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Abstract

Objective: This study aimed to elucidate the mechanism by which deoxyshikonin (DS) ameliorates

high-glucose-induced injury in human umbilical vein endothelial cells (HUVECsS).

Methods: HUVECs were treated with different concentrations of DS, and cytotoxicity was assessed
to determine a safe working concentration. A stable high-glucose injury model was established by
exposing HUVECSs to different glucose concentrations. Cells were then divided into a normal control
group (5.5 mM glucose), a high-glucose (HG) model group (100 mM glucose), and a DS intervention
group (100 mM glucose + 3 uM DS), followed by functional assessment using a Matrigel tube
formation assay. RNA sequencing was performed in the control, HG, and HG+DS groups to identify
differentially expressed genes (DEGs), and Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analyses were conducted. Candidate downstream effectors were
selected based on sequencing data and literature evidence and validated by reverse-transcription

quantitative PCR (RT-qPCR).

Results: DS at 3 uM showed no cytotoxicity in HUVECs and was selected for subsequent
experiments. Exposure to 100 mM glucose significantly inhibited HUVEC viability and increased
apoptosis (P <0.05), whereas mannitol controls showed no comparable effect, excluding osmotic
interference. High glucose markedly impaired tube formation compared with the control group (P <
0.05), while DS treatment significantly restored angiogenic capacity (P < 0.05). Transcriptomic
analysis identified 173 DEGs between the HG and control groups, including 91 upregulated and 82
downregulated genes. A total of 2,015 DEGs were identified between the HG+DS and HG groups,
including 975 upregulated and 1,040 downregulated genes. GO and KEGG analyses indicated that
DS-regulated genes were enriched in extracellular matrix organization, cell adhesion, inflammatory
response, angiogenesis-related biological processes, ECM-receptor interaction, AGE-RAGE
signaling, focal adhesion, cell cycle, proteasome, and arachidonic acid metabolism. RT-qPCR
validation showed that IFITM1, THY 1, CCBE1, CCL2, and ENTPD1 were upregulated after high-

glucose exposure and were downregulated after DS intervention.



Conclusion: DS at 3 uM ameliorates high-glucose-induced endothelial dysfunction in HUVECs.
IFITM1, THY1, CCBEI1, CCL2, and ENTPD1 may act as key downstream effectors through which

DS exerts endothelial-protective effects.

Keywords: deoxyshikonin; high-glucose microenvironment; human umbilical vein endothelial cells;

endothelial dysfunction; angiogenesis

1. Introduction

Diabetes mellitus is a chronic metabolic disease with a continuously increasing incidence and
prevalence worldwide, and its vascular complications are a major cause of disability and mortality
[1,2]. Long-term hyperglycemia can lead to multiple complications. In the early stage, diabetic
neuropathy, typically manifested as reduced sensation in the lower extremities, may result in a “high-
risk diabetic foot” condition [3]. As the disease progresses, vascular endothelial dysfunction in the
lower limbs and diabetes-related cardiovascular disease may occur, eventually leading to foot
ulceration and limb necrosis [4,5]. In a high-glucose environment, endothelial cells exhibit reduced
proliferative capacity, increased apoptosis, impaired migration, and defective angiogenesis;
collectively, these phenotypic changes contribute to the onset and progression of diabetic vascular

disease [6,7].

Hyperglycemia injures endothelial cells through multiple mechanisms, including oxidative stress,
inflammatory responses, protein kinase C activation, and mitochondrial dysfunction [8,9].
Dysregulation of vascular endothelial growth factor (VEGF) signaling is closely associated with

impaired angiogenesis in diabetes, resulting in defective tissue repair [10].

Deoxyshikonin (DS) is a natural naphthoquinone compound mainly isolated from the dried roots
of Lithospermum erythrorhizon, a traditional Chinese medicinal herb known as Zicao [11]. DS has
been reported to exert multiple biological effects, including anti-inflammatory and antioxidant
activities, promotion of wound healing, superoxide anion scavenging, and attenuation of oxidative-
stress-induced cellular injury [12,13]. In a mouse model of diabetic wounds, DS promoted
angiogenesis by upregulating VEGFR2 expression and enhancing Akt/p38 phosphorylation [10]. DS
may also regulate HIF-1a expression and nuclear translocation, thereby promoting tube formation in
lymphatic endothelial cells [14,15]. These findings provide a theoretical basis for the potential
clinical application of DS in diabetic vascular complications. In recent years, Bai et al. found through

high-throughput sequencing that certain molecules were markedly upregulated in diabetic foot ulcer



tissues; these molecules could be suppressed by DS, thereby enhancing tube formation in diabetic

foot ulcer tissue and contributing to wound repair [16].

