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Abstract. Abdominal aortic aneurysm (AAA) is a lethal 
vascular disease, in which apoptosis and inflammation partici‑
pate. However, the regulatory factors associated with aortic 
status remain unclear; therefore, a deeper understanding of the 
cell types and signaling pathways involved in the pathological 
process of AAAs is key to the development of medical treat‑
ments. The aim of the present study was to explore the role of 
dickkopf‑1 (DKK1) in angiotensin (Ang) II‑stimulated human 
smooth muscle cells (HSMCs), and to clarify the potential 
downstream targets and related pathological mechanisms of 
DKK1. HSMCs were stimulated with Ang II (1 µM) for 24 h; 
consequently, DKK1 protein expression was upregulated by 
4.26‑fold and increased mRNA expression levels of IL‑1β, 
GRP‑94 and GRP‑78 were also observed, indicating mito‑
chondrial and endoplasmic reticulum stress. DKK1 silencing 

via small interfering RNA reduced its expression, which was 
validated by reverse transcription‑quantitative PCR. RNA 
sequencing was performed in four groups: Negative control 
(NC), siDKK1, NC‑Ang II and siDKK1‑Ang II. Differentially 
expressed genes (DEGs) were identified by DESeq2, and 1,332 
co‑expressed DEGs were revealed by Venn analysis, enriched 
in pathways, including ‘protein processing in the endoplasmic 
reticulum’. Robust rank aggregation prioritized key genes, 
notably single‑pass membrane protein with aspartate rich 
tail  1 (SMDT1), a mitochondrial calcium regulator. The 
mRNA of SMDT1 was upregulated by Ang II stimulation by 
2.78‑fold, which was reversed by DKK1 silencing by 0.37‑fold. 
Functional enrichment associated DEGs to viral response, 
extracellular matrix and cytokine pathways. Protein‑protein 
interaction networks highlighted gene clusters via STRING. 
In conclusion, the present study investigated the role of DKK1 
in Ang II‑induced mitochondrial dysfunction in HSMCs. To 
the best of our knowledge, the present study demonstrated, for 
the first time, that DKK1/SMDT1 mediated Ang II‑induced 
mitochondrial injury in HSMCs, suggesting this pathway as 
a potential mechanism. Therefore, the results indicated that 
DKK1 could serve as a therapeutic target for the prevention 
of AAA.

Introduction

Abdominal aortic aneurysm (AAA), defined as the regional 
enlargement of the abdominal aorta to a diameter of >50% 
greater compared with its adjacent healthy size or an aorta 
that measures >30 mm in diameter (1,2), is a key cause of 
mortality among individuals aged >65 years, due to rupture 
of the dilation aorta tissue. In addition, the mortality rate of 
patients with AAA is >80% following rupture, despite surgical 
advancements (3). Effective pharmacotherapies for halting the 
growth and rupture of AAA or delaying the requirement for 
surgical repair are lacking at present.

The pathogenesis of vascular injury in aortic aneurysms 
involves the apoptosis of vascular smooth muscle cells 
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(VSMCs) and the enhancement of extracellular matrix metal‑
loproteinase (MMP) activity, oxidative stress aggravated by 
endothelial cell dysfunction and the increase of inflammatory 
cell infiltration in the vascular wall. At present, mitochon‑
drial dysfunction is considered to carry out a vital role in 
the development of AAA; results of a previous study using 
single‑cell RNA sequencing demonstrated that excessive 
mitochondrial dysfunction occurs in different aortic cell types 
and is a key character of aortic aneurysms (4). The regulation 
of mitochondrial metabolism in VSMCs is involved in the 
pathogenesis of AAA (5,6); VSMCs derived from patients 
with AAA exhibited increased mitochondrial fragmenta‑
tion, elevated reactive oxygen species (ROS) production and 
DNA damage, highlighting the role of mitochondrial health 
in AAA progression (7). In addition, results of a previous 
study demonstrated that angiotensin II (Ang II) induced 
mitochondrial dysfunction in VSMCs, contributing to AAA 
development; consequently, restoring mitochondrial function 
in VSMCs attenuated AAA formation in mice models infused 
with Ang II, emphasizing the therapeutic potential of targeting 
mitochondrial pathways (8).

Wingless/β catenin (Wnt/β‑catenin) signaling is often 
involved in the pathological progression of vascular diseases 
associated with endothelial dysfunction, proliferation (9), 
macrophage activation  (10) and VSMC migration  (11). 
Moreover, Wnt/β‑catenin signaling was involved not only in 
chronic kidney disease‑associated vascular calcification (12), 
but also in the osteogenic conversion of VSMCs  (13). 
Through forming a complex with receptors, such as LRP5/6 
and Kremen, in the cell membrane, Dickkopf‑1 (DKK1) 
inhibited Wnt/β‑catenin signaling (14). Results of a prospec‑
tive, population‑based clinical cohort study revealed that 
elevated baseline levels of DKK1 were independently 
associated with the occurrence of cardiovascular events, 
providing clinical implications for investigating its role in 
the pathogenesis of cardiovascular disease  (15). Notably, 
numerous investigations have highlighted the association 
between elevated plasma levels of DKK1 and the presence 
of cardiovascular diseases (16,17). DKK1 was involved in 
vascular calcification, endothelial cell interstitial transfor‑
mation and mitochondrial disorder in vascular endothelial 
cells (18). However, it is still unknown whether DKK1 is 
involved in the regulation of AAA.

