedded in paraffin, and sectioned at
4 µm. After deparaffinization using xylene, the sections
were stained with hematoxylin (C0107, Beyotime, Shang-
hai, China) for 15 min and eosin (C0109, Beyotime, China)
for 5 min, and mounted with neutral gum. The images were
captured using a VECTRA 3 Quantitative Pathology Imag-
ing System (PerkinElmer, Waltham, MA, USA) at ×100
magnification.

Biochemical Assay
The concentrations of blood urea nitrogen (BUN) and

serum creatinine (SCr) that represent renal function were
determined using the QuantiChromUrea Assay Kit (DIUR-
500, Bioassay Systems, Hayward, CA, USA) and Creati-
nine Assay Kit (DICT-500). Quantification of tumor necro-
sis factor-α (TNF-α) and interleukin-1β (IL-1β) inflamma-
tory cytokines in cell culture supernatants and mouse serum
was performed using the ELISA kit (ml077385, ml106733,
mlbio, Shanghai, China; RK00027, RK00006, ABclonal,
Wuhan, China). Additionally, mouse renal tubule tissues
and HK-2 cells were dissolved in extraction buffer to de-
tect malondialdehyde (MDA) level according to the man-
ufacturer’s instructions (A0003-1, Nanjing Jiancheng Bio-
engineering Institute, Nanjing, China).

Cell Culture and Transfection
HK-2 cells (AW-CELLS-H0142, Anweisci, Shang-

hai, China) were cultured in DMEM (Gibco, Grand Is-
land, NY, USA) supplemented with 10% fetal bovine
serum (12103C, Sigma-Aldrich, St. Louis, MO, USA), 1%
penicillin-streptomycin (C0222, Beyotime, China), and 3
mM glutamine (37 °C, 5% CO2). HK-2 cells were au-
thenticated by short tandem repeat (STR) profiling and
were tested negative for mycoplasma contamination. HK-2
cells were seeded into 24-well plates (2 × 104 cells/well)
and randomly divided into the control (normally cultured
cells), model (cisplatin-induced cell model), shNC, and
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Fig. 1. Abnormalities of TJ proteins, inflammation, and oxidative stress in the AKI mouse model. (A) Representative micrographs
showing the morphology of the kidneys from control and cisplatin-induced model groups (magnification, ×100). (B,C) Concentrations
of serum creatinine and blood urea nitrogen. (D) Western blot results of ZO-1, Occludin, and Claudin-1 in the renal tubular tissue. (E–G)
Quantitative analysis of ZO-1, Occludin, and Claudin-1 proteins. (H,I) Concentrations of TNF-α and IL-1β. (J,K) Relative levels of
ROS and MDA. n = 6. TJ, tight junction; AKI, Acute kidney injury; MDA, Malondialdehyde; ROS, Reactive oxygen species; Con,
Control; Mod, Model. A p < 0.05 was considered significant, *p < 0.05, **p < 0.01, ***p < 0.001 vs Con.

shDAP12 groups. The cells in the shDAP12 and shNC
groups were transfected with short hairpin RNA targeting
DAP12 (shDAP12) and corresponding controls shNC, re-
spectively, utilizing Lipofectamine 2000 (11668500, Invit-
rogen, Camarillo, CA, USA). The shDAP12 sequence was
5′-TCAACACACAGAGGCCGTATT-3′, and the shNC se-
quence was 5′-TTCTCCGAACGTGTCACGT-3′. Control
cells were exposed to an equivalent volume of phosphate
buffer saline (PBS), and model cells were treated with 20
µM cisplatin for 18 h [20]. The cellular damage was ob-
served under a light microscope. Later, cells were incu-
bated with 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-
tetrazolium bromide (MTT, 5 mg/mL, C0009S, Beyotime,
Shanghai, China) for an additional 4 h. Then, the super-
natant was removed and formazan solution was added. The
optical density was measured at 570 nm and cell viability
was normalized as the percentage of control.

