Am J Transl Res 2026;18(1):190-206
www.ajtr.org /ISSN:1943-8141/AJTR0169020

Original Article
Tanshinone IIA prevents septicemia acute kidney injury
via regulating the DUSP10/JNK/P38/NLRP3 pathway
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Abstract: Objective: To investigate the protective effects and underlying mechanisms of tanshinone IlIA in prevent-
ing septicemia acute kidney injury (SA-AKI). Methods: Mice were pretreated with tanshinone IIA via intraperitoneal
injection, followed by lipopolysaccharide (LPS) administration to induce SA-AKI. Hematoxylin-eosin (HE) staining
was used to assess renal tissue injury to confirm successful model establishment. In vitro, HK2 cells were treated
with LPS and/or tanshinone IlA. Differentially expressed genes (DEGs) between the LPS and tanshinone lIA + LPS
groups were identified via high-throughput sequencing. qPCR was performed to validate mMRNA expression of key
DEGs. Protein expression in mouse kidney and HK2 cells was analyzed using immunohistochemistry and western
blot. Results: Mice in the SA-AKI model demonstrated severe renal damage, with elevated levels of serum creatinine
and urea nitrogen, as well as increased apoptosis and glycogen accumulation. Tanshinone IIA pretreatment signifi-
cantly alleviated these pathological changes. Flow cytometry confirmed that LPS induced HK2 cell apoptosis, which
was attenuated by tanshinone lIA. Transcriptomic analysis revealed 121 upregulated and 65 downregulated genes.
Western blot showed that LPS increased JNK, p38, NLRP3 and Caspase-1 expression, and decreased DUSP10 and
ALDH2 expression, while tanshinone IlIA pretreatment reversed these effects. Similarly, immunohistochemistry and
western blot analyses demonstrated elevated contents of KIM-1, NLRP3, JNK and Caspase-1, and reduced DUSP10
and ALDH2 in SA-AKI mice. Conclusion: Tanshinone lIA exerts a protective effect against SA-AKI by mitigating inflam-
mation and apoptosis. Mechanistically, these effects appear to be mediated through DUSP10 and modulation of
the JNK/P38/NLRP3 pathway. These findings suggest that tanshinone IIA might be a potential therapeutic strategy
for SA-AKI.
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Introduction

Sepsis is a systemic inflammatory response
syndrome caused by infection [1] and is fre-
quently accompanied by acute kidney injury
(AKI). AKI is a clinical syndrome characterized
by a sudden (within 1-7 days) and sustained
(>24 h) decline in renal function, manifested by
elevated blood creatinine and urea nitrogen,
disrupted water electrolyte and acid-base bal-
ance, and decreased urine output [2]. Septice-
mia acute kidney injury (SA-AKI) is a common
complication in critically ill patients and repre-
sents an early marker of sepsis progression.
About 50% of septic shock patients develop
AKI before arriving at the emergency depart-
ment [3]. The mortality of SA-AKI remains high,

which is about 8 times higher than that of sep-
sis patients without AKI [4]. However, the one-
year mortality rate is comparable between pa-
tients who recover from SA-AKI and those who
never develop AKI, indicating that the patho-
physiological process of SA-AKI may be revers-
ible [5]. SA-AKI has an impact on multiple or-
gans, increasing the risk of patient mortality
and long-term complications. Some survivors
may develop secondary cerebrovascular dis-
ease, while others may even progress to chron-
ic kidney disease [6-8]. According to statistics,
nearly 19 million individuals develop sepsis
worldwide each year, and approximately 11 mil-
lion of them experience SA-AKI [9]. The medical
expenses spent on SA-AKI each year are enor-
mous, but the results are minimal. Therefore,
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investigating the pathogenesis of SA-AKI and
identifying effective preventive strategies are
of great significance.

The pathogenesis of SA-AKI is complex, involv-
ing endothelial cell dysfunction, inflammatory
response, and structural and functional dam-
age to glomeruli and tubules [10]. Sepsis-
induced inflammatory response plays an impor-
tant role in the occurrence of SA-AKI [11].
During sepsis, large quantities of inflammatory
mediators are released and bind to T cell like
receptors and undergo signaling cascades to
promote the release of inflammatory factors
[12]. In recent years, the innate immune recep-
tor nucleotide-binding oligomerization domain-
like receptor protein 3 (NLRP3) inflammasome
has been recognized as a key factor in the
SA-AKI inflammatory response. NLRP3 inflam-
masomes can promote the activation of cyste-
ine aspartate specific protein 1 (Caspase-1)
and interleukin maturation, exacerbating infla-
mmatory response damage to cells [13, 14]. In
addition, in renal tubular epithelial cells, patho-
gen-associated molecular patterns (PAMPS)
and damage-associated molecular patterns
(DAMPSs) bind with innate immune receptor toll
like receptors (TLRs) to trigger downstream sig-
naling cascades, activate NF-kB, upregulate
inflammatory cytokine gene expression, trigger
inflammatory reactions, increase oxidative
stress; all of which results in serious damage to
renal tubular epithelial cells by ROS (Reactive
Oxygen Species) [15, 16]. Therefore, preventing
these factors’ expression, which are related to
the inflammatory response, may be targets for
SA-AKI therapy.

Danshen, a widely used herb in traditional
China medicine (TCM), is known for its func-
tions of clearing heat and toxins, promoting
blood circulation, and removing blood stasis
[17, 18]. Itis well known that Danshen has good
therapeutic effects on tumors, cardiovascular
diseases, and renal fibrosis [19]. Tanshinone
IIA, a major lipid-soluble bioactive component
extracted from Salvia miltiorrhiza, has been
shown to protect cells and tissues by reducing
toxicity, regulating cell proliferation and apopto-
sis, as well as inhibiting inflammatory respons-
es and oxidative stress [20, 21]. Previous stud-
ies have also demonstrated that tanshinone lI1A
ameliorates kidney injury induced by hyperuri-
cemia and diabetes [22, 23], and provides pro-
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tective effects on sepsis-induced AKI in rats
[24]. It is reported that tanshinone IIA treat-
ment increases the expression of proliferating
cell nuclear antigen, reduces the infiltration of
inflammatory cells and the expression of che-
mokines, promotes kidney repair after AKI, and
inhibits the local inflammatory response of the
damaged kidney [25]. Although tanshinone IIA
has therapeutic effects on SA-AKI, the molecu-
lar mechanism underlying its function in SA-AKI
is still unclear. The purpose of this study is to
systematically investigate the effects of tanshi-
none IIA on SA-AKI and to elucidate its specific
molecular mechanisms, particularly focusing
on its regulatory role in inflammation and apop-
tosis through the DUSP10/JNK/p38/NLRP3
signaling pathway.