However, the mechanism by which DS promotes angiogenesis under high-glucose conditions
remains unclear. In the present study, we established a high-glucose-induced HUVEC injury model,
evaluated the protective effects of DS, and used high-throughput sequencing to identify DS-regulated
key pathways and downstream effector molecules. This study further clarifies the molecular
mechanisms involved in diabetic foot ulcers and provides a theoretical basis for DS-mediated repair

of injured tissue.

2. Materials and Methods

2.1. Drug treatment and safety evaluation

Deoxyshikonin (DS; purity >98%) was purchased from Sigma-Aldrich and dissolved in dimethyl
sulfoxide (DMSO). HUVECs were treated with DS at final concentrations of 0, 3, 6, and 10 uM for
24 or 48 h. Cell viability was assessed using the Cell Counting Kit-8 (CCK-8) assay to determine a

safe concentration range for subsequent experiments.

2.2. Cell culture and establishment of the high-glucose model

Human umbilical vein endothelial cells (HUVECs) were purchased from Shanghai Zhong Qiao
Xin Zhou Biotechnology Co., Ltd. Cells were cultured in ECSM medium supplemented with 10%
fetal bovine serum (Gibco), 100 U/mL penicillin, and 100 pg/mL streptomycin (HyClone) at 37 °C in
a humidified incubator containing 5% CO.. To establish a high-glucose injury model, cells were
exposed to 100 mM glucose for 48 h. Cells cultured with 5.5 mM glucose served as the normal

control, and mannitol at corresponding concentrations was used as an osmotic control.

2.3. Cell functional assays
CCK-8 assay: HUVECs were seeded into 96-well plates at a density of 10,000 cells per well.
After the indicated treatments, 10 pL of CCK-8 solution was added to each well, and cells were

incubated at 37 °C for 3 h. Absorbance was measured at 450 nm.

Flow-cytometric analysis of apoptosis: Apoptosis was assessed using an Annexin V-APC/7-AAD
apoptosis detection kit. After treatment, cells were stained according to the manufacturer’s
instructions, and the apoptotic rate was analyzed using a flow cytometer (FACSCanto, BD

Biosciences).



Wound-healing assay: Cells were cultured to approximately 90% confluence, and a sterile pipette
tip was used to create a linear scratch. After washing with phosphate-buffered saline (PBS), wound

closure was observed at 0 and 21 h. Migration rates were calculated using ImageJ software.

Tube formation assay: HUVECs were seeded into 24-well plates pre-coated with Matrigel and

incubated at 37 °C for 3 h. The numbers of branches and junctions were then quantified.

2.4. Transcriptome sequencing and data analysis

Total RNA was extracted from HUVECs in each group. RNA-seq libraries were constructed
using the VAHTS Universal V8 RNA-seq Library Prep Kit and sequenced on the Illumina NovaSeq
6000 platform. Differentially expressed genes (DEGs) were identified using the criteria [log. fold
change| > 1 and P < 0.05. GO and KEGG enrichment analyses were performed using the KOBAS 2.0
server[28,29].

2.5. Reverse-transcription quantitative PCR (RT-qPCR)

Total RNA was extracted from cells in each group and reverse-transcribed into cDNA. qPCR was
performed using SYBR Green Master Mix on a QuantStudio 5 Real-Time PCR System. GAPDH was
used as the internal reference gene. Candidate genes included IFITM1, THY1, CCBE1, CCL2, and
ENTPDI. Relative expression levels were calculated using the 2-AACt method [18].

2.6. Statistical analysis

All experiments were independently repeated three times. Data are presented as the mean +
standard deviation (SD). Comparisons between two groups were performed using a two-tailed
Student’s t-test, and comparisons among multiple groups were performed using one-way analysis of

variance. P <0.05 was considered statistically significant.

3. Results

3.1. Cytotoxicity and safety evaluation of DS in HUVECs

To determine a safe working concentration of DS, HUVECs were treated with 0, 3, 6, or 10 uM
DS. Morphological observation and CCK-8 analysis showed that DS did not cause obvious
cytotoxicity at these concentrations. Among the tested concentrations, 3 uM DS maintained favorable

cell viability and was therefore selected for subsequent intervention experiments (Figure 1).
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Figure 1. Safety evaluation of DS in HUVECs. (A) Representative microscopic images of HUVECs treated with 0, 3, 6,
or 10 uM DS, including observations after 48 h. (B) CCK-8 assay showing cell viability after DS treatment for 48 h. Data
are presented as the mean = SD (n = 3). **P < 0.01; ns, not significant.