Reactive Oxygen Species (ROS) Measurement
HK-2 cells were incubated with 50 µM 2’,7’-

Dichlorodihydrofluorescein diacetate (DCFH-DA, D6883,
Sigma-Aldrich, USA) (30 min) in the dark at 37 °C. Subse-
quently, the cells were washed twice with PBS to remove
excess probe. The DCF fluorescence intensity was mea-
sured using a fluorescence microplate reader (Synergy H4
Hybrid, BioTek, Winooski, VT, USA) with an excitation
wavelength of 504 nm and an emission wavelength of 529
nm. Relative ROS levels were derived from the fluores-
cence intensity data, expressed by normalizing the mean
fluorescence intensity of each treatment group to that of the
control group.

Western Blotting
Total protein was isolated from mouse renal tubule

tissues or cells using RIPA buffer containing a phos-
phatase inhibitor, protease inhibitor, and phenylmethyl-
sulfonyl fluoride (PMSF). The bicinchoninic acid (BCA)
Protein Assay kit was utilized to quantify the protein
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Fig. 2. Expression of three TJ proteins in kidney injury-related diseases. TJP1, tight junction protein 1; CLDN1, Claudin-1; OCLN,
Occludin. ns, not significant. *p < 0.05, **p < 0.01, ***p < 0.001 vs Healthy living transplant donor.

concentrations. Next, the proteins were separated us-
ing 12% SDS-PAGE (P0012A, Beyotime, China) and
transferred onto a polyvinylidene difluoride membrane
(FFP19, Beyotime, China). The membrane was incu-
bated with primary antibodies at 4 °C overnight, incorporat-
ing glyceraldehyde-3-phosphate dehydrogenase (GAPDH,
1:5000; ab9485, Abcam, Cambridge, UK), ZO1 (1:1000,
ab276131, Abcam), Occludin (1:1000; ab216327; Ab-
cam), Claudin 1 (1:1000; ab307692; Abcam), DAP12
(1:1000; ab280568; Abcam), PI3 Kinase p85 alpha (phos-
pho Y467) + PI3 Kinase p55 (phospho Y199) (0.5
µg/mL; ab278545; Abcam), PI3 Kinase catalytic subunit
gamma/PI3K-gamma (1:1000, ab302958, Abcam), AKT
(phospho T308) (1:1000, ab38449, Abcam), and pan-AKT
(1:1000, ab8805, Abcam). Then the membrane was incu-
bated with secondary antibodies (1:5000, ab205718, Ab-
cam) at room temperature for 1 h, followed by treatment
with SuperSignal ECL (ThermoFisher Scientific, Waltham,
MA, USA) and visualization using a UVP imaging system
(Upland, CA, USA). The images obtained were analyzed
utilizing ImageJ software (version 1.52p, NIH, Bethesda,
MD, USA), and the gray densities of protein bands were
normalized employing GAPDH density as the internal con-
trol.

Bioinformatics Analysis

Using the Gene Expression Omnibus database
GSE254957 [21], which includes RNA sequencing data
from 282 glomerulus samples derived from healthy living
transplant donors, focal segmental glomerulosclerosis,
membranous nephropathy, disease with minimal changes,
other nephrotic syndromes, and other phenotypes, the
expression levels of three TJ proteins (ZO-1, Occludin,

Claudin-1) were assessed in kidney injury-related diseases.
Gene sets positively and negatively correlated with TJP1
were determined using WGCNA, followed by Gene Ontol-
ogy (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analyses, as well as PPI analysis, to
identify genes and signaling pathways closely related to TJ
protein expression. WGCNA was performed to construct a
scale-free network with an optimal soft-threshold power of
7. In the gene significance (GS)-gene significance (MM)
analysis, core genes were selected using thresholds of GS
>0.8 and MM >0.2. GO and KEGG enrichment analyses
were performed using the clusterProfiler package [22].
The PPI network of MitoDEGs was retrieved from the
String database [23] and analyzed using Cytoscape [24].
Core genes were screened based on degree values and the
maximal clique centrality (MCC) method implemented in
the cytoHubba plugin.

