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Abstract: Objective: This study aims to elucidate the therapeutic mechanisms of Decursin (DE) against diabetic 
kidney disease (DKD), focusing on its effects on renal epithelial-mesenchymal transition (EMT) and the underlying 
signaling pathways. Methods: A streptozotocin (STZ)-induced DKD model was established in rats and treated with 
DE for 12 weeks. Metabolic and renal function indices were assessed using blood and urine samples, while kidney 
tissues were subjected to histopathological examination. Network pharmacology and disease database analyses 
were employed to predict the core target genes of DE in DKD. The predicted targets and EMT-related processes 
were further validated using human renal tubular epithelial cells (HK2) under high glucose (HG) or transforming 
growth factor-beta 1 (TGF-β1) stimulation. The expression of core target proteins and EMT markers was evaluated 
by Western blotting in both in vivo and in vitro settings. Results: DE treatment significantly ameliorated biochemical 
parameters and renal EMT in DKD rats. Network analysis identified 16 potential target genes, with MMP-9, ESR1, 
PTGS2, AR, and CTNNB1 ranked as the top five core genes. Molecular docking and protein-protein interaction analy-
sis further prioritized MMP-9, PI3K, and Akt as the most promising hub targets of DE. Consistently, Western blot 
analysis confirmed that DE markedly downregulated the expression of PI3K, phosphorylated Akt (p-Akt), and EMT-
related proteins (including MMP-9, N-cadherin, and α-SMA) both in DKD rat kidneys and in HG- or TGF-β1-stimulated 
HK2 cells. Furthermore, the PI3K inhibitor LY294002 produced similar anti-EMT effects, thereby confirming the 
involvement of the PI3K/Akt pathway in the action of DE. Conclusion: Integrating experimental and network pharma-
cology approaches, this study demonstrates that DE alleviates renal EMT in DKD by inhibiting the PI3K/Akt signaling 
pathway, providing preliminary evidence for future studies.
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Introduction

Diabetic kidney disease (DKD) is a serious 
chronic microvascular complication of diabetes 
and has become the leading cause of chronic 
kidney disease (CKD) and end-stage renal dis-
ease (ESRD) worldwide [1, 2]. The rising global 
incidence of diabetes has been paralleled by a 
rapid increase in the prevalence of DKD [3]. It is 
well established that DKD patients have a sig-
nificantly higher risk of fatal cardiovascular 
events compared to diabetic patients without 
kidney involvement [4]. Although intensive gly-
cemic control can reduce diabetes-related 

complications through metabolic memory, in- 
cluding the development of DKD, it does not 
effectively slow the progression to ESRD in 
patients with established DKD [5, 6]. Renal 
fibrosis represents the final common pathway 
in the pathophysiology of DKD, in which epithe-
lial-mesenchymal transition (EMT) plays an 
important role [7, 8]. EMT is a cellular process 
strongly associated with hyperglycemia and 
contributes significantly to mesenchymal stro-
mal deposition and renal fibrosis in DKD [9,  
10]. The occurrence of EMT in DKD patients is 
closely linked to multiple factors, including 
abnormal blood glucose levels, transforming 
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growth factor-β1 (TGF-β1) expression, overacti-
vation of the phosphatidylinositol 3-kinase/pro-
tein kinase B (PI3K/Akt) signaling pathway, and 
inflammatory responses [11, 12]. Among these, 
the PI3K/Akt pathway is notably associated 
with extracellular matrix (ECM) accumulation 
and EMT, both of which are correlated with 
renal fibrosis [13, 14]. Growing evidence further 
supports the essential role for the PI3K/Akt sig-
naling pathway in regulating EMT during the 
progression of DKD [15].

Decursin (DE), a coumarin compound derived 
from the roots of Angelica Gigas Naka (also 
known as Dang Gui in Chinese), possesses 
well-documented pharmacological properties, 
including anti-inflammatory, antioxidant and 
anti-anemia effects [16-18]. In our previous 
study, we demonstrated that DE alleviates 
pathological proliferation and angiogenesis in 
diabetic retinopathy by inhibiting VEGFR2 ex- 
pression [19]. Additionally, DE has been report-
ed to inhibit cervical tumor growth by regulating 
the PI3K/Akt signaling pathway [20]. Despite 
extensive research into its pharmacological 
activities, it remains unclear whether DE influ-
ences PI3K/AKT pathway-associated EMT in 
DKD.