Materials and methods
Experimental animals

Atotal of 27 male C57BL/6J mice (7 weeks old)
were purchased from Beijing Huafukang Bio-
technology Co., Ltd. (license number: SCXK
(Jing) 2019-0010). At the end of the experi-
ment, all mice were humanely euthanized in
accordance with institutional ethical guide-
lines. Euthanasia was performed by intraperito-
neal injection of an overdose of pentobarbital
sodium (150 mg/kg body weight), and death
was confirmed by the absence of breathing and
heartbeat, as well as loss of corneal reflex for
at least one minute. All procedures were con-
ducted to minimize animal suffering and dis-
tress.

All animal experiments were conducted in acc-
ordance with the guidelines of the Institutional
Animal Care and Use Committee (IACUC) and
were approved by the Ethics Committee of the
First Affiliated Hospital, Jiangxi Medical College,
Nanchang University.

Experimental cells

Human renal cortex proximal tubule epithelial
cells (HK2) were sourced from iCell Bioscience
Inc. (iCell-h096; Shanghai).

Experimental reagents

Lipopolysaccharide (LPS) (1001164401, Sig-
ma); Tanshinone IIA (131523, Targeted MOI);
Serum creatinine (CREA) test kit (70127,
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Shandong Boke Biotech); Urea nitrogen (UREA)
Kit (70124, Shandong Boke Biotech); Hema-
toxylin dye solution (ZLI-9610, Zhongshang
Jingiao); Eosin staining solution (G1100, So-
larbio); blue dyeing liquid (G1040, Servicebio);
TUNEL detection kit (red) (C1090, Beyotime);
RIPA cell lysate (C1053, Beijing Pulilai Gene
Technology Co., Ltd.); BCA Protein Assay Kit
(E-BC-K318-M, Elabscience); Ultra-sensitive lu-
minescent liquid (RJ239676, Thermo Fisher
Scientific); Internal reference primary antibody:
Mouse Anti GAPDH (HC3041, TransGen Biotech);
Secondary antibody: HRP-conjugated Goat Anti
Mouse IgG (H+L) (GB23301, Servicebio); Rabbit
Anti ALDH2 (@ab108306, Abcam); Rabbit Anti
Caspase-1 (YT5743, ImmunoWay); Rabbit Anti
JNK (66210-1-Ig, Proteintech); Rabbit Anti
NLRP3 (AO0O034-2, Boster); Rabbit Anti p38
(14064-1-AP, Proteintech); Rabbit Anti DUSP10
(30493-1-AP, Proteintech); HRP-conjugated Go-
at Anti-Rabbit IgG (H+L) (GB23303, Servicebio);
DAB staining kit (CW0125M, CWBIO); Rabbit
anti-KIM-1 antibody (NOVUS, NBP1-76701SS);
CCK-8 detection kit (KGA9310-500, KeyGEN);
Annexin V-FITC/PI Apoptosis Kit (AP101-100-
kit, MULTI SCIENCES); Trizon Reagent (CW-
0580S, CWBIO); Glycogen PAS staining reagent
(G1281, Solarbio).

Experimental instruments

Fully automatic biochemical analyzer (BK-600,
Shandong Boke); Microscope (CX43, Olympus);
Multi-functional enzyme-linked immunosorbent
assay reader (SuperMax3100, Shanghai Flash
Spectrum Biological Technology Co., Ltd.); Pro-
tein vertical electrophoresis instrument (DYY-
6C, Beijing Liuyi Instrument Factory); Fully
automatic chemiluminescence image analysis
system (Tanon-5200, Shanghai Tianneng Tech-
nology Co., Ltd.); CO2 incubator (BPN-80CW,
Shanghai Yiheng Scientific Instrument Co.,
Ltd.); Inverted fluorescence microscope (MF53
Guangzhou Mingmei Optoelectronics Co., Ltd.);
UV spectrophotometer (NP80O, NanoPhotome-
ter); Electrophoretic apparatus (DYY-8C, Beijing
Liuyi Biotechnology Co., Ltd.); Ordinary PCR
amplification instrument (TC-EA, Hangzhou
Bori Technology Co., Ltd.); Fluorescent PCR
instrument (CFX Connect™ Real Time, BioRad
Life Medical Products (Shanghai) Co., Ltd.);
Ultra high sensitivity chemiluminescence imag-
ing system (ChemiDocTM XRS+, BioRad Life
Medical Products (Shanghai) Co., Ltd.).
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Animal feeding and handling

The animal experiments were approved by the
Institutional Animal Care and Use Committee
of The First Affiliated Hospital of Nanchang
University (CDYFY-IACUC-202304QR058).

The mice were house at 20-26°C with a humid-
ity of 40%-70%, with ad libtum access to drink-
ing water. After adaptive feeding, the mice were
randomly divided into four groups: Control
group (n=7), Model group (n=7), Control + Tan-
shinone IIA group (n=6), and Model + Tan-
shinone IIA group (n=7). The mice were subject-
ed to intraperitoneal injection of 10 mL/kg of
tanshinone IIA (5 mg/mL, Tanshinone dissolved
in 0.02% DMSO physiological saline) in the
Control + Tanshinone IIA group and Model +
Tanshinone IIA group [26], and intraperitoneal
injection of physiological saline containing
0.02% DMSO (Dimethyl sulfoxide) in the control
group and model group. Three hours later, the
model group and model + Tanshinone IIA group
were intraperitoneally injected with 10 mL/kg
of LPS (LPS concentration: 1.5 mg/mL), while
the control group and control + Tanshinone IIA
group were intraperitoneally injected with an
equal amount of physiological saline. Twenty-
four hours after the intraperitoneal injection,
blood was taken for biochemical testing, and
the kidney was taken for subsequent experi-
ments.