Statistical Analysis
Statistical analysis was performed using GraphPad

Prism software version 8.0 (GraphPad Software Inc., San
Diego, CA, USA). Data are expressed as mean ± stan-
dard deviation. Independent samples t-test was employed
for two-group comparison, while one-way ANOVA with
Tukey’s test was applied for multi-group comparison. A
p < 0.05 was considered statistically significant. * or ^ in-
dicated p< 0.05, ** or ^^ indicated p< 0.01, and *** or ^^^
indicated p < 0.001.
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Fig. 3. Identification of targets associated with TJ protein downregulation using WGCNA. (A) The best soft-threshold power. (B)
Module-TJs correlative analysis. Each row and column corresponds to a module eigengene and different TJs, respectively. Heatmap
block with correlation coefficients and p-values. (C) Clustering dendrogram of genes, with dissimilarity based on topological overlap.
TJs, tight junctions; WGCNA, Weighted Gene Co-Expression Network Analysis.

Results

Abnormalities of TJ Proteins, Inflammation, and
Oxidative Stress in a Cisplatin-Induced AKI Model

To explore whether inflammation and oxidative stress
were associated with TJ proteins in AKI, we first estab-
lished a mouse model of AKI by administration of cis-
platin. H&E staining results revealed significant pathologi-
cal changes in the kidney tissue of cisplatin-treated mice,
manifested by irregular cell structure, necrosis, and the
shedding of renal tubular epithelial cells (Fig. 1A). Addi-
tionally, BUN and SCr levels were significantly elevated in
AKI model mice (p< 0.001, Fig. 1B,C), while levels of TJ
proteins (Claudin-1, ZO-1, and Occludin) were markedly
downregulated in the renal tubular tissue (Fig. 1D,E, p <

0.001; Fig. 1F, p < 0.05; Fig. 1G, p < 0.01). ELISA
data showed remarkable upregulation of inflammatory cy-
tokines IL-1β and TNF-α in the serum from AKI model
mice (p < 0.001, Fig. 1H,I). Oxidative stress markers, in-
cluding ROS and MDA, were quantified in the renal tubu-

lar tissue, and their levels were significantly upregulated in
AKI model mice (p < 0.01, Fig. 1J,K). These results sug-
gest abnormal levels of inflammation, oxidative stress, and
TJ proteins in AKI model mice.

Identification of Targets Associated With TJ Protein
Downregulation Using WGCNA

We performed a WGCNA to identify key candidate
genes associated with the downregulation of TJ proteins
for further investigation. Bioinformatics screening re-
vealed that among the three TJ proteins (ZO-1, Occludin,
Claudin-1), only TJP1 (also known as ZO-1) level de-
creased in kidney injury-related diseases, while the other
two showed no significant changes (p < 0.01, Fig. 2).
The soft-threshold power was calibrated to 7 (scale-free R2

= 0.85) through WGCNA (Fig. 3A). The results showed
that genes in the Magenta, Turquoise, and grey modules
were strongly positively correlated with OCLN expression
(Fig. 3B). In addition, gene sets showed a strong posi-
tive correlation with TJP1 expression, including genes in
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Fig. 4. Correlation analysis of the Magenta, Turquoise, Grey, Red and Green modules with the TJP1 expression. TJP1, tight
junction protein 1.

the Magenta, Turquoise, and grey modules. Conversely,
genes in the green and red modules were negatively cor-
related with TJP1 expression (Fig. 3B). Fig. 3C shows the
clustering dendrogram of genes based on topological over-
lap, along with assigned merged module colors and original
module colors. These TJP1-correlated modules were sub-
sequently subjected to downstream functional analysis and
central regulator screening. To further explore genes highly
correlated with TJP1 expression in these modules, we per-
formed a correlation analysis between module membership
(MM) and gene significance (GS) (Fig. 4).