In this study, we evaluated the renal effects of 
DE in a DKD rat model and observed that DE 
significantly ameliorated EMT and biochemical 
parameters. Using network pharmacology and 
disease databases, we screened for potential 
core target genes and pathways involved in 
DE’s action against DKD. These findings were 
further validated through protein-protein inter-
action (PPI) analysis, molecular docking, and 
Western blot assays both in vivo and in vitro. 
Overall, our results indicate that DE improves 
renal EMT in DKD by inhibiting the PI3K/Akt 
pathway, thereby providing a basis for its poten-
tial clinical application.

Materials and methods

Animals and ethical approval

Male Sprague-Dawley rats aged 10 weeks 
(n=50, body weight 220-250 g) were obtained 
from the Wuhan Myhalic Biotechnology Co., 
Ltd. The Wuhan Myhalic Biotechnology Co.,  
Ltd. Animal Ethics Committee approved all 
experimental procedures (License No. HLK-
20241109). These procedures followed the 

guidelines set forth in the NIH’s Guide for the 
Care and Use of Laboratory Animals (Publica- 
tion No. 85-23, revised 1996).

Under specific pathogen-free conditions, the 
rats were housed at 24±2°C with a 12-hour 
light/dark cycle. They had free access to food 
and water throughout the study. Prior to ex- 
perimentation, all animals underwent a 7-day 
acclimatization and were then randomly as- 
signed to either a normal control group (n=10) 
or a model group (n=40). Diabetes in the model 
group was induced by a single intraperitoneal 
injection of freshly prepared streptozotocin 
(STZ, 50 mg/kg, Solarbio, S8050, China) in 
cold citrate buffer (pH 4.5). Control animals 
received an equal-volume injection of normal 
saline. Fasting blood glucose levels were test- 
ed weekly after the third injection using a glu-
cose meter (OneTouch Verio Vue, LifeScan, 
USA). Four weeks after STZ administration, the 
urinary albumin-to-creatinine ratio (UACR) was 
assessed with biochemical analyzers (BN II 
System, Siemens, Germany and Architechtc- 
16000, Abbott, USA). Rats with sustained 
hyperglycemia (blood glucose > 16.7 mmol/L) 
and elevated UACRs were considered to have 
DKD and were subsequently randomized into  
a DKD group (n=18, after excluding 2 non-
responsive rats) and a DKD+DE group (n=19, 
after excluding 1 non-responsive rat). All gro- 
ups were fed standard rodent chow. The 
DKD+DE group was administered 20 mg/kg  
DE (Ache Action DEol Complex, Now Foods, 
USA) [21] by oral gavage daily for 12 weeks, 
while the DKD and control groups received an 
equivalent volume of saline. Blood glucose and 
body weight were recorded weekly throughout 
the experimental period.

Biochemical analysis

At the end of the treatment period, all animals 
were fasted overnight, weighed the following 
day, and 6 hour urine samples were obtained 
for the measurement of the UACR. All animals 
were then anesthetized and euthanized via 
intraperitoneal injection of an appropriate does 
of sodium pentobarbital. Blood samples were 
taken from the abdominal aorta, followed by 
cervical dislocation. Serum levels of glucose, 
blood urea nitrogen (BUN), uric acid (UA), serum 
creatinine (SCr), triglycerides (TG), and total 
cholesterol (TC) were determined using an 
automatic biochemistry analyzer (Roche, Ger- 
many and UniCel DxI 800 Access, USA). The 
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kidneys were immediately harvested, weighed, 
fixed in 10% neutral buffered formalin or snap-
frozen in liquid nitrogen for storage at -80°C for 
further experiments.

Histological analysis

To prepare for histological examination, kid- 
ney samples were paraffin-embedded and cut 
into 5 μm sections. These sections underwent 
staining with hematoxylin and eosin (H&E), peri-
odic acid-Schiff (PAS), and Masson’s trichrome 
staining kits (DC0032, Leagene Biotechnology, 
China) according to the manufacturer’s in- 
structions. For visualization, the stained slides 
were digitally scanned with CaseViewer 2.4 
software (3DHISTECH. Ltd., Hungary) and regi- 
on of interest were selected at 200× magnifica-
tion. Subsequent quantitative analysis of the 
images was conducted using Image-Pro Plus 
6.0 software (Media Cybernetics, USA).

Determination of disease-related and drug-
target genes

Disease-associated genes for diabetic kidney 
disease (DKD) were compiled by integrating 
related targets from multiple databases, in- 
cluding GeneCards, TTD, DrugBank, and OMIM. 
Meanwhile, potential targets of DE were sour- 
ced from the Traditional Chinese Medicine 
Systems Pharmacology Database and Analysis 
Platform (TCMSP) and the STITCH database.