While DKK1 is primarily recognized for its role in Wnt 
signaling, emerging evidence suggests involvement in mito‑
chondrial regulation (18). However, the specific interaction 
between DKK1 and single‑pass membrane protein with aspar‑
tate rich tail 1 (SMDT1), a component of the mitochondrial 
calcium uniporter (MCU) complex, in the context of Ang 
II‑induced mitochondrial injury in VSMCs, is novel and not 
extensively explored in current literature. The present study 
explored whether DKK1/SMDT1 mediated Ang II‑induced 
mitochondrial injury in primary cultured HSMCs, thereby 
clarifying DKK1 whether could serve as a therapeutic target 
for the prevention of AAA.

Materials and methods

Cell culture and treatment. Passage 2 human aortic smooth 
muscle cells (HSMCs; cat. no. CP‑H081; https://www.procell.

com.cn/p/human‑aortic‑smooth‑muscle‑cells‑cp‑h081‑69769; 
Procell Life Science & Technology Co., Ltd.) which carried 
the SV40T gene were used in the present study. Cells from 
passages 4 to 10 were cultured in smooth muscle cell medium 
(cat. no. 1101; ScienCell Research Laboratories, Inc.) in a 5% 
CO2 incubator at 37˚C. HSMCs were stimulated by human 
Ang II (1 µM; cat. no. HY‑13948; MedChemExpress) for 24 h; 
the concentration of Ang II was chosen based on a previous 
study (19). The HSMCs isolated by Procell laboratory were 
identified by immunofluorescence for α‑SMA, with a purity of 
>90%, and free of HIV‑1, HBV, HCV, mycoplasma, bacteria, 
yeast and fungi (data not shown).

Western blot assay. Cell homogenates were lysed in 
an ice‑cold radioimmunoprecipitation lysis buffer (cat. 
no. AR0102; Wuhan Boster Biological Technology Co., Ltd.) 
with 1 mM phenylmethanesulphonyl fluoride (liquid, 100x, 
cat. no. AR1192; Wuhan Boster Biological Technology Co., 
Ltd.) and then the total protein concentration was measured by 
a BCA protein concentration kit (cat. no. P0010; ProteinTech 
Group, Inc.). Protein extracts (30 µg per lane) were loaded and 
separated by 8‑12% SDS‑PAGE and transferred to a PVDF 
membrane (cat. no. IPVH00010; MilliporeSigma). Next the 
membranes were blocked in 5% skimmed milk powder for 
15 min at room temperature (RT), and then were incubated 
with primary antibodies at 4˚C overnight; the primary 
antibodies included anti‑DKK1 (1:1,000; cat. no. ab109416; 
Abcam) and GAPDH (1:5,000; cat. no.  60004‑1‑Ig; 
ProteinTech Group, Inc.). Membranes were then incubated 
with secondary antibodies at RT for 2 h the next day and 
included HRP‑conjugated Affinipure Goat Anti‑Mouse IgG 
(H+L), (1:5,000; cat. no.  SA00001‑1; ProteinTech Group, 
Inc.) and HRP‑conjugated Affinipure Goat Anti‑Rabbit 
IgG (H+L) (1:10,000; cat. no. ZB‑2301; Beijing Zhongshan 
Jinqiao Biotechnology Co., Ltd.). The bands were exposed 
using Tanon5200 (Tanon Science and Technology Co., Ltd.). 
Densitometry analysis was performed for semi‑quantification 
using ImageJ 1.53t software (National Institutes of Health), 
using GAPDH as the internal control. The experiments were 
performed in triplicate.

RNA extraction and reverse transcription‑quantitative PCR 
(RT‑qPCR). Total RNA was isolated from HSMCs using 
an Ultrapure RNA Kit (cat. no. CW0581S; Jiangsu CoWin 
Biotech Co., Ltd.) according to the manufacturer's instruc‑
tions and then converted to cDNA using an Evo M‑MLV 
RT Master Mix (cat. no. AG11706; Accurate Biology Co., 
Ltd.) at 37˚C for 15 min and 85˚C for 5 sec. After RT, qPCR 
was performed with a CFX connect Real‑Time PCR System 
(Bio‑Rad Laboratories, Inc.) using SYBR Green Pro Taq HS 
Premix (cat. no. AG11701; Accurate Biology Co., Ltd.). The 
thermocycling conditions were 95˚C for 5 sec and then 60˚C 
for 30 sec for 40 cycles, following a step at 95˚C for 30 sec. 
GAPDH was the internal control, and the primer sequences 
are provided in Table I. The relative fold change was quantified 
using the 2‑∆∆Cq method (20); the experiments were performed 
in triplicate.