GO and KEGG Enrichment Analyses on
Differentially Expressed Genes (DEGs)

To elucidate the biological functions of the genes, par-
ticularly those negatively correlated with TJP1, we per-
formed GO and KEGG enrichment analyses on the DEGs
derived from the relevantmodules. GO enrichment analysis
results revealed that the negatively correlated DEGs were
prominently enriched in immunity-related categories, such
as the immune response-regulating signaling pathway, pos-
itive regulation of immune effector process, and signaling
pathway regulation of immune effector process (Fig. 5A,B).
KEGG enrichment analysis data unraveled that negatively

correlated DEGs were markedly enriched in the B cell
receptor signaling pathway, Natural killer cell-mediated
cytotoxicity, and Neutrophil extracellular trap formation
(Fig. 6A,B).

Identification of the TYROBP/DAP12-PI3K-AKT
Pathway as a Core Module

We constructed a PPI network to pinpoint a central
regulator from this enriched gene set. Then, TYROBP, also
known as DAP12, was identified as a core gene among the
negatively correlated genes (Figs. 7,8); hence, it was es-
tablished as a key candidate for subsequent experimental
validation. To validate the activity of this identified path-
way in our experimental model, we assessed its expression
levels. Western blot analysis results demonstrated a notable
upregulation of DAP12, and elevated ratios of p-PI3K/PI3K
and p-AKT/AKT in the renal tubular tissue of AKI model
mice (p < 0.001, Fig. 9A–D), denoting an evident activa-
tion of the TYROBP/PI3K/AKT pathway in the kidney in-
jury model.
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Fig. 5. GO enrichment analyses of DEGs. (A,B) A bubble plot depicting GO enrichment analyses results. GO, Gene Ontology; DEGs,
differentially expressed genes.

Fig. 6. KEGG enrichment analyses of DEGs. (A,B) A bar chart presenting KEGG enrichment analyses results. KEGG, Kyoto
Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes.

The Mitigating Effect of DAP12 Silencing on Renal
Tubular Epithelial Cell Injury

We established a cisplatin-induced cell injury model
using renal tubular epithelial cells, HK-2. Based on bioin-
formatics analysis data, shDAP12 was constructed and
demonstrated by Western blotting to cause the loss of
DAP12 inmodel cells (p< 0.001, Fig. 10A,B). After silenc-
ing of DAP12 in HK-2 cells, cellular damage was observed
under a light microscope, revealing significantly mitigated
cell injury (p< 0.01, Fig. 10C,D). Furthermore, in theHK-2
cell model, there was remarkable downregulation of TJ pro-

teins ZO-1, Claudin-1, andOccludin (Fig. 10E,F, p< 0.001;
Fig. 10G, p < 0.01; Fig. 10H, p < 0.001), yet DAP12 si-
lencing markedly reversed the downregulation of Claudin-
1 and ZO-1 (p < 0.001, Fig. 10E,F,H). Occludin expres-
sion was increased after DAP12 silencing, but without a
statistically significant difference (Fig. 10G). Meanwhile,
ELISA results revealed the upregulation of inflammatory
cytokines IL-1β and TNF-α in the cell injury model, and
this upregulation was suppressed by DAP12 silencing (p
< 0.001, Fig. 10I,J). DAP12 silencing also decreased lev-
els of two oxidative stress indicators, MDA and ROS (p <
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Fig. 7. Screening hub genes by PPI network analysis. (A) PPI network analysis of positively correlated genes. (B) PPI network
analysis of negatively correlated genes. PPI, Protein-Protein Interaction.
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Fig. 8. Screening hub genes by PPI network analysis. (A) PPI network analysis of the positively correlated core gene. (B) PPI network
analysis of the negatively correlated core gene. PPI, Protein-Protein Interaction.

0.01, Fig. 11A,B). Subsequently, we observed a significant
inhibition of p-PI3K and p-AKT activation upon DAP12
silencing (p < 0.001, Fig. 11C–E), indicating that DAP12
may affect the pathogenesis of AKI by upregulating the
PI3K/AKT pathway.