Construction of protein-protein interaction 
(PPI) network and identification of core genes

Construction of the PPI network was perform- 
ed on the STRING platform (https://string-db.
org) with a confidence threshold set above  
0.4 for interactions. The resulting network was 
then imported into Cytoscape software (ver-
sion 3.8.2) [22] for visualization and further 
topological analysis. Identification of core 
genes was based on their connectivity within 
the network, with the selection of the top five 
highest-degree nodes as hub genes using the 
degree algorithm from the CytoHubba plugin.

Molecular docking

Molecular docking was performed to evaluate 
the binding affinity of DE to potential therapeu-
tic targets in DKD, with particular focus on the 
PI3K/Akt pathway - a key signaling cascade in 
DKD pathogenesis [23], as well as MMP-9, 

which is closely associated with epithelial-mes-
enchymal transition (EMT) [24]. The three-
dimensional (3D) structure of the target protein 
was obtained from the Protein Data Bank (PDB, 
https://www.rcsb.org/). Water molecules and 
native ligands were removed from the protein’s 
structure. AutoDock Tools (version 4.2) [25] 
was used for hydrogen addition and charge 
assignment of the proteins. Next, the two-
dimensional (2D) chemical structure of DE was 
retrieved from the TCMSP database and subse-
quently prepared for docking using AutoDock 
Tools, including charge assignment and identi- 
fication of rotatable bonds. Finally, molecular 
docking simulations and binding energy calcu-
lations were performed using AutoDock Vina 
(version 1.1.2) [26]. A more negative ΔG value 
generally indicates a more stable ligand-protein 
complex and a higher probability of interaction 
[27]. The resulting docking poses were visual-
ized and analyzed using PyMOL software (ver-
sion 2.4.1).

Cell culture and treatment

Human proximal tubular epithelial cells (HK2 
cells; BNCC100395, Bena Culture Collection, 
China) were cultured in low-glucose (LG) Dul- 
becco’s Modified Eagle Medium (DMEM, 5.5 
mM glucose; C3113-0500, VivaCell, China) 
supplemented with 10% fetal bovine serum 
(FBS, C04001-050, VivaCell, China), 100 U/ 
mL penicillin, and 100 μg/mL streptomycin 
(C3421, VivaCell, China). Cells were maintain- 
ed at 37°C in a humidified incubator contain- 
ing 5% CO2. The HK-2 cell line was selected 
because it reliably undergoes EMT under high 
glucose and TGF-β1 stimulation, making it a 
suitable in vitro model for studying this mecha-
nism [28]. TGF-β1 is a well-established cyto-
kine for inducing epithelial-EMT [29], it was 
used in this study to generate an EMT-positive 
control model.

HK2 cells were then assigned to the following 
treatment groups under different culture condi-
tions: (1) LG group: cultured in LG DMEM; (2) HG 
group: cultured in HG DMEM (40 mM glucose); 
(3) LG+TGF-β1 group: cultured in LG DMEM sup-
plemented with 10 ng/mL TGF-β1 (PeproTech, 
China); (4) HG+DE group: cultured in HG DMEM 
(40 mM glucose) with 25 μM DE (CFN98509, 
ChemFaces, China).

In order to investigate the role of the PI3K/Akt 
pathway, 20 μM LY294002 (MCE, China) was 
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administered to the LG+TGF-β1 and HG groups. 
This inhibitor concentration, chosen based on 
prior literature [30], was added 1 hour after the 
initial treatments. All groups were incubated 
under the described conditions for 24 hours, 
after which cells were harvested and lysed for 
the detection of downstream signaling mole-
cules by western blotting.

MTS assay

To identify a therapeutically effective yet non-
cytotoxic concentration of DE, a cell prolifera-
tion assay was conducted using the MTS meth-
od (G3580, Promega, USA). HK-2 cells were 
seeded into 96-well plates at 6×103 cells per 
well. They were subsequently exposed to vary-
ing doses of DE (0, 25, 50, 100 μM) and/or 
TGF-β1 (0, 5, 10 ng/mL; AF-100-21C, Pepro- 
Tech) for either 24 or 48 hours. After incuba-
tion, 20 μL of MTS reagent was added per well, 
followed by a 3-hour incubation at 37°C. The 
absorbance at 490 nm was then recorded with 
a microplate reader. All treatments were per-
formed with five technical replicates, and the 
complete experiment was independently repli-
cated three times.