Transfection of HSMCs with small interfering RNA (siRNA) 
and vector. siRNAs targeting human DKK1 (5'‑GCU​UCA​
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CAC​UUG​UCA​GAG​ATT‑3') with a high silencing efficiency 
and scrambled siRNAs as negative control (NC) were 
purchased from Changzhou Ruibo Bio‑Technology Co., Ltd. 
When HSMCs reached 70‑80% confluence, they were trans‑
fected with these siRNAs (50 nM) using Lipofectamine RNAi 
MAX (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's instructions. After the 6 h of transfec‑
tion at 37˚C, the medium was replaced with smooth muscle 
cell medium. Sufficiently downregulated expression caused by 
these siRNAs was verified by RT‑qPCR 48 h after transfec‑
tion. The scrambled siRNAs were used as controls across all 
steps.

RNA sequencing (RNA‑seq). Total RNA was extracted 
from each group of HSMCs transfected with siRNA using 
the VAMNE Magnetic Universal Total RNA Kit (cat. 
no. ROA3301; Vazyme Biotech Co., Ltd.). The purity of RNA 
samples was detected by NanoPhotometer® NP80 ultramicro 
spectrophotometer (Implen GmbH). The concentration of 
RNA samples was detected by Qubit®3.0 Flurometer (Life 
Technologies; Thermo Fischer Scientific, Inc.). The integrity 
of RNA samples was determined by the Agilent 2100 RNA 
Nano 6000 Assay Kit (Agilent Technologies, Inc.). After 
the total RNA samples were qualified, the mRNAs were 
purified by poly‑A selection and rRNA depletion and the 
library was constructed. The loading concentration of the 
final library was 20 pM, as measured by iQ™ SYBR® Green 
Supermix (cat. no. 1708882; Bio‑Rad Laboratories, Inc.) on 
a CFX 96 Real‑Time PCR System (Bio‑Rad Laboratories, 
Inc.) The sequencing was performed using a NovaSeq 6000 
S4 Reagent Kit V1.5 (cat. no.  20028312; Illumina, Inc.) 
using Next Generation Sequencing on an Illumina NovaSeq 
(Illumina, Inc.) sequencing platform. The nucleotide length 
was 150 bp and the direction of sequencing was paired end. 
Raw sequencing data were transformed to FastQ format, 
and the FastQ files were checked for quality assessment 
by FastQC (v0.11.7; http://www.bioinformatics.babraham.
ac.uk/projects/fastqc). The Phred Quality Score (Q) of 30 
indicates that the base sequencing error rate is 0.1%. Q30 
percentage >85% indicates that the sequencing quality is up 
to standard. The data were filtered by removal of adaptor 
sequences and low‑quality reads in order to get the clean 
data; the adaptor sequences (the minimum required adapter 
overlap/stringency: 5bp) and low quality reads (the cutoff of 
Q value=19) were removed by Trim Galore software (v 0.6.1; 

https://www.bioinformatics.babraham.ac.uk/projects/trim_
galore/) and Cutadapt (21). The duplicate sequences were 
not removed, because removing duplicates might lead to 
the loss of important biological information, especially for 
highly expressed genes (22). Before analysis, the sequence 
was aligned, and the abundance of transcripts was quanti‑
fied; the clean data was aligned to the GRCh38 human 
reference genome in Ensemble (http://www.ensembl.
org/index.html) using HISAT2 (v2.1.0.; https://github.
com/DaehwanKimLab/hisat2). Reads count for each gene 
in each sample was counted by HTSeq (v2.0.0, https://htseq.
readthedocs.io/en/latest/) and FPKM (fragments per kilo‑
base million mapped reads) was then calculated to estimate 
the expression level of genes in each sample. There were four 
groups from different experimental conditions for HMSCs 
with two biological replicates in each group: Negative 
control (NC), siDKK1, NC‑Ang II and siDKK1‑Ang II. The 
experimental groups were based on previously published 
research (18).

Differentially expressed gene (DEG) analysis. DESeq2 
(v1.20.0; https://www.bioconductor.org/packages/devel/bioc/
html/DESeq2.html) was used to analyze the expression of 
DEGs, and the fold change value and adjusted P‑value were 
used as the main indicators. |log2 fold change|≥1 and adjusted 
P‑value <0.05 were selected as the thresholds. The results of 
DEG analysis were visualized using the ‘ggplot2’ R package 
(v4.2.1; https://cran.r‑project.org/package=ggplot2) (23).

Venn diagram analysis. Overlapping genes between each group 
of data were visualized using the ‘ggplot2’ R package and the 
‘VennDiagram’ R package (v1.7.3; https://CRAN.R‑project.
org/package=VennDiagram) (24).

Robust rank aggregation (RRA) analysis. RRA algorithm was 
used to sort and merge multiple data sets, to screen out the key 
genes from the DEGs and visualize them in the form of heat 
maps using the ‘RobustRankAggreg’ R package (v1.2.1; https://
CRAN.R‑project.org/package=RobustRankAggreg) (25) and 
the ‘ggplot2’ R package.