Fully automatic biochemical analyzer detection

The blood samples from the mice were obtained
and centrifuged at 3,500 rpm for 10 min. The
supernatant was collected, and the serum
CREA kit and UREA kit were used to detect the
levels of serum creatinine and urea nitrogen.

Hematoxylin-eosin (HE) staining

Kidney tissues of each group of mice were fixed
and dehydrated with 70%, 80%, and 90% etha-
nol solutions. The tissues were cleared in xy-
lene | and Il (15 min each) until fully transparent
and subsequently immersed in a xylene-paraf-
fin mixture for 15 min. The tissues were then
incubated in paraffin | and paraffin Il for 50-60
min each before paraffin embedding and sec-
tioning. Paraffin sections were baked, deparaf-
finized, and rehydrated through graded ethanol
to distilled water. The slices were stained with
hematoxylin for 3 min, differentiated in hydro-
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Table 1. Antibodies and dilutions

mary antibody was added for

Antibody name

incubation overnight at 4°C, fol-

Mouse Anti-GAPDH (HC301, TransGen Biotech)

HRP conjugated Goat Anti-Mouse IgG (GB23301, Servicebio)

Rabbit Anti ALDH2 (ab108306, Abcam)
Rabbit Anti Caspase-1 (YT5743, InmunoWay)
Rabbit Anti JNK (66210-1-Ig, Proteintech)
Rabbit Anti NLRP3 (A0O0034-2, boster)

Rabbit Anti p38 (14064-1-AP, Proteintech)
Rabbit Anti DUSP10 (30493-1-AP, Proteintech)

HRP conjugated Goat Anti-Rabbit IgG (GB23303, Servicebio)

Dilutions . . )
lowed by incubation with the
1:2000 .

_ secondary antibody at room te-
1:2000 mperature the next day. Protein
1:1000 bands were visualized using an
1:1000 enhanced chemiluminescence
1:1000 (ECL) substrate and imaged us-
1:1000 ing an ultra-sensitive chemilu-
1:1000 minescence detection system.
1:1000 The ant|b(();1|es lé_sle? and t?_elr
1:9000 corresponding dilution ratios

are shown in Table 1.

Notes: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ALDH2, alde-

hyde dehydrogenase 2; KIM-1, kidney injury molecule 1; Caspase-1, cysteine
aspartate specific protein 1; JNK, c-Jun N-terminal kinase; NLRP3, nucleotide-

Immunohistochemical detec-
tion

binding oligomerization domain-like receptor protein 3; DUSP10, dual specificity

phosphatase 10.

chloric acid ethanol for 15 s, rinsed briefly in
water, and blued for 15 s. After rinsing with
running water, the sections were counter-
stained with eosin for 3 min, washed, dehydrat-
ed, cleared, and mounted. Stained sections
were observed under a microscope.

Terminal deoxynucleotidyl transferase-mediat-
ed dUTP Nick End Labeling (TUNEL) staining

Kidney tissues were fixed, sliced paraffin-em-
bedded, sectioned, baked, dewaxed, and rehy-
drated through a graded ethanol series. Antigen
retrieval was performed using Proteinase K
working solution, followed by three washes with
PBS. A sufficient amount of TUNEL reaction
solution was added to each section and incu-
bated in the dark according to the manufactur-
er's instructions. After washing, the sections
were counterstained with DAPI (4’,6-Diamidino-
2'-phenylindole) for 5 min. Finally, the slides
were mounted with an anti-fluorescence quen-
ching mounting medium, and apoptotic cells
were observed under a fluorescence micro-
scope.

Western blot detection

The total protein of the tissue or cells were cen-
trifuged to obtain the supernatant. The total
protein was quantified using the Bicinchoninic
Acid Assay (BCA) protein quantification kit.
Equal amounts of protein were denatured and
separated by sodium dodecyl sulfate-gel elec-
trophoresis (SDS-PAGE), followed by electro-
transfer onto polyvinylidene fluoride (PVDF)
membranes at a constant current of 300 mA.
After blocking with skim milk powder, the pri-
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Kidney tissues were fixed, em-

bedded in paraffin, and sec-
tioned. After baking, the sections were deparaf-
finized in xylene and rehydrated through a grad-
ed ethanol series. The slices were heated in
antigen retrieval buffer, followed by incubation
with 3% hydrogen peroxide to quench endoge-
nous peroxidase activity. The slices were per-
meabilized with 0.5% TritonX-100, blocked with
5% BSA, and incubated with rabbit anti-Ace-
taldehyde dehydrogenase 2 (ALDH2) antibody
(Affinity, DF6358, 1/100), rabbit anti-Dual spe-
cificity phosphatase 10 (DUSP10) antibody
(Affinity, DF4694, 1/100), rabbit anti-Kidney
injury molecule 1 (KIM-1) antibody (NOVUS,
NBP1-76701SS, 1/100), and rabbit anti-Nucle-
otide-binding oligomerization domain-like re-
ceptor protein 3 (NLRP3) antibody (BIOSS,
BS-10021R, 1/100) overnight at 4°C. The next
day, the sections were incubated with goat anti
rabbit IgG (H+L) (1:100) labeled with horserad-
ish enzyme at 37°C for 30 min. Signal detec-
tion was performed using DAB staining for 3-5
min, and hematoxylin counterstaining for 3
min. After differentiation with acid alcohol and
bluing, the sections were dehydrated through
graded ethanol, cleared in xylene, mounted
with neutral resin, and examined under a light
microscope.