Western blot analysis

Proteins were extracted from kidney tissues 
and HK2 cells using RIPA buffer (R0010, 
Solarbio, China) according to the manufactur-
er’s instructions, and the protein concentra-
tions were quantified with a bicinchoninic acid 
(BCA) protein assay kit (T9300A, Takara, 
Japan). Equal amounts of protein from each 
experimental group were separated by sodium 
dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and transferred onto polyvi-
nylidene difluoride (PVDF) membranes. The 
membranes were blocked with 5% non-fat milk 
(232100, BD Life Science, USA) for 2 hours at 
room temperature and then incubated over-
night at 4°C with the following primary anti- 
bodies: anti-N-cadherin (1:3000, 22018-1-AP, 
Proteintech, China), anti-PI3K (1:800, PTM-
6358, PTM BIO, China), anti-MMP-9 (1:1000, 
10375-2-AP, Proteintech, China), anti-p-Akt 
(1:1000, PTM-6735, PTM BIO, China), anti-Akt 
(1:1000, PTM-6071, PTM BIO, China), anti-α-
SMA (1:2000, 14395-1-AP, Proteintech, China) 
and anti-β-actin (1:2000, PTM-5028, PTM BIO, 
China). Following four rinses in TBST (Tris-
buffered saline with 0.1% Tween-20), the mem-

branes were probed with an HRP-linked sec-
ondary antibody (1:5000 dilution; SA00001-2, 
Proteintech, China) for 1.5 hours at room tem-
perature. For signal detection, an enhanced 
chemiluminescence (ECL) kit (180-501, Tanon, 
China) was applied. The chemiluminescent sig-
nals were then captured using a ChemiDoc 
XRS+ imaging system (Bio-Rad, USA). Finally, a 
densitometric analysis of the protein bands 
was performed with ImageJ software (version 
1.51j8, NIH, USA) to quantify band intensities. 
To evaluate the role of EMT, we employed 
Western blotting to detect key EMT markers, 
including the mesenchymal cell marker N-cad- 
herin, α-SMA and MMP-9 [31, 32].

Statistical analyses

Statistical analysis was conducted using 
GraphPad Prism 9.0 (GraphPad Software, Inc., 
San Diego, CA, USA). Data presentation and 
analysis followed these criteria: all values from 
a minimum of three independent experiments 
are mean ± SD; group differences were evalu-
ated via one-way ANOVA with Bonferroni post 
hoc correction for multiple comparisons; and  
a P-value below 0.05 was considered statisti-
cally significant.

Results

DE ameliorates biochemical parameters and 
renal pathology in DKD rats

Rats treated with STZ exhibited typical diabetic 
symptoms, including polydipsia, polyphagia 
and polyuria, accompanied by a significant 
increase in the UACR four weeks after STZ 
administration (Supplementary Figure 1). Both 
the DKD and DKD+DE groups had significantly 
increased blood glucose, KW/BW ratio, and TG 
levels but showed a significant decline in body 
weight compared to the control group. The DKD 
group displayed significantly higher UACR and 
BUN levels than the control group, and these 
increases were significantly attenuated follow-
ing DE treatment. Similarly, TC levels were ele-
vated in the DKD group compared to the con-
trol group, and DE administration effectively 
reversed this change. No significant differences 
in UA or SCr were observed among the three 
groups (Table 1). Examination of H&E-stained 
sections revealed significantly milder renal 
tubular hypertrophy and glomerular enlarge-
ment in the DE-treated diabetic rats relative to 
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Table 1. Effects of DE on physical and biochemical parameters in experimental rats
Control DKD DKD+DE

Glucose (mmol/L) 6.002±0.553 30.01±8.063* 29.99±8.113*

Body weight (g) 496.4±55.03 371.0±18.11* 378.1±16.59*

KW/BW (mg/g) 0.675±0.074 1.354±0.251* 1.365±0.217*

UACR (mg/mmol) 4.615±1.856 22.29±8.271* 13.97±2.847*,#

BUN (mmol/L) 12.96±0.678 18.39±1.923* 15.71±2.561*,#

UA (μmol/L) 77.13±8.935 76.40±24.35 76.20±23.82
SCr (μmol/L) 34.86±9.406 31.40±6.736 28.10±5.626
TG (mmo/L) 0.448±0.132 2.612±1.372* 1.883±1.018*

TC (mmol/L) 1.491±0.439 2.533±0.622* 1.989±0.238#

Data were presented as mean ± SD (n=10-15). Abbreviations: DKD, diabetic kidney disease; DE, Decursin; UACR, urinary 
albumin to creatinine ratio; BUN, blood urea nitrogen; UA, uric acid; SCr, serum creatinine; and KW/BW, kidney weight to body 
weight ratio; *P < 0.05 versus the control group, #P < 0.05 versus the DKD group.

the untreated DKD group 
(Figure 1A). In contrast, kid-
neys from DKD rats exhibited 
greater glycogen accumula-
tion, as indicated by PAS 
staining. Similarly, increased 
collagen deposition (evident 
as blue staining) was obser- 
ved in this group compared to 
controls using Masson’s tri-
chrome staining. Both patho-
logical features were signifi-
cantly mitigated after 12 
weeks of DE intervention 
(Figure 1B, 1C). These find-
ings suggest that DE allevi-
ates renal fibrosis, reduces 
UACR and BUN, and impro- 
ves dyslipidemia in DKD rats 
through mechanisms inde-
pendent of glycemic or body-
weight modulation.