Discussion

This study delved into the associations between in-
flammation, oxidative stress, and TJ proteins in AKI using
a cisplatin-induced AKI mouse model and an HK-2 cell in-
jury model. Our results indicated that in the AKI mouse
model, kidney tissues, particularly the renal tubules, ex-
hibited evident pathological changes accompanied by sig-
nificant renal dysfunction. Levels of TJ proteins (ZO-
1, Claudin-1 and Occludin) were downregulated, together
with markedly upregulated inflammatory cytokines (IL-1β
and TNF-α) and oxidative stress markers (MDA and ROS),
analogous to previous findings [25,26]. Furthermore, the
concurrent abnormalities in TJ protein expression, inflam-
mation and oxidative stress in AKI suggested a potential
close association among these factors.

A previous study has reported that kidney damage
leads to a decrease in the expression level of ZO-1 [27].
Through bioinformatics analysis, we discovered that among
the three TJ proteins, only the TJP1 (ZO-1) level was down-
regulated in kidney injury-related diseases. Consequently,
we further explored genes highly correlated with TJP1 ex-
pression. GO/KEGG enrichment analyses of these DEGs
revealed that negatively correlated genes were primarily en-
riched in immunity-related categories, among which TY-
ROBP (DAP12) was identified as the core gene using PPI
network analysis. As reported, DAP12 plays a crucial role
in immune responses and is associated with multiple signal-

ing pathways [28,29]. Based on transcriptomics technol-
ogy, TYROBP has been identified as a new macrophage-
related biomarker for the diagnosis of AR after kidney
transplantation [30]. DAP12 also participates in renal in-
flammation during unilateral ureter obstruction progression
through activating a receptor, triggering receptor expressed
on myeloid cell (TREM) [31]. Deletion of DAP12-coupled
receptor LMIR5 improves acute tubular necrosis and cast
formation, and inhibits neutrophil recruitment [32]. In
rheumatoid arthritis, tyrosine in the ITAM motif of DAP12
is phosphorylated, inducing recruitment of Syk tyrosine ki-
nase and ultimately activating PI3 kinase and ERK signal-
ing pathways, and inhibition of DAP12 signaling pathway
can deactivate important inflammatory cells [18]. More-
over, DAP12 expression is upregulated in renal ischemia-
reperfusion injury and in hypoxia-treated HK-2 cells, po-
sitioning it as a prominent candidate gene related to the
“acute renal failure” pathway [15]. Herein, we confirmed
apparent upregulation of DAP12 in the AKI mouse model,
which was closely pertinent to activated PI3K/AKT signal-
ing pathway. This implied that DAP12 may affect the ex-
pression and function of TJP1 by regulating the PI3K/AKT
signaling pathway, thus participating in the pathogenesis of
AKI.

To further validate this hypothesis, DAP12 was
silenced in a cisplatin-induced HK-2 cell injury model.
DAP12 silencing mitigated cell injury, upregulated
Claudin-1 and ZO-1 levels, and significantly downregu-
lated levels of inflammatory cytokines (IL-1β and TNF-α)
and oxidative stress markers (MDA and ROS), whereas the
level of Occludin was not statistically significant. Notably,
silencing of DAP12 also inactivated PI3K/AKT signaling
pathway that is instrumental in cell proliferation, apoptosis,
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Fig. 9. The activation of the DAP12/PI3K/AKT signaling pathway in cisplatin-induced model mice. (A) Western blot results
of DAP12, p-PI3K, P13K, p-AKT, and AKT in the renal tubular tissue. (B–D) Quantitative analysis of protein levels of DAP12, p-
PI3K/P13K, and p-AKT/AKT. n = 6. Con, Control; Mod, Model. A p < 0.05 was considered significant, ***p < 0.001 vs Con.

and metabolism [33,34]. The deficiency of p-PI3K and
p-Akt can promote the expression of ZO-1 and Claudin-5,
thereby mitigating blood-brain barrier disruption [15].
Moreover, Butyrate enhances the expression levels of ZO-
1, Cadherin-1, and Occludin in HK-2 cells via inactivation
of PI3K/Akt pathway, thus maintaining the TJ structure of
renal tubular epithelial cells, and attenuating renal tissue
fibrosis [19]. Arbutin improves renal function, reduces
inflammation and apoptosis, and alleviates LPS-induced
AKI through modulating the PI3K/Akt/Nrf2 pathway in
vivo [35]. Therefore, silencing DAP12 to blunt PI3K/AKT
activation, upregulate TJP1, and ameliorate inflammation
and oxidative stress, may represent a promising therapeutic
strategy for AKI.