Cell culture and treatment

HK2 cells were cultured in a complete DF12
medium at 37°Cina 5% CO, incubator. Different
concentrations of LPS (O, 5, 10, 20, 40, 80,
160 pg/mL) were added to HK2 cells to est-
ablish an inflammatory model, and cell viabi-
lity was detected by CCK-8 to determine the
optimal concentration of LPS treatment. Pre-
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treatment was performed by adding different
concentrations of tanshinone (0, 2.5, 5, 10, 20,
40, 80 uM) to HK2 cells. After 30 min, the de-
termined concentration of LPS was added, and
cell viability was detected by CCK-8 assay 24 h
later. HK2 cells were seeded and grouped into
a HK2 cell group, HK2 cells + LPS group, HK2
cells + tanshinone group, and HK2 cells + tan-
shinone + LPS group.

CCK-8 testing

After treatment, the culture medium in each
well of a 96-well plate was replaced with 100
puL of fresh medium. Then, 10 pL of CCK-8
reagent was added to each well, followed by
incubation at 37°C for 2 h. The absorbance of
each well was detected at 450 nm using a
microplate reader.

Flow cytometry detection of cell apoptosis

Approximately 1 x 10° cells from each group
were collected and washed twice with PBS at
1,500 rpm for 3 min. The cells were resuspend-
ed in 300 L of pre-cooled 1 x Annexin V-FITC
binding solution. Next, 5 yL of Annexin V-FITC
(AP101-100-kit, MULTI SCIENCE) and 10 uL of
Pl were added to each well. After gentle mixing,
the samples were incubated at room tempera-
ture in the dark for 10 min and subsequently
analyzed using a flow cytometer.

High-throughput sequencing

Cells from HK2 cells + LPS group and HK2 cells
+ tanshinone + LPS group were collected for
MRNA high-throughput sequencing. Total RNA
was extracted and subjected to quality assess-
ment before library construction. The sequenc-
ing was performed on the lllumina platform.
After raw data quality control, adaptor trim-
ming, and removal of low-quality reads, high-
quality clean reads were obtained. The reads
were aligned to the reference genome, and
gene expression levels were quantified, obtain-
ing differentially expressed genes (DEGS).

Functional enrichment analyses, including
Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis,
Reactome pathway enrichment, and Disease
Ontology (DO) enrichment, were conducted to
explore the biological functions and signaling
pathways associated with the DEGs.
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Periodic acid Schiff (PAS) staining

Mouse kidney tissues were fixed, paraffin-
embedded, and sectioned. The paraffin sec-
tions were dried in a drying oven, deparaffinized
and rehydrated through graded xylene and
ethanol, then oxidized for 15 min, washed with
water, and incubated with Schiff reagent for 10
min at room temperature. After washing with
sodium sulfite solution and water, the sections
were counterstained with hematoxylin, rinsed,
air dried, and observed under a microscope.

Real time fluorescence quantitative PCR
(qPCR) detection

Total RNA was extracted from tissues or cells
using Trizon reagent. mRNA was extracted
using RNA ultrapure extraction kit. mRNA con-
centration and purity were measured using a
UV visible spectrophotometer (0D260/0D280).
cDNA was synthesized using a RNA reverse
transcription kit, and fluorescence quantitative
PCR was performed using a fluorescence PCR
instrument. The reaction steps were as follows:
pre-denaturation at 95°C for 10 min, 40 cycles
of denaturation at 95°C for 10 sec, annealing
at 58°C for 30 sec, and extend at 72°C for 30
sec. B-actin was used as an internal reference,
and the relative gene expression levels were
calculated using the 222t method. The primer
sequences are shown in Table 2 (synthesized
by Anhui General Biotechnology Co., Ltd.).

Statistical analysis

All results were expressed as mean + standard
deviation (x + sd). The statistical analysis and
plotting were conducted using Graphpad Prism
8.0 software. Comparisons between two grou-
ps were performed using t-test, and among
multiple groups were performed using ANOVA.
P<0.05 was considered as a significant diffe-
rence.

Results

Effects of tanshinone IIA on the characteriza-
tion of SA-AKI mice

To explore the effects of tanshinone IIA on
SA-AKI mice, the levels of serum creatinine and
urea nitrogen were measured, and renal injury
was observed by HE. As shown in Figure 1A,
1B, compared with the Control group, the
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Table 2. Primer sequences

ug/mL” group, the viability of

HK2 cells was significantly

Primer ) . Product Annealing
name Primer sequences (5'-3) length (bp) temperature (°C) ?ec;ejshed it ? pg/n}L tLhPS
GAPDHF  TGACTTCAACAGCGACACCCA 121 58.0 or » Which was further
R CACCCTGTTGCTGTAGCS decreased as LPS concentra-
APDH R ACCCTGTTGCTGTAGCCAAA tion increased, and 10 ug/
DUSP10F  TCGGCTACGTCATCAACGTC 155 58.0 mL was selected for subse-
DUSP10 R  CTGGTGAGCTTCCTCAATGAAC quent experiments. The opti-
HSPA1AF  CAGAACAAGCGAGCCGTGAG 172 58.0 mal tanshinone IIA concen-
HSPAIAR  TTCGGAACAGGTCGGAGCA tration was also determined.
DDIT3F  GAACCAGCAGAGGTCACAAGC 290 58.0 As shown in Figure 2B, com-
DDIT3R  TTCACCATTCGGTCAATCAGA Eg;ed ‘_’V'thf_the 30”;“" gro”%
GADD45A F  GTGCTGGTGACGAATCCACA 89 58.0 significantly decrease
cell viability, while pre-treat-
GADD45A R TCCATGTAGCGACTTTCCCG ment with 5, 10, and 20 uM
EFNA1 F AACAGTTCAAATCCCAAGTTCCG 152 58.0 Tanshinone IIA significantly
EFNAL1R TCCTCATGCTCCACCAGGTA increased cell viability com-
EGLN3 F GGACAACCCCAACGGTGAT 82 58.0 pared with the LPS group,

EGLN3 R CCCACCATGTAGCTTGGCAT

with 10 yM Tanshinone IIA

Notes: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; DUSP10, dual specific-
ity phosphatase 10; HSPA1A, Heat shock protein family A member 1A; DDIT3,
Damage-inducible transcript 3; GADD45A, Growth arrest and DNA damage-45A;
EFNAZ, Ephrin A; EGLN3, Egl-9 Family Hypoxia Inducible Factor 3.