Identification of potential 
target and PPI network for DE 
in DKD

We retrieved 22 candidate 
targets for DE by searching 
the TCMSP and STITCH data-
bases (Supplementary Table 
1). Separately, we collected 
disease-associated genes for 
DKD from four public data-
bases: GeneCards (3,487 tar-
gets), TTD (23), DrugBank 

Figure 1. DE ameliorates renal fibrosis in DKD rats. A. Representative images 
of kidney sections stained with H&E, Masson and PAS. Original magnifica-
tion: ×200; scale bar =20 μm. B, C. Quantitative analysis of the collagen-
positive area (Masson staining) and glycogen-positive area (PAS staining). 
Data are presented as mean ± SD (n=3 independent experiments). Statisti-
cal analysis was performed using one-way ANOVA followed by post-hoc com-
parisons in GraphPad Prism 9.0. ns, not significance; ns, **P < 0.01, ****P 
< 0.0001 versus the control group. ##P < 0.01 and ###P < 0.001 versus the 
DKD group. DKD, Diabetic Kidney Disease; DE, Decursin.

https://e-century.us/files/ajtr/18/3/ajtr0169980suppltab1.xlsx
https://e-century.us/files/ajtr/18/3/ajtr0169980suppltab1.xlsx
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(42), and OMIM (95) (Supplementary Table 1). 
Intersection analysis revealed 16 overlapping 
genes between the DE-target and disease-tar-
get sets (Figure 2A). A drug-target interaction 
network was subsequently constructed based 
on those 16 genes (Figure 2B). To explore their 
functional relationships and identify core tar-
gets, these overlapping genes were used to 
construct PPI network via the STRING data-
base, resulting in a network of 16 nodes and 
43 edges (Figure 2C). Finally, applying the 
degree algorithm through the CytoHubba plu-
gin within Cytoscape, the top five hub genes - 

MMP-9, ESR1, PTGS2, AR, and CTNNB1 - were 
pinpointed as the central therapeutic targets of 
DE against DKD (Figure 2D).

Molecular docking analysis of DE with PI3K/
Akt and EMT-related targets

Molecular docking shown DE exhibited strong 
binding affinity to key proteins implicated in 
DKD (Figure 3). Notably, DE showed favor- 
able binding energies with PI3K (-8.2 kcal/mol) 
and Akt (-7.4 kcal/mol) (Figure 3A-C). Among 
the five core targets identified from the PPI  
network, DE displayed the strongest binding 

Figure 2. Identification of hub targets of DE for DKD through network analysis. A. Venn diagram showing the overlap 
between DKD-related genes and DE target genes. Data were collected from TTD, GeneCards, DrugBank, OMIM, 
TCMSP, and STITCH databases. B. Drug-target interaction network of DE. C. Protein-protein interaction (PPI) network 
of the 16 overlapping genes. D. The top five genes ranked by degree centrality using the CytoHubba plugin in Cyto-
scape. DKD, Diabetic Kidney Disease; DE, Decursin.

https://e-century.us/files/ajtr/18/3/ajtr0169980suppltab1.xlsx


Decursin inhibits EMT in DKD

2665	 Am J Transl Res 2026;18(3):2659-2673

potential to MMP-9, with a binding energy of 
-9.3 kcal/mol (Figure 3D-I). The binding ener-
gies for the other core targets (ESR1, PTGS2, 
AR, and CTNNB1) are listed in Figure 3E-I. 
These results indicate that DE can stably bind 
to the active sites of PI3K, Akt, and MMP-9, 
supporting their roles as potential direct tar-
gets in the therapeutic action of DE against 
DKD.

DE ameliorates renal EMT and suppresses the 
PI3K/Akt pathway in DKD rats

We examined key proteins related to EMT 
(MMP-9, N-cadherin, and α-SMA) and the PI3K/
Akt pathway. The results demonstrated that  
the elevated expression of MMP-9, N-cadherin, 

and α-SMA in DKD rats was were significantly 
counteracted by DE intervention (Figure 4A-D). 
Similarly, the increased levels of PI3K and the 
p-Akt/Akt ratio observed in the DKD group were 
also effectively reduced following DE adminis-
tration (Figure 4E-G). In summary, these data 
confirm that DE treatment alleviates renal EMT 
and inhibits PI3K/Akt signaling in a rat model of 
DKD.