Functional enrichment analysis. Gene Ontology (GO; 
https://geneontology.org) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG; https://www.kegg.jp) pathway enrich‑
ment analysis of the screened genes were performed using the 

Table I. PCR primer sequences.

Gene	 Accession no.	 Forward primer (5' to 3')	 Reverse primer (5' to 3')

Human DKK1	 NM_012242.4	 AGGCACGCTATGTGCTG	 CAGTGTGGTTCTTCTGGGA
Human IL‑1β	 NM_000576.3	 AGCACCTTCTTTCCCTTCATCTT	 CACCACTTGTTGCTCCATATCCT
Human GRP‑78	 NM_005347.5	 TATTGGAGGTGGGCAAACAAAGA	 CAGCAATAGTTCCAGCGTCTTTG
Human GRP‑94	 NM_003299.3	 TGACAGAATCTCCGTGTGCTTTG	 CAGCGGGTGTCTGGGATTAATTT
Human SMDT1	 NM_033318.5	 TCTCCGTGTGTTCTCCATTGT	 TAGTCATCATCATCATCATCCT
			   CTG
Human GAPDH	 NM_002046.7	 GGTGAAGGTCGGTGTGAACG	 CTCGCTCCTGGAAGATGGTG

https://www.spandidos-publications.com/10.3892/etm.2026.13112
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‘clusterProfiler’ R package (v4.2.0; https://www.bioconductor.
org/packages/devel/bioc/html/clusterProfiler.html) (26). The 
adjusted P<0.05 was set as the cut‑off criterion.

Protein‑protein interaction (PPI) network analysis. STRING 
(https://string‑db.org/) database was utilized to analyze the 
PPI data. Firstly, the ‘multiple proteins’ option was selected 
and the genes in the top 60 RRA scores were then input into 
the STRING database (27), and ‘Homo sapiens’ was selected 
in the species option. The obtained PPI data were illustrated 
into a high‑level network diagram using the ‘igraph’ R package 
(v1.4.0; https://cran.r‑project.org/web/packages/igraph/index.
html) and the ‘ggraph’ R package (v2.2.0; https://cran.r‑project.
org/web/packages/ggraph/index.html).

Statistical analysis. The data in the in vitro experiments are 
presented as the mean ± SE from three independent experi‑
ments. The statistical analysis was performed by unpaired 
student's t‑tests or two‑way ANOVA followed by post hoc 
Tukey's multiple comparisons test in Figs. 2B and 5F using 
GraphPad Prism 9.4 software (Dotmatics). P<0.05 was 
considered to indicate a statistically significant difference. 
Benjamini‑Hochberg multiple corrections were applied in 
DEG analysis.

Results

Ang II promotes DKK1 expression and mitochondrial 
damage‑associated mRNAs in HSMCs. HSMCs were stimu‑
lated with 1 µm/l Ang II for 24 h. Results of the western blot 
analysis revealed that DKK1 protein expression was signifi‑
cantly increased by 4.26‑fold in HSMCs following Ang II 
stimulation (Fig. 1A). Furthermore, mRNA expression levels 
of IL‑1β and mitochondrial damage‑associated genes, GRP‑94 
and GRP‑78, were significantly increased in HSMCs following 
Ang II stimulation (Fig. 1B‑D). While, the actual mitochon‑
drial damage was not shown.

Transfection eff iciency of siDKK1 prior to RNA‑seq. 
Following transfection with siDKK1, expression levels of 
DKK1 in HSMCs were significantly decreased (Fig. 2A), 
indicating that siDKK1 effectively reduced the expression of 
DKK1. Subsequently, cells were divided into four groups for 
RNA sequencing: NC, siDKK1, NC‑Ang II and siDKK1‑Ang 
II. Prior to sequencing, the expression levels of DKK1 were 
detected in samples. Results of the RT‑qPCR revealed that the 
levels of DKK1 expression was significantly decreased in the 
Ang II stimulated group following transfection with siDKK1 
(Fig. 2B).

DEGs analysis following DKK1 silencing. DEGs were 
analyzed using RNA‑seq, and statistical analysis of DEGs 
are displayed in Fig. 3A; notably, ‘up’ is used to indicates 
genes that are upregulated in expression in the treatment 
group, compared with the control group, ‘down’ is used to 
indicate genes that are downregulated in expression in the 
treatment group, compared with the control group and total 
is used to indicate the total number of genes with signifi‑
cant differences between the two groups. According to the 
upregulated genes of each comparison group, a volcano map 