Model group showed a significant increase in
serum creatinine and urea nitrogen levels,
which were obviously relieved by Tanshinone IIA
treatment. According to HE staining results
(Figure 1C), the kidney structure of mice in the
Control group was clear with no obvious dam-
age, while the mice in the Model group show-
ed swelling, vacuolization, and degeneration
of renal tubular epithelial cells, confirming the
successful construction of the AKI model. The
mice in the Model + Tanshinone I[IA group
showed less renal damage compared with the
Model group. The PAS staining results (Figure
1D) showed that there was less glycogen depo-
sition in the Control group and the Control +
Tanshinone IIA group, while the Model group
showed an increase in glycogen deposition,
which was reduced in the Model + Tanshinone
[IA group. As shown in Figure 1E, TUNEL stain-
ing showed that compared with the Control
group, cell apoptosis in the Model group was
significantly increased, which was also sup-
pressed in the Model + Tanshinone IIA group,
confirming that Tanshinone IIA can reduce cell
apoptosis caused by LPS-induced AKI.

Effect of tanshinone IIA on apoptosis of LPS-
stimulated HK2 cells

CCK-8 assay was used to determine the opti-

mal LPS concentration for treating HK2 cells.
As shown in Figure 2A, compared with the “O
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demonstrated the most sig-
nificant increase. Therefore,
10 yM Tanshinone IIA was
selected for subsequent ex-
periment.

As shown in Figure 2C, 2D, flow cytometry
showed that, compared with the Control group,
the LPS group showed a significant increase in
cell apoptosis, which was obviously alleviated
in the Mod + Tanshinone IIA group, indicating
that Tanshinone IIA can reduce LPS-induced
cell apoptosis.

Prediction of tanshinone IIA targets in AKI us-
ing network pharmacology

The chemical structure of Tanshinone IIA
obtained from PubChem was imported into the
SwissTargetPrediction database identify poten-
tial pharmacological targets. A total of 43
potential active targets were identified with
probability greater than 0. AKl-related disease
targets were obtained from the GeneCards
database, yielding 8394 targets with a rele-
vance score greater than 1.

Using the Venny 2.1.0 online platform, 35 inter-
secting targets of Tanshinone lIA and AKI were
obtained, as shown in Figure 3A. A protein-pro-
tein interaction (PPI) network was constructed
using the String database. Network visualiza-
tion and topological analysis were performed
using Cytoscape 3.9.1, and key hub genes were
screened with the cytoHubba plug-in (Figure
3B, 3C). Based on four centrality algorithms
(Degree, Betweenness, MCC, and DMNC), top
15 targets from each method were identified.
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Figure 1. Tanshinone IIA treatment ameliorates mice renal function and renal tubule pathological injury and cell
apoptosis induced by LPS. A, B. Results of mouse serum creatinine and urea nitrogen detected by biochemis-
try analyzer (compared with the Control group, ****P<0.0001; Compared with the Model group, ##P<0.01,
####P<0.0001; n=3); C. Hematoxylin-eosin staining results of mouse kidney (n=3); D. Periodic acid Schiff stain-
ing results of mouse kidney (n=3); E. TUNEL staining results of mouse kidney (compared with the Control group,
**%%pP<(0.0001; Compared with the Model group, ####P<0.0001; n=3).

Integrating these results yielded 11 core hub
targets: Androgen receptor (AR), Progester-
one receptor (PGR), Cell division cycle 25A
(CDC25A), Cell division cycle 25B (CDC25B),
Protein tyrosine phosphatase receptor type C
(PTPRC), Cytochrome P450 family 19 subfamily
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A member 1 Gene (CYP19A1), Protein Tyrosine
Phosphatase Nonreceptor 11 (PTPN11), Car-
boxylesterase 1 (CES1), Recombinant Mitogen
Activated Protein Kinase Kinase 2 (MAPKK2),
MonoacylGLycerol Lipase (MGLL), and Tran-
slocator protein (TSPO).
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Figure 2. Tanshinone lIA treatment reduces LPS-induced HK2 cell apoptosis. A. Experimental exploration of LPS
treatment concentration by CCK8 assay (compared with the O pg/mL group, ****P<0.0001; n=5); B. Experimental
exploration of tanshinone IIA treatment concentration (compared with the Control group, ****P<0.0001; Com-
pared with the LPS group, ##P<0.01; ###P<0.001; n=5); C, D. Flow cytometry detection of cell apoptosis (com-
pared with the Control group, *P<0.05, ****P<0.0001; Compared with the LPS group, ####P<0.0001; n=3). LPS,

lipopolysaccharide.

High throughput sequencing and qPCR valida-
tion of Differentially Expressed mRNAs in HK2
cells

HK2 cells in the LPS group and Tanshinone IIA
+ LPS group were subjected to high-throughput
sequencing. As shown in Figure 4A, PAC results
showed that the composition of three biological
replicates in the two groups was similar, indi-
cating good biological reproducibility of the cell
samples. As shown in Figure 4B, the overall dis-
tribution of DEGs (LPS group vs. Tanshinone lIA
+ LPS group) is displayed using volcano plots.
Compared with the LPS group, the Tanshinone
IIA + LPS group exhibited 121 significantly
upregulated genes and 65 significantly down-
regulated genes. A hierarchical clustering heat-
map of DEGs is shown in Figure 4C, in which
colors range from dark blue (low expression) to
dark red (high expression), demonstrating clear
gene expression differences between the two
groups. GO enrichment analysis (Figure 4D)
showed that DEGs were mainly enriched in bio-
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logical processes related to RNA polymerase I
- regulated transcription, apoptosis, and inflam-
matory responses; In terms of cellular composi-
tion, DEGs were mainly enriched in the cyto-
plasm, nucleus, and cell membrane; and for
molecular function, DEGs were mainly associ-
ated with protein binding and DNA binding.