DE attenuates high glucose-induced EMT and 
suppresses the PI3K/Akt pathway in HK2 cells

An MTS assay indicated that DE at low con- 
centrations did not significantly affect HK2  
cell viability, whereas 100 μM DE markedly 
reduced cell survival (Supplementary Figure 2). 

Figure 3. Molecular docking analysis of DE with core target proteins. A, B. Predicted binding modes of DE within the 
active sites of PI3K and Akt, respectively. C. Calculated binding energies of DE with PI3K and Akt. D-H. Binding poses 
of DE with the top five candidate targets (MMP-9, PTGS2, AR, ESR1, and CTNNB1) identified from the PPI network. 
I. Binding energies of DE with the aforementioned five target proteins. DE, Decursin; ESR1, estrogen receptor alpha.
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Consequently, 25 μM DE was selected for sub-
sequent experiments. Then, we further validat-
ed the effects of DE on EMT induced by TGF-β1 
and HG. Morphological analysis revealed that 
cells in the LG group maintained a typical epi-
thelial cobblestone-like shape (Supplementary 
Figure 3). As shown in Figure 5, HG exposure 

blocked the HG and TGF-β1-induced increases 
in PI3K expression and Akt phosphorylation, 
mirroring the action of DE (Figure 6E-G). These 
findings demonstrate that DE alleviates 
HG‑induced EMT through a mechanism involv-
ing inhibition of the PI3K/Akt signaling 
pathway.

Figure 4. DE attenuates renal EMT and inhibits the PI3K/Akt pathway in 
DKD rats. A. Representative Western blot images of N-cadherin, MMP-9 and 
α-SMA in rat kidneys. B-D. Quantitative analysis of N-cadherin, MMP-9, and 
α-SMA protein levels, respectively. E. Representative Western blot images 
of PI3K, p‑Akt, and Akt. F, G. Quantitative analysis of PI3K protein level and 
the p-Akt/Akt ratio, respectively. Data are presented as mean ± SD (n=6 rats 
per group) from three independent experiments. Statistical significance was 
determined by one-way ANOVA with post-hoc comparisons using GraphPad 
Prism 9.0. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 versus 
the control group; #P < 0.05, ##P < 0.01 versus the DKD group. DKD, diabetic 
kidney disease; DE, Decursin; ns, not significant. EMT, epithelial-mesenchy-
mal transition; DKD, Diabetic Kidney Disease.

significantly upregulated the 
protein levels of the EMT-
related markers MMP-9, N- 
cadherin, and α-SMA, an 
effect similar to that of TGF-
β1. DE treatment significantly 
reversed these increases (Fi- 
gure 5A-D). Furthermore, both 
HG and TGF-β1 stimulation 
elevated the expression of 
PI3K and the p-Akt/Akt. These 
inductions were also signifi-
cantly suppressed by DE 
(Figure 5E-G). These results 
demonstrate that DE allevi-
ates HG-induced EMT and 
inhibits the activation of the 
PI3K/Akt pathway in vitro.

DE attenuates HG-induced 
EMT through inhibiting the 
PI3K/Akt pathway

Exposure of HK2 cells to HG 
significantly increased the ex- 
pression of the EMT-related 
proteins (PI3K, N-cadherin, 
and α-SMA) and activated the 
PI3K/Akt pathway as evi-
denced by elevated PI3K lev-
els and Akt phosphorylation. 
DE treatment effectively sup-
pressed these HG-induced 
changes. To further determine 
whether the PI3K/Akt path-
way mediates the anti-EMT  
effect of DE, we used the  
specific PI3K inhibitor LY294- 
002. Inhibition of by LY2940- 
02 abolished the upregulation 
of MMP-9, N-cadherin, and  
α-SMA induced by either TGF-
β1 or HG. Notably, DE treat-
ment produced a similar in- 
hibitory effect (Figure 6A-D).  
Consistently, LY249200 also 
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Figure 5. DE attenuates EMT and inhibits PI3K/Akt signaling in HG-induced HK2 cells. A. Western blotting images 
of N-cadherin, MMP-9, and α-SMA in HK2 cells cultured under LG, LG+TGF-β1, HG, and HG+DE conditions. B-D. 
Quantification analysis of N-cadherin, MMP-9, and α-SMA protein levels, respectively. E. Western blotting images 
of PI3K, p-Akt, and Akt. F, G. Quantification analysis of PI3K protein level and the p-Ak/Akt ratio, respectively. Data 
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are presented as mean ± SD from three independent experiments (n=3). Statistical significance was determined by 
one-way ANOVA with post-hoc comparisons using GraphPad Prism 9.0. *P < 0.05, **P < 0.01, ****P < 0.0001 ver-
sus the LG group; #P < 0.05, ###P < 0.001, ####P < 0.0001 versus the HG group. ns, not significant. LG, low-glucose; 
HG, high glucose; EMT, epithelial-mesenchymal transition.
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Discussion