of DEGs was produced (Fig. 3B). The volcano map of DEGs 
in NC‑Ang II and NC groups is displayed in Fig. 3C. There 
were 1,143 genes upregulated and 1,198 genes downregu‑
lated. The volcano map of DEGs in siDKK1 and NC groups 
is displayed in Fig. 3D. There were 1,478 genes upregulated 
and 2,366 genes downregulated. The volcano map of DEGs 
in siDKK1‑Ang II and NC‑Ang II groups is displayed in 
Fig. 3E. There were 304 genes upregulated and 332 genes 
downregulated. Genes that were significantly upregulated, 
significantly downregulated or exhibited no significant 
differential expression were marked with different colors; 
blue indicated downregulation, whereas red indicated upreg‑
ulation. Cluster heat maps of all DEGs were also established, 
and these are displayed in Fig. 3F. DEG clustering heat maps 
of NC‑Ang II vs. NC, siDKK1 vs. NC and siDKK1‑Ang II 
vs. NC‑Ang II are displayed in Fig. 3G and I, respectively. 
Heat maps of all differentially expressed genes were drawn, 
including each biological repetition. Rows represent genes, 
columns represent groups for comparative analysis. Genes 
that were significantly upregulated or significantly down‑
regulated were marked with different colors; blue indicated 
downregulation and red indicated upregulation. The clus‑
tering tree diagrams on the left and top show the similarities 
between genes or samples. The closer the branches, the closer 
the expression patterns.

GO and KEGG functional enrichment analysis. Results of 
the GO and KEGG functional enrichment analyses revealed 
that the top 600 DEGs of NC‑Ang II vs. NC were associated 
with ‘Negative regulation of the immune system process’, 
‘Collagen‑containing extracellular matrix’, ‘Extracellular 
matrix structural constituent’ and ‘Circadian entrainment’ 
(Fig. 4A). Moreover, the top 600 DEGs of siDKK1 vs. NC 
were associated with ‘Neutrophil extracellular trap forma‑
tion’, ‘Negative regulation of viral genome replication’, 
‘Protein‑DNA complex’ and ‘Oxygen carrier activity’ 
(Fig. 4B). Results of the present study also demonstrated 
that the top 600 DEGs of siDKK1‑Ang II vs. NC‑Ang II 
were associated with the ‘Cytokine‑cytokine receptor inter‑
action’, ‘Defense response to virus’, ‘Collagen‑containing 
extracellular matrix’ and ‘Unfolded protein binding’ 
(Fig. 4C).

Key downstream genes following DKK1 silencing. A 
Venn diagram was used to identify 1,332 DEGs that were 
co‑expressed across the different groups. The Venn diagram 
shows the intersection relationship of four groups of DEGs 
(NC‑Ang II vs. NC, siDKK1 vs. NC, siDKK1‑Ang II vs. 
NC‑Ang II and siDKK1‑Ang II vs. siDKK1). Each color 
represents one group. The number of DEGs co‑expressed in 
all four groups was 1332 (Fig. 5A). Functional enrichment 
analyses using GO and KEGG revealed that the co‑expressed 
DEGs were associated with ‘Ribonucleoprotein complex 
biogenesis’, ‘Cell‑substrate junction’, ‘Cadherin binding’ 
and ‘Protein processing in the endoplasmic reticulum’ 
pathway (Fig. 5B). RRA analysis was performed using 1,332 
co‑expressed DEGs in all four groups in the aforementioned 
Venn diagram, and the top 20 genes obtained are displayed 
in Fig. 5C. The heat map analyzed using RRA revealed 
the Log2 fold change value (Fig.  5D). Rows represent 
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genes, columns represent groups for comparative analysis. 
Genes that were significantly upregulated or significantly 
downregulated were marked with different colors; blue 
indicated downregulation and red indicated upregulation. 
Functional enrichment analysis using GO and KEGG 
demonstrated the potential association with ‘Negative 
regulation of viral genome replication’, ‘Endoplasmic 
reticulum lumen’ and ‘Coronavirus disease‑COVID‑19’ 

(Fig.  5E). Notably, SMDT1 was identified in the RRA 
analysis, this is a mitochondrial calcium ion regulatory 
protein and was therefore investigated further. Results of 
the RT‑qPCR assay revealed that the mRNA expression 
levels of SMDT1 were increased 2.78‑fold following Ang 
II stimulation. In addition, following DKK1 silencing, 
mRNA expression levels of SMDT1 were downregulated 
by 0.37‑fold (Fig. 5F).

Figure 1. Ang II promotes DKK1 expression of HSMCs and mitochondrial damage. HSMCs treated with Ang II (1 µM) or without (control). (A) Western 
blotting revealed the DKK1 protein expression levels of HSMCs. (B) Reverse transcription‑quantitative PCR results showed the mRNA expression level of 
IL‑1β increases in HSMCs treated with Ang II. (C) Reverse transcription‑quantitative PCR results showed the mRNA level of GRP‑94 increases in HSMCs 
treated with Ang II. (D) Reverse transcription‑quantitative PCR results showed the mRNA expression level of GRP‑78 increases in HSMCs treated with Ang 
II. **P<0.01, ***P<0.001 and ****P<0.0001. Ang II, angiotensin II; HSCMs, human smooth muscle cells; DKK1, Dickkopf‑1; IL, interleukin; GRP, glucose 
regulated protein.