KEGG pathway enrichment (Figure 4E) showed
that DEGs were primarily enriched in biological
processes such as the p53 signaling pathway,
cell cycle, and apoptosis. In response to exter-
nal stimuli, DEGs were mainly concentrated in
the mitogen activated protein kinase (MAPK)
pathway, Forkhead box O (FoxO) pathway,
and Phosphatidylinositol 3-kinase (PI3K)-Pro-
tein kinase B (AKT) pathway.

Based on sequencing results, six key DEGs
were identified and subjected to qPCR valida-
tion. As shown in Figure 4F-K, compared
with the LPS group, the expression levels
of Growth arrest and DNA damage-45A
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Figure 3. Prediction of Tanshinone lIA targets in AKI using network pharmacology. A. Thirty-five intersecting targets
of Tanshinone IIA and AKI were obtained through the Venny 2.1.0 online platform; B. The core targets were obtained
by selecting the top 15 using four algorithms: Degree, Betweenness, MCC, and DMNC; C. The PPI network was con-

structed through the String database.

(CADD45A), Ephrin A (EFNA), DNA Damage-
inducible transcript 3 (DDIT3), and dual speci-
ficity phosphatase 10 (DUSP10) were signifi-
cantly increased in the Tanshinone IIA + LPS
group, and the expression levels of Heat shock
protein family A member 1A (HSPA1A) and
Egl-9 Family Hypoxia Inducible Factor 3 (EGLN3)
were significantly decreased. The qPCR results
were consistent with the high-throughput
sequencing results.
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Effects of tanshinone IIA on protein expression
in model cells

Based on the high-throughput sequencing
results of HK2 cells, it was speculated that the
therapeutic effect of tanshinone lIA on SA-AKI
may be achieved through the MAPK pathway,
which is closely related to inflammation. To ver-
ify this hypothesis, western blot was used to
detect the protein expression of DUSP10, p38,

Am J Transl Res 2026;18(1):190-206



Tanshinone IIA prevents septicemia AKI

A Principal Components Analysis B TanshinoneVSLPS
06 [— ©up - no - down
75
03
g K]
b} Group &
S . = 50
. LPS
g © Tanshinone g
g )
s 8
I'25
-0.3
g5 2 0 - .oy 3‘. . ‘...

-10 0
N N & log2 of Fold change
PCA1 (98.78%)

3 5 GO Enrichment BarPlot

ZBED2 Biological Process Cellular Component Molecular Function

EGLI
PEDS1-UBE2V1
ENSG00000254692
SPSB3

0OSGIN1

SDS 05

LARPS :
ABHD4
EFNAT

i AVPI -1
ci

Gene Number

— -
{nl=l=}3

@ i3

5279862
R

SLC25A25 hsa04115 | pS3 signaling pathway
MATE et 10 Co
b 15204210 | Apoplasis
ANKRD1 hsa04218 | Cellular senescence

Cellular Processes

BHLHE40 hsa04010 | MAPK signaling pathway

"hsa04068 | FoxO signaling pathway

4 hsa04151 | PI3K-Akt signaling pathway

1 ADIRF-AS1 15304066 | HIF-1 signaling pathway
LONRF3

Environmental Information Processing

=%,

iK1
Saies 204141 | Prtinpracesinginonoplasrio tcubem
BCAR3

hsa05200 | Pathways in cancer
hsa05162 | Measles

hsa05206 | MicroRNAS in cancer Human Diseases

SLC7AS 'hsa05169 | Epstein-Barrvirus infection

———
2zzo2500
22232008
FELEER

23
5
Pathway Name

TMEM268 hsa05202 |
ENSG00000275993 101100 | Metabok paiweys
ey 18301230 | Biosynthesis of amino acids
AKNA 15300260 | Giycine, seine and hreonine metabalism
NUAK2 5300565 | Ethr lpid metabalism

Metabolism

FBX032 15204657 | 117 signaiing pathway.
s 15204910 | nsln signalingpaway
PER1 hsa04621 | NOD-ke receptor signaling pathway

Organismal Systems
uLeP1 15204922 | Glucagon signaling pathway

| Fanconi anemia pathway
"hsa04120 | Ubiquitin mediated proteolysis Genetic Information Processing
15303040 | Splceosome

SLC22A15 s

Gene Number

|~auouysuey
2 euouysuey.
£ ououysuey.
1sd1
Z'sd1
£7sd1

_n
o

®
~
&

mRNA relative expression

o
3
[

@
~
©

*kkk *kkk
*kk

| d
o

o
~

=
o

*%

EFNA
-
°
HSPA1A
LncRNA Relative expression
DDIT3
mRNA Relative expression

o
o
N

*kkk

o
e
EGLN3
mMRNA relative expression

CADD45A

mRNA relative expression
DUSP10

mRNA Relative expression

o
d
o

0.0 0 0.0

o

199 Am J Transl Res 2026;18(1):190-206



Tanshinone IIA prevents septicemia AKI

Figure 4. High throughput sequencing and qPCR validation of Differentially Expressed mRNAs in HK2 cells (LPS
group and Tanshinone IIA + LPS group). A. Principle components analysis (n=3); B. Volcano map of differentially
expressed genes; C. Differential gene clustering heatmap; D. GO enrichment analysis of differentially expressed
genes; E. KEGG enrichment analysis of differentially expressed genes; F-K. Relative expression levels of CAD-
D45A, EFNA, HSPA1A, DDIT3, EGLN3, and DUSP10 mRNA (compared with LPS group, **P<0.01, ***P<0.001,
**%%P<(0.0001; n=3). Notes: LPS, lipopolysaccharide; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and
Genomes; CADD45A, Growth arrest and DNA damage-45A; EFNA, Ephrin A; HSPA1A, Heat shock protein family A
member 1A; DDIT3, DNA Damage-inducible transcript 3; EGLN3, Egl-9 Family Hypoxia Inducible Factor 3; DUSP10,
dual specificity phosphatase 10.
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Figure 5. The expression of p38, JNK, NLRP3, and Caspase-1 proteins were down-regulated, while the expres-
sion of DUSP10 protein were upregulated after Tanshinone treatment in LPS-stimulated HK2 cells. A. Western blot
results of HK2 cells; B-G. Statistical results of DUSP10, JNK, Caspase-1, and ALDH2 proteins in HK2 cells (com-
pared with the Control group, **P<0.01, ***P<0.001; compared with the Model group, #P<0.05, ###P<0.001,
####P<0.0001; n=3). LPS, lipopolysaccharide; DUSP10, dual specificity phosphatase 10; JNK, c-Jun N-terminal
kinase; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; Caspase-1, cysteine aspartate
specific protein 1; ALDH2, aldehyde dehydrogenase 2.