While these findings highlight the potential therapeu-
tic value of targeting the DAP12/PI3K/AKT axis in AKI,
there are limitations that must be considered. Firstly, this
study mainly focused on gene and protein levels, lacking
multidimensional data for a comprehensive pathophysio-
logical insight into AKI. Secondly, whether DAP12 directly
binds to the TJ protein or regulates its transcription still re-
quires further validation. Thirdly, the reliance on animal
and cell models necessitates caution when extrapolating
these results to human AKI, due to interspecies differences
in immune responses, renal regenerative capacity, and the
specific modeled etiology (cisplatin) compared with the di-
verse clinical causes (e.g., sepsis, ischemia-reperfusion).
Fourthly, the initial bioinformatic identification of DAP12
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Fig. 10. The mitigating effect of DAP12 silencing on cisplatin-induced HK-2 cell injury. (A) Western blot results of DAP12. (B)
Quantitative analysis of DAP12 protein level. (C) MTT assay results of HK-2 cell viability in each group. (D) Morphology and cellular
damage of HK-2 cells across treatment groups under light microscopy. (E) Western blot results of ZO-1, Occludin, and Claudin-1. (F–H)
Quantitative analysis of protein levels of ZO-1, Occludin, and Claudin-1. (I,J) Concentrations of TNF-α and IL-1β. Data are expressed
as mean ± SD from three independent biological replicates (n = 3). MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium
bromide; Con, Control; Mod, Model. A p < 0.05 was considered significant, +++p < 0.001 vs shNC; **p < 0.01, ***p < 0.001 vs
Con; ^^p < 0.01, ^^^p < 0.001 vs Mod+shNC.
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Fig. 11. Inhibiting effects of DAP12 silencing on inflammation, oxidative stress, and the activation of PI3K/AKT signaling path-
way. (A,B) Relative levels of ROS and MDA. (C) Western blot results of p-PI3K, P13K, p-AKT and AKT. (D,E) Quantitative analysis
of protein levels of p-PI3K/P13K and p-AKT/AKT. Data are expressed as mean ± SD from three independent biological replicates (n =
3). A p < 0.05 was considered significant, ***p < 0.001 vs Con; ^^p < 0.01, ^^^p < 0.001 vs Mod+shNC.

was based on a glomerular dataset (GSE254957), whereas
this study focuses on tubular injury. Although subsequent
validation confirmed its role in tubular models, the cross-
compartmental origin of this candidate gene should be ac-
knowledged. Therefore, the role of the DAP12/PI3K/AKT
pathway in AKI discovered in this study and its potential as
a therapeutic target warrant further verification in human
samples and more clinical models. To bridge the gap be-
tween our fundamental findings and their potential clinical
utility, future research can focus on several translational di-
rections, such as verifying the role of DAP12 in humanAKI
samples, conducting mechanism and therapeutic research
using human organoids or humanized models, deeply an-
alyzing the upstream and downstream regulatory mecha-
nisms of DAP12 in human kidney cells, developing and
optimizing safe and efficient targeting strategies, and ex-
ploring the potential of DAP12 as a biomarker for AKI.

Conclusion

In summary, our study demonstrates that DAP12 plays
a critical role in AKI pathogenesis. DAP12 silencing ef-
fectively suppresses the activation of the PI3K/AKT path-
way, upregulates TJP1 expression, and subsequently ame-
liorates inflammation and oxidative stress, thereby preserv-
ing renal barrier function. These findings not only iden-
tify DAP12 as a key gene negatively correlated with TJ1
but also highlight the therapeutic potential of targeting the
DAP12/PI3K/AKT axis. Future studies on the upstream
regulators and downstream effectors of DAP12 will be es-
sential, as a deeper mechanistic understanding is expected
to pave the way for developing more precise and effective
strategies for the clinical prevention and treatment of AKI.
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