Figure 2. Transfection efficiency of siDKK1. (A) Reverse transcription‑quantitative PCR results showed the mRNA expression level of DKK1 in siDKK1 and 
NC; (B) Reverse transcription‑quantitative PCR results showed the mRNA expression level of DKK1 in each group. *P<0.05, ***P<0.001 and ****P<0.0001; 
#P<0.05 and ####P<0.0001. NC, negative control; siDKK1, small interfering RNA for DKK1; DKK1, Dickkopf‑1; Ang II, angiotensin II.

https://www.spandidos-publications.com/10.3892/etm.2026.13112


CHANG et al:  DKK1/SMDT1 PARTICIPATE IN ABDOMINAL AORTIC ANEURYSM6

Discussion

The present study aimed to elucidate the potential association 
between DKK1 and AAA. Following stimulation of Ang II 
in primary HSMCs, the results of the present study revealed 
that the expression of DKK1 in HSMCs was elevated. 
Following the successful knockdown of DKK1 using 
targeted siRNA, RNA‑seq was used to further investigate 
the downstream DEGs. Results of RNA‑seq and RT‑qPCR 
analyses demonstrated that SMDT1 was significantly down‑
regulated following DKK1 silencing, indicating that DKK1 
may participate in the Ang II‑induced mitochondrial injury 
of HSMCs.

AAA is a complex pathological disease associated with 
the artery walls, and is a key cause of mortality in the elderly 
population, due to the rupture of dilated aorta tissue  (3). 
Effective pharmacotherapies for halting the growth and 
rupture of AAA or delaying the requirement for surgical 
repair are lacking at present. Risk factors for this condition 
include smoking, obesity, aging, VSMC phenotype transitions, 
metabolic disorders, nuclear receptors, apoptosis and inflam‑
mation (1,8). Notably, progressive inflammation is the focus of 
numerous studies and is a well‑established hallmark of AAA 
progression  (28,29). Yuan  et al  (30) revealed that various 
inflammatory cell‑associated mechanisms participate in AAA 
development, such as T cells, macrophages, dendritic cells, 

Figure 3. DEGs analysis after DKK1 silencing. (A) The distribution of DEGs. (B) Volcano map of all DEGs. (C) Volcano map of DEGs in NC‑Ang II vs. NC. 
(D) Volcano map of DEGs in siDKK1 vs. NC. (E) Volcano map of DEGs in siDKK1‑Ang II vs. NC‑Ang II. (F) Clustering heat map of all DEGs. (G) Clustering 
heat map of DEGs in NC‑Ang II vs. NC. (H) Clustering heat map of DEGs in siDKK1 vs. NC. (I) Clustering heat map of DEGs in siDKK1‑Ang II vs. NC‑Ang 
II. DEGs, differentially expressed genes; NC, treated with scrambled siRNAs as negative control; siDKK1, treated with siRNAs targeting human DKK1; Ang 
II, treated with Ang II (1 µM). NC, negative control; siDKK1, small interfering RNA for DKK1; DKK1, Dickkopf‑1; Ang II, angiotensin II.
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neutrophils, B cells and mast cells. Notably, AAA may begin 
with an immune response to various antigens within the aortic 
wall, which leads to the chemotaxis and infiltration of immune 
cells and, ultimately, the release of different cytokines. This 
may cause damage to the vascular endothelial cells and 
aggregation of platelets, leading to aortic dilation; notably, this 
process is comparable to the initiation of atherosclerosis (30). 
In addition, thrombosis may participate in the pathogenesis 
of AAA; results of a previous study revealed that a greater 
thrombus burden was associated with a higher rupture risk 
even at lower AAA diameters, which was strongly intercon‑
nected with inflammation and hemodynamics (31,32). The 
study showed that antithrombotic therapies could prevent and 
stabilize AAA; thus, the inhibition of platelets and coagula‑
tion factors may exhibit potential in reducing the risk of AAA 
development (31). However, further investigations are required 
to determine key biomarkers that may influence AAA patho‑
genesis, and to develop novel pharmacological strategies for 
the clinical management of AAA.

Biomarkers associated with cardiovascular disease may 
also exhibit potential as predictors for aortic disease, as 
atherosclerosis plays a key role in the progression of AAA (29). 

Notably, atherosclerosis contributes to the progression of AAA 
in various ways, including the release of pro‑inflammatory 
cytokines, shear stress and arterial remodeling. Thus, the 
regulation of atherosclerotic risk factors is of importance in 
patients with AAA (31), and aneurysms of the abdominal 
aorta represent a notable cardiovascular risk. A previous study 
revealed that the renin angiotensin system plays a key role 
in atherogenesis (33); notably, Ang II is an important active 
peptide of the renin angiotensin system, and is widely involved 
in the development of cardiovascular diseases, such as athero‑
sclerosis and hypertension (34). Ang II may indirectly influence 
the atherogenic process via hemodynamic effects, as a result 
of increased arterial blood pressure. In addition, Ang II has 
also been shown to participate in the stimulation of monocyte 
recruitment, recruitment and activation of macrophages and 
enhanced oxidative stress, which are directly associated with 
the progression of atherogenesis; these factors are consistent 
with the chemoattractant property of Ang II (34).