c-Jun N-terminal kinase (JNK), NLRP3, Cysteine
aspartate specific protein 1 (Caspase-1), and
ALDH2 in HK2 cells (Figure 5A-G). Compared
with the Control group, the protein expression
of p38 and NLRP3 was significantly increased
in the LPS group, while the protein expression
of JNK and Caspase-1 showed an upward trend
(no significant difference). In contrast, protein
expression of DUSP10 and ALDH2 showed a
downward trend following LPS stimulation, but
didn’t reach statistical significance. Compared
with the LPS group, the Tanshinone IIA + LPS
group showed a significant decrease in the ex-
pression of p38, JNK, NLRP3, and Caspase-1
proteins, while the expression of DUSP10 and
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ALDH2 proteins showed an upward trend,
although without statistical significance.

Effects of tanshinone IIA on protein expression
in model mice

To validate the findings observed in cell experi-
ments, we further examined the expression of
key proteins in mouse Kidney tissues. As shown
in Figure 6A-E, IHC results showed that, com-
pared with the Control group, the Model group
demonstrated significantly increased expres-
sion of KIM-1 and NLRP3, and significantly
decreased expression of DUSP10 and ALDH2.
Following Tanshinone IIA pretreatment, the pro-
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Figure 6. Tanshinone IIA pretreatment decreased the protein expression of JNK and Caspase-1 while it upregulated
the expression of DUSP10 protein in SA-AKI mice. A. Immunohistochemical results of mouse kidney; B-E. Statisti-
cal results of KIM-1, DUSP10, NLRP3, and ALDH2 protein expression levels in mouse kidney. (compared with the
Control group, ***P<0.001, ****P<0.0001; compared with the Model group, ##P<0.01, ###P<0.001; n=3); F.
Western blot results of mouse kidney; G-J. The statistical results of DUSP10, JNK, Caspase-1, and ALDH2 proteins
in the mouse kidney (compared with the Control group, *P<0.05, **P<0.01; Compared with the Model group,
#P<0.05, ##P<0.01; n=3). Notes: DUSP10, dual specificity phosphatase 10; JNK, c-Jun N-terminal kinase; NLRP3,
nucleotide-binding oligomerization domain-like receptor protein 3; Caspase-1, cysteine aspartate specific protein 1;
ALDH2, aldehyde dehydrogenase 2; KIM-1, kidney injury molecule 1.

tein expression of KIM-1 and NLRP3 was signifi-
cantly decreased while the ALDH2 protein ex-
pression was significantly increased; the ex-
pression of DUSP10 also showed an upward
trend, but didn’t reach statistical significance.

Similarly, WB results (Figure 6F-J) showed that
compared with the Control group, the expres-
sion of JNK and Caspase-1 proteins was in-
creased in the Model group, while the expres-
sion of DUSP10 and ALDH2 proteins was sig-
nificantly decreased. Tanshinone IIA pretreat-
ment significantly decreased the protein ex-
pression of JNK and Caspase-1 in the Model +
Tanshinone IIA group, while the expression of
DUSP10 and ALDH2 proteins was significantly
increased. The above results were consistent
with those in cell experiments.

Discussion

SA-AKI is a common yet severe complication in
critically ill patients, with an incidence of about
30% in ICU. Depending on disease stage, the
mortality rate ranges from 16.7% to 59.6%
[27]. The high morbidity and mortality rates of
SA-AKI pose significant challenges. The patho-
genesis of SA-AKI is highly complex, involving
inflammatory response, dysfunction of macro
and micro blood vessels, cell apoptosis, necro-
sis, pyroptosis, ferroptosis, autophagy, and ve-
siculation etc. The interplay among these path-
ogenic processes [28] adds difficulty in eluci-
dating the underlying mechanisms of SA-AKI.
Tanshinone 1lA, a bioactive compound extract-
ed from Danshen, possesses anti-bacterial and
anti-inflammatory properties. A study by Chen
et al. has shown that tanshinone IIA can allevi-
ate septic AKI in animal models [24].

In this study, SA-AKI was successfully induced
in mice by intraperitoneal injection of LPS, as
confirmed by significantly increased serum cre-
atinine and urea nitrogen. Pre-administration of
tanshinone IIA significantly decreased serum
creatinine and urea nitrogen levels, alleviated
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renal injury, and reduced cell apoptosis. KIM-1
is a transmembrane protein mainly expressed
in proximal renal tubular epithelial cells and is
widely recognized as a biomarker of AKI. Upon
acute injury, the expression of KIM-1 increases
and is released into the renal tubules [29]. In
addition, KIM-1 exerts anti-inflammatory eff-
ects, and various animal studies have demon-
strated its protective role in attenuating AKI
[30]. IHC results of mouse kidney tissue in this
study showed that the expression level of KIM-1
was significantly increased in the model group,
while its expression was significantly decreased
in the model + tanshinone IIA group compared
with model group. These findings confirm the
successful establishment of the SA-AKI model
and also prove that tanshinone IIA can mitigate
renal injury.