In this study, the STZ-induced DKD rat model 
was employed, primarily based on the following 
considerations. Firstly, this model enables the 
rapid and reliable induction of a stable and  
controllable hyperglycemic state, accompanied 
by significant pathological features of DKD, 
such as increased proteinuria, glomerular 
hypertrophy, and interstitial fibrosis [33]. 
Secondly, studies have indicated that renal 
hypertrophy - marked by increased kidney 
weight and a transition from hyperplastic to 
hypertrophic growth - occurs in the early stag- 
es of STZ-induced diabetic rats [34, 35]. 
Furthermore, the STZ-induced model offers 
advantages including a short experimental 
cycle, cost-effectiveness, and high phenotypic 
reproducibility, making it a well-established 
and widely used classic model in DKD patho-
logical mechanism and therapeutic interven-
tion research [36]. Consequently, utilizing this 
STZ-induced DKD rat model, we observed  
that four weeks post-modeling, the urinary 
UACR, BUN, and KW/BW were significantly ele-
vated in DKD model rats, which is consistent 
with previous findings. An increased UACR is a 
characteristic feature of DKD. Following 12 
weeks of DE administration, UACR and BUN 
were significantly reduced; however, no signifi-
cant change was observed in KW/BW, a phe-
nomenon that may be associated with estab-
lished renal fibrosis. Fibrosis, particularly driv-
en by the EMT process, is a central pathologi- 
cal manifestation of diabetic nephropathy [37]. 
Our results demonstrated that DE not only 
attenuated renal tubular hypertrophy and glo-
merular enlargement but also reduced the 
accumulation of glycogen and collagen fibers in 
DKD rats. Therefore, alongside glycemic con-
trol, developing therapies that target renal EMT 
is crucial for mitigating fibrosis and altering the 
progression of DKD.

DE is a primary active component derived from 
the roots of Angelica gigas Nakai. It has de- 
monstrated therapeutic potential in various 

pathophysiological conditions, including can-
cer, inflammation, and neurodegenerative dis-
eases [38, 39]. Moreover, DE has been report-
ed to downregulate the expression and activity 
of matrix metalloproteinases by modulating 
p38 phosphorylation [40]. Although the phar-
macological properties of DE are well-docu-
mented, its anti-fibrotic effect in DKD remains 
unclear. In this study, we employed network 
pharmacology and molecular docking to inves-
tigate its mechanism of action against renal 
EMT in DKD. We identified 16 overlapping tar-
gets, from which five key targets - MMP-9, 
ESR1, PTGS2, AR, and CTNNB1 - were priori-
tized. Molecular docking further predicted 
strong binding affinity of DE to MMP-9, PI3K, 
and Akt. These in silico findings provided a 
foundational rationale for our subsequent 
experimental validation.

MMP-9, a gelatinase produced by various cell 
types including epithelial cells and fibroblasts, 
plays a critical role in renal EMT by degrading 
the epithelial basement membrane [41]. It can 
also promote renal interstitial fibrosis via acti-
vation of extracellular signal-regulated kin- 
ases, while its inhibition attenuates α-SMA 
expression and ameliorates fibrosis [42, 43]. 
TGF-β1 and high glucose are established major 
inducers of EMT in renal fibrosis [44]. In line 
with this, our study showed that HG treatment 
significantly upregulated the expression of 
EMT-related proteins (MMP-9, α-SMA, and 
N-cadherin) in HK2 cells, mirroring the effect  
of TGF-β1. DE treatment effectively reversed 
these HG-induced elevations. Notably, DE also 
significantly decreased the levels of these pro-
teins in the kidneys of DKD rats. These results 
confirm that EMT constitutes a key therapeutic 
target of DE in DKD.

The PI3K/Akt signaling pathway is critically 
involved in the fibrotic pathogenesis of DKD 
[26]. Under diabetic conditions, this pathway, 
which regulates cell growth and EMT, becomes 
activated in renal tubular epithelial cells [45]. 