Results of previous studies revealed the association 
between Ang II and the development of AAA. Blocking Ang 
II using either angiotensin‑converting enzyme inhibitors or 
angiotensin receptor blockers was associated with a reduction 

Figure 4. GO and KEGG functional enrichment analysis. (A) Functional enrichment analysis of GO and KEGG of DEGs in NC‑Ang II vs. NC. (B) Functional 
enrichment analysis of GO and KEGG of DEGs in siDKK1 vs. NC. (C) Functional enrichment analysis of GO and KEGG of DEGs in siDKK1‑Ang II vs. 
NC‑Ang II. NC, treated with scrambled siRNAs as negative control; siDKK1, treated with siRNAs targeting human DKK1; Ang II, treated with Ang II (1 µM). 
GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; NC, negative control; siDKK1, small interfering RNA for DKK1; DKK1, Dickkopf‑1; 
Ang II, angiotensin II; BP, biological processes; CC, cellular components; MF, molecular functions; P adj, adjusted P.
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of mortality in patients with AAA  (34,35). Furthermore, 
within days of Ang II infusion into mice, medial accumulation 
of macrophages and elastin degradation in infrarenal aortic 
segments occur in the lesion of AAA (36). The characteris‑
tics of Ang II‑induced AAA were comparable with those of 
atherogenesis, such as activation of an inflammatory response, 
stimulation of metabolic disorders, nuclear receptors and 
apoptosis (34). Ang II infusion of Apo E‑/‑ mice is a widely 
established modeling method to induce AAA formation; in 
this model, an osmotic pump is inserted into hyperlipidemic 
mice to continually inject Ang II, this induces aneurysm 
phenotypes without surgical intervention (34,37). A key prin‑
ciple of the Ang II infusion model is systemic atherosclerosis, 
mobilization of systemic inflammation through changing the 
hemodynamics of mice and aggravation of artery wall damage 
to induce aneurysm formation. In the present study, to the best 
of our knowledge, for the first time HSMCs were stimulated 
with Ang II to mimic the pathological environment of AAA.

VSMCs are the main component of the blood vessel 
wall and exhibit numerous physiological functions, and the 
membrane of the blood vessel wall is mainly composed of 
VSMCs and extracellular matrix synthesized by VSMCs. In 
the pathological course of AAA, the release of MMPs produce 
high levels of ROS to damage VSMCs. VSMCs with oxidative 

damage exhibit abnormal proliferation and apoptosis, promote 
the decline of elastin and collagen synthesis and lead to the 
degeneration or even rupture of the artery wall (38).

DKK1 is a conserved secreted glycoprotein that mediates 
endocytosis and regulates the activity of the Wnt signaling 
pathway through binding to LRP5/6, Kremen and other recep‑
tors on the cell membrane (14). Results of a previous study 
revealed that serum DKK1 plays an important role in the 
development of vascular diseases, such as coronary atheroscle‑
rosis and acute ischemic stroke (39). In 2009, Ueland et al (40) 
initially reported that patients with coronary artery disease or 
advanced carotid plaques exhibited increased levels of DKK1, 
both in serum and within the atherosclerotic lesion. DKK1 is 
involved in platelet‑induced endothelial cell activation, and 
both endothelial and platelet‑derived DKK1 could increase 
the inflammatory response between them; these results indi‑
cate that DKK1 may increase the inflammatory response in 
atherosclerotic plaques thus, playing a role in promoting athero‑
sclerosis (40). Di et al (41) revealed that DKK1 overexpression 
led to the formation of enlarged and destabilized atherosclerotic 
lesions, high levels of apoptosis in the aorta and the develop‑
ment of carotid plaque. Moreover, DKK1‑mediated apoptosis 
in human umbilical vein endothelial cells was promoted 
through activation of endoplasmic reticulum stress via the JNK 

Figure 5. Identification of downstream key genes after DKK1 silencing. (A) Venn diagram showed co‑expressed DEGs. (B) Functional enrichment analysis of 
GO and KEGG of co‑expressing DEGs. (C) The top 20 genes in RRA analysis. (D) Heat map of RRA analysis. (E) Functional enrichment analysis of GO and 
KEGG of the top 20 genes in RRA analysis. (F) Reverse transcription‑quantitative PCR results showed the mRNA expression level of SMDT1. ****P<0.0001; 
####P<0.0001. NC, treated with scrambled siRNAs as negative control; siDKK1, treated with siRNAs targeting human DKK1; Ang II, treated with Ang II 
(1 µM). GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; NC, negative control; siDKK1, small interfering RNA for DKK1; DKK1, 
Dickkopf‑1; Ang II, angiotensin II; BP, biological processes; CC, cellular components; MF, molecular functions; DEGS, differentially expressed genes; RRA, 
robust rank aggregation; SMDT1, single‑pass membrane protein with aspartate rich tail 1.
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pathway and canonical Wnt signaling (41). Thus, DKK1 plays 
a key role as a biomarker during the pathological development 
of atherosclerosis, and is associated with inflammation facili‑
tation, platelet activation and endothelial dysfunction. When 
exposed to atherogenic factors, such as oxidized low‑density 
lipoprotein receptor or disturbed flow, platelets or endothelial 
cells release DKK1, resulting in vascular inflammation, endo‑
thelial‑mesenchymal transition and apoptosis (17). In addition, 
DKK1 directly facilitates the expression of biomarkers that 
participate in the pathogenesis of atherosclerosis, such as plas‑
minogen activator inhibitor type 1, clusterin/apolipoprotein J 
and pentraxin 3 (42). Results of previous studies demonstrated 
the association between DKK1 and mitochondrial disorders; 
DKK1 knockdown in human pulmonary artery endothelial 
cells cultured under hypoxic conditions increased the levels 
of ROS and the extent of mitochondrial DNA damage and 
inhibited mitochondrial membrane hyperpolarization (18,43). 
Moreover, DKK1 exacerbated doxorubicin‑induced cardio‑
myocyte apoptosis and mitochondrial dysfunction (44). Studies 
focused on tumors revealed that DKK1 induced the apoptosis 
of JEG3 and BeWo trophoblastic tumor cells through the 
mitochondrial apoptotic pathway (45), and DKK1 may inhibit 
Wnt/Ca2