To further investigate the molecular alterations
associated with tanshinone I1IA’'s protection
against SA-AKI, HK2 cells were treated with
LPS and tanshinone lIA, and high-throughput
sequencing was performed to identify relevant
DEGs. Results showed that 121 genes were
significantly upregulated and 65 genes were
significantly downregulated in the Tanshinone
IIA + LPS group compared with the LPS group.
GO and KEGG enrichment analysis identified 6
key DEGs (DDIT3, DUSP10, EFNA1, EGLN3,
GADD45A, HSPA1A), which were selected to
validate the high-throughput sequencing re-
sults through gPCR analysis. qPCR results
showed that compared with the LPS group, the
expression levels of CADD45A, EFNA, DDIT3
and DUSP10 were significantly upregulated in
the tanshinone IIA + LPS group, while HSPA1A
and EGLN3 were significantly downregulated,
consistent with the results from high-through-
put sequencing. Both high-throughput sequenc-
ing and gPCR results indicated a significant
upregulation of DUSP10 following tanshinone
IIA pre-administration. Given the proven regula-
tory role of DUSP10 in the MAPK signaling path-
way, along with sequencing results, we hypoth-
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esized that tanshinone IIA exerts therapeutic
effects on SA-AKI by modulating the DUSP10-
regulated MAPK signaling pathway. To verify
this, further mechanistic experiments were
performed.

The MAPK pathway is closely related to cell
growth, inflammatory reactions and apoptosis.
P38 mitogen activated protein kinase (p38
MAPK) and JNK are important members of the
MAPK pathway. After activation, p38 migrates
to the nucleus and regulates the inflammatory
response by modulating transcription factor
activity and cytokine synthesis [31]. It has been
shown that LPS stimulation induces p38 activa-
tion of monocytes, neutrophils, and endothelial
cells, leading to the release of a large amount
of inflammatory mediators and acute inflamma-
tion [32]. p38 upregulates the expression of
NLRP3 and pro-Interleukin-1beta (IL-1) by acti-
vating transcription factors such as Nuclear
factor kappa-B (NF-kB) or Activator Protein-1
(AP-1) [33]. The innate immune receptor NLRP3
inflammasome is a key factor in the SA-AKI
inflammatory cascade, and NLRP3 can pro-
mote Caspase-1 activation and inflammatory
cytokine expression, exacerbating the damage
of the inflammatory response [13, 14]. JNK
phosphorylation can activate downstream acti-
vator protein-1, which can regulate the expres-
sion of various interleukins and tumor necrosis
factor, and promote an inflammatory response.
In addition, JNK activation can activate B-cell
lymphoma-2 (Bcl-2), participate in the release
of apoptotic factors, and lead to Caspase acti-
vation and cell apoptosis [34]. JNK upregulates
the expression of NLRP3 and pro-IL-13 by acti-
vating transcription factors (e.g., AP-1), thereby
providing essential components for inflamma-
some activation [35]. The products of NLRP3
inflammasome activation (e.g., IL-1B) can fur-
ther amplify p38 and JNK signaling, creating a
pro-inflammatory feedback loop that exacer-
bates the inflammatory response [36]. Inhibiting
the MAPK signaling pathway (with decreased
expression of p38 and JNK) can hinder the
inflammatory response and cell apoptosis in
the renal tissue of hemorrhagic shock rats [37].
In our research, both animal and cell experi-
ments showed that LPS-induced SA-AKI signifi-
cantly increased the expression of p38, JNK,
NLRP3, and Caspase-1 proteins. By pre-admin-
istration of tanshinone lIA, the expression of
p38, JNK, NLRP3, and Caspase-1 proteins was
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significantly decreased, indicating that the
SA-AKI inflammatory response may be caused
by the activation of p38 and JNK in the MAPK
signaling pathway. Tanshinone IIA can inhibit
the activation of p38 and JNK in the MAPK sig-
naling pathway, thus reducing the inflammatory
response caused by SA-AKI.

It is still unclear which proteins tanshinone IIA
may regulate to inhibit the MAPK signaling pa-
thway and reduce the inflammatory response.
DUSP10 can dephosphorylate the MAPK sig-
naling pathway, with the strongest dephos-
phorylation activity towards p38 and JNK [38].
It has been shown that DUSP10 can inhibit the
activation of activator protein-1 by dephosphor-
ylating p38 and JNK, leading to a decrease in
the expression of inflammatory factors and a
weakening of the inflammatory response [39].
Elevated expression of DUSP10 can reduce any
excessive inflammatory response. Many anti-
inflammatory drugs have been identified to in-
crease DUSP10 expression, such as compound
Nepetoidin B, which upregulates DUSP10 exp-
ression in macrophages and inhibits p38 and
JNK-dependent LPS-induced inflammatory res-
ponse [40]. Therefore, DUSP10 may be a target
for inhibiting the inflammatory response. In this
study, the immunohistochemistry and western
blot results from animal experiments showed
that there is a significant decrease in DUSP10
protein expression in the model group. Com-
pared with the model group, the DUSP10
protein expression was significantly increased
in the model + tanshinone IIA group, and the
same results were obtained in cell experi-
ments. We found that tanshinone IIA can
increase the expression of DUSP10, and inhibit
p38 and JNK-dependent LPS-induced inflam-
matory responses, suggesting that tanshinone
IIA exerts anti-inflammatory and anti-apoptotic
effects through the DUSP10/JNK/p38/NLRP3
signaling pathway. In addition, this study pro-
vided another possible mechanism for the
treatment of SA-AKI with tanshinone IIA.

During the SA-AKI inflammatory response, oxi-
dative stress occurs, producing a large amount
of ROS. Meanwhile, oxidative metabolism pro-
duces a large amount of aldehydes, causing
oxidative damage to cells. Aldehyde dehydroge-
nase 2 can reduce the accumulation of alde-
hydes and weaken their toxicity [41]. The immu-
nohistochemistry and western blot results from
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the animal experiments showed a significant
decrease in ALDH2 protein expression in the
model group. Compared with the model group,
the ALDH2 protein expression was significantly
increased in the model + tanshinone IIA group,
and the same results were obtained in cell
experiments. However, ALDH2 was not detect-
ed in the differentially expressed genes by high-
throughput sequencing. How tanshinone IIA
regulates ALDH2 will be investigated in subse-
quent experiments.

Conclusion

Tanshinone lIA may regulate the JNK/P38/
NLRP3 pathway in SA-AKI by upregulating
DUSP10, thereby exerting a protective effect by
reducing inflammation and cell apoptosis, and
preventing SA-AKI.
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