Figure 6. DE alleviates HG-induced EMT in HK2 cells by inhibiting the PI3K/Akt pathway. A. Western blotting im-
ages of N-cadherin, MMP-9, and α-SMA in HK2 cells treated as indicated. B-D. Quantitative analysis of N-cadherin, 
MMP-9, and α-SMA protein levels. E. Representative Western blot images of PI3K, p-Akt, and Akt. F, G. Quantitative 
analysis of PI3K protein level and the p-Akt/Akt ratio. Data are presented as mean ± SD from three independent 
experiments (n=3). Statistical significance was determined by one-way ANOVA with post-hoc comparisons using 
GraphPad Prism 9.0. *P < 0.05, **P < 0.01, ****P < 0.0001 versus the LG group; #P < 0.05, ##P < 0.01, ###P < 
0.001 versus the HG group. ns, not significant. LG, low-glucose; HG, high glucose; EMT, epithelial-mesenchymal 
transition; DE, Decursin.
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Evidence suggests that PI3K/Akt activation 
can initiate EMT and promote cellular pro- 
liferation and invasion [46]. The PI3K inhibi- 
tor LY294002 has been shown to prevent 
HG-induced EMT by suppressing Akt phosphor-
ylation in renal cells [47]. However, whether the 
anti-EMT effect of DE involves the PI3K/Akt 
pathway was previously unknown. Our findings 
revealed that DE significantly inhibited the acti-
vation of the PI3K/Akt pathway in DKD rat kid-
neys. In vitro, DE markedly reduced HG-induc- 
ed PI3K/Akt activation in HK2 cells, an effect 
comparable to that of LY294002. Therefore, we 
conclude that inhibition of the PI3K/Akt path-
way is a key mechanism through which DE miti-
gates EMT.

This study has several limitations. First, 
although we demonstrated that DE inhibits 
PI3K/Akt signaling and thereby ameliorates 
renal EMT, the specific upstream regulators 
(e.g., specific transcription factors or miRNAs) 
of this pathway within the context of DKD and 
DE treatment were not explored. Second, While 
the present study demonstrates that DE di- 
rectly inhibits EMT in renal tubular epithelial 
cells, the amelioration of renal fibrosis likely 
involves multicellular crosstalk. Future studies 
should explore whether DE also modulates the 
activation, migration, or secretory functions of 
mesenchymal stromal cells, which may further 
contribute to its anti-fibrotic effects. Further- 
more, the STZ-induced DKD rat model used  
primarily mimics the pathological features of 
type 1 diabetes, which differs in etiology from 
the more prevalent type 2 diabetic nephropathy 
characterized by multiple metabolic distur-
bances in the clinical setting; moreover, its 
fibrotic progression is relatively singular. Addi- 
tionally, regarding mechanistic validation, while 
we employed a PI3K inhibitor for reverse confir-
mation, we were unable to perform a comple-
mentary functional rescue experiment using a 
PI3K agonist to more completely establish the 
causal chain. Therefore, more comprehensive 
mechanistic studies are warranted to fully elu-
cidate the anti-fibrotic actions of DE. Finally, 
investigating the therapeutic potential of DE  
as a monotherapy or in combination with stan-
dard anti-diabetic agents represents a valuable 
direction for future research.

Conclusions

In summary, the predictions from network phar-
macological regarding the targets and path-

ways of DE in DKD treatment were validated by 
our subsequent in vitro and animal experi-
ments. Our results suggested that DE allevi-
ates EMT in DKD rats, and the underlying 
mechanism is associated with the downregula-
tion of PI3K expression and Akt phosphory- 
lation.

Overall, these findings provide important 
insights into the antifibrotic effects of DE in 
DKD. Furthermore, DE ameliorated dyslipid-
emia in DKD rats. Collectively, our study offers 
a theoretical basis for the clinical translation of 
DE as a potential therapeutic agent for DKD.
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Supplementary Figure 1. The change of UACR in Control and Diabetes rat groups after STZ injection for 4 weeks. 
Data are expressed as the mean ± SD. Statistical significance of differences were confirmed by Student t-test using 
GraphPad Prism 9.0 software. ****P < 0.0001. Control, normal rats’ group (n=8); Diabetes, diabetic rats’ group 
(n=10 randomly). UACR, urinary albumin-to-creatinine ratio.

Supplementary Figure 2. MTS assay of DE on HK2 cells viability. HK2 cells were treated with different concentra-
tions of DE and TGF-β1. Data are expressed as the mean ± SD. Data were obtained from three independent ex-
periments. Statistical significance of the differences were confirmed by one-way ANOVA using GraphPad Prism 9.0 
software. ns: no statistical significance, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, vs. the control 
group. DE, Decursin.
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Supplementary Figure 3. DE improved HG-induced HK2 cells shape. Compared with LG-treated HK2 cells, HG could 
induce most HK2 cells to exhibit a long spindle-like shape, the same phenotype as TGF-β1 induced. After Decursin 
treatment, the appearance of HK2 cells was greatly improved, and most of them were in the original pebble-like 
shape. LG, low-glucose; HG, high glucose; DE, Decursin.