+‑CaMKII‑NF‑κB signaling (46). Although DKK1 
exhibits potential as a biomarker in cardiovascular disease, it 
is still unknown whether DKK1 is involved in the regulation of 
AAA. Further investigations into the potential role of DKK1 in 
AAA are required.

MCU complex consists of at least four main components: 
The pore‑forming subunit (MCU) capable of higher‑order 
oligomerization, the essential MCU regulator (EMRE) 
and two membrane gate‑keeping factors (MICU1 and 
MICU2) (47,48). The molecular identification of MCU led 
to further studies focused on mitochondrial calcium homeo‑
stasis  (49,50). Results of previous studies provided novel 
insights into the role of MCU in physiological and pathological 
events (51), including AAA. Hypertension, induced by chronic 
infusion of angiotensin II in the Micu2‑depleted mice, led to 
a progressive increase in the aortic diameter and eventually 
to aneurysms  (52). MCU dysfunction alters the dynamics 
of mitochondrial Ca2+, which in turn provokes pathological 
conditions affecting multiple organs, such as the heart, skel‑
etal muscle and brain (53). MCU also plays key roles in the 
development of atherosclerosis, through modulating intra‑
cytoplasmic Ca2+ concentration; MCU inhibition improved 
impaired macrophage efferocytosis, and decreased ROS 
generation. Macrophage efferocytosis eliminated apoptotic 
cells and prevented the release of inflammatory factors and 
the formation of foam cells, thereby alleviating atheroscle‑
rosis (54). Moreover, Patel et al (55) revealed that different 
shear stress patterns in vascular endothelial cells modulated 
MCU complex subunit expression, which, in turn, impacted 
the pathological process of atherosclerosis.

SMDT1, a subunit of the MCU complex, essential for 
bridging the calcium‑sensing role of MICU1 and MICU2, is 
involved in regulating calcium influx into the mitochondria 
of almost all mammalian tissues, which is of importance for 
regulating energy production and cell signaling due to ATP 
synthesis and apoptosis  (56,57). SMDT1 variants impair 
EMRE‑mediated mitochondrial calcium uptake in patients 
with muscle involvement  (58). Results of a previous study 

revealed that SMDT1 overexpression promoted mitochondrial 
fission in PDAC cells. SMDT1‑driven change in mitochondrial 
dynamics morphology mediates apoptosis in pancreatic ductal 
adenocarcinoma (59).

A recent Mendelian randomization analysis revealed 
a causal association between elevated levels of SMDT1 
and increased risks of cardiovascular disease, including 
coronary atherosclerosis, myocardial infarction and cardio‑
myopathy  (60). In the present study, Ang II stimulated 
HSMCs to simulate AAA pathological damage, and following 
stimulation of Ang II, the concentration of DKK1 was 
increased and the expression levels of SMDT1 were increased 
concurrently. Notably, both DKK1 and SMDT1 levels were 
reduced following DKK1 silencing; thus, we hypothesize that 
DKK1/SMDT1 may participate in Ang II‑induced mitochon‑
drial injury of human smooth muscle cells, which may act as a 
novel pathological process in AAA.

Notably, the present study exhibits limitations. For 
example, only in vitro experiments were performed in the 
absence of in vivo validation, and only one cell type, namely 
HSMCs, were used, in the absence of endothelial/macrophage 
co‑culturing. Therefore, the physiological relevance of these 
findings remains to be fully elucidated. The present study 
focused on understanding potential changes in the expression 
of downstream mitochondrial function‑associated protein, 
SMDT1, following DKK1 silencing under Ang II stimulation. 
Further functional experiments are required.

To the best of our knowledge, the present study is the first 
to determine the role of DKK1/SMDT1 in AAA. In conclu‑
sion, the present study provided novel insights into the role 
of DKK1/SMDT1 in inflammatory responses in vascular 
diseases, which may aid in further understanding the patho‑
physiological mechanisms that are associated with AAA.
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