3.2. Establishment of a high-glucose-induced HUVEC injury model

To establish a stable and reliable high-glucose injury model, HUVECs were exposed to different
concentrations of glucose for 48 h, with corresponding mannitol controls used to exclude osmotic
effects. High-glucose treatment increased the apoptotic rate of HUVECs in a concentration-
dependent manner, whereas the mannitol control groups did not show comparable pro-apoptotic
effects. Exposure to 100 mM glucose produced a marked and reproducible apoptotic response while
preserving sufficient cells for subsequent functional assays; therefore, 100 mM glucose for 48 h was

selected as the high-glucose model condition (Figure 2).
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Figure 2. Establishment of the high-glucose-induced HUVEC injury model. HUVECs were exposed to different
concentrations of glucose or corresponding mannitol controls for 48 h. (A) Quantitative analysis of apoptosis after
glucose or mannitol treatment. (B) Apoptosis rates in mannitol control groups. (C) Representative flow-cytometry plots
from Annexin V-APC/7-AAD staining. Data are presented as the mean + SD (n = 3). *P < 0.05, ***P < 0.001, ****P <
0.0001; ns, not significant.

3.3. DS restores tube formation in HUVECs under high-glucose conditions

To evaluate the endothelial-protective effect of DS, HUVECs were divided into three groups:
control (5.5 mM glucose), HG (100 mM glucose), and HG+DS (100 mM glucose + 3 uM DS).
Matrigel tube formation assays showed that 100 mM glucose markedly suppressed the angiogenic
capacity of HUVEC:s, as reflected by reductions in the numbers of branches and junctions. Compared
with the HG group, the HG+DS group exhibited significantly increased branch and junction numbers

(P <0.05), indicating that DS reversed high-glucose-induced impairment of angiogenesis (Figure 3).
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Figure 3. DS reverses high-glucose-induced impairment of angiogenesis in HUVECs. (A) Representative images of tube
formation in the control, HG, and HG+DS groups. (B) Quantification of branch numbers. (C) Quantification of junction
numbers. Data are presented as the mean + SD (n = 3). *P < 0.05, **P <0.01.

3.4. Transcriptomic profiling identifies DS-regulated differentially expressed genes

To systematically investigate the molecular mechanism of DS, RNA sequencing was performed
in the control, HG, and HG+DS groups. The overall transcriptomic profiles showed clear grouping
among samples. Compared with the control group, the HG group exhibited 173 DEGs, including 91
upregulated and 82 downregulated genes. Compared with the HG group, the HG+DS group exhibited
2,015 DEGs, including 975 upregulated and 1,040 downregulated genes (Figure 4). These results
indicate that high-glucose stimulation significantly alters the HUVEC transcriptomic profile and that

DS intervention reverses or modulates a substantial subset of these abnormal expression changes.
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Figure 4. Transcriptomic profiling of HUVECs in the control, HG, and HG+DS groups. (A) Sample correlation heatmap.
(B) Genomic distribution of mapped reads. (C) Volcano plot of DEGs in the HG+DS versus HG comparison, showing
975 upregulated and 1,040 downregulated genes. (D) Volcano plot of DEGs in the HG versus normal control (NC)
comparison, showing 91 upregulated and 82 downregulated genes. (E) Heatmap showing clustering of differentially
expressed genes. The screening threshold was |log: fold change| > 1 and P < 0.05.

To further define the biological functions and signaling pathways regulated by DS, DEGs from
the HG+DS versus HG comparison were subjected to GO functional annotation and KEGG pathway
enrichment analyses. GO analysis showed that DS-downregulated genes were mainly enriched in
cellular components and biological processes such as extracellular space, extracellular region,
extracellular matrix, plasma membrane, cell adhesion, angiogenesis, extracellular matrix
organization, mitotic cell cycle, and collagen fibril organization. DS-upregulated genes were mainly
enriched in extracellular exosomes, cytoplasm, extracellular region, plasma membrane, proteasome
complex, signal transduction, inflammatory response, chemotaxis, response to lipopolysaccharide,
cell adhesion, and cell-matrix adhesion. Molecular-function terms included protein binding, calcium
ion binding, extracellular matrix structural constituent, ATP binding, actin binding, collagen binding,

and integrin binding (Figure 5A-F).

KEGG pathway enrichment analysis indicated that DS-regulated DEGs were significantly
enriched in pathways related to ECM-receptor interaction, malaria, axon guidance, cell cycle, protein
digestion and absorption, p53 signaling, focal adhesion, AGE-RAGE signaling in diabetic
complications, cell adhesion molecules, FoxO signaling, proteasome, biosynthesis of amino acids,

ferroptosis, hematopoietic cell lineage, glutathione metabolism, fructose and mannose metabolism,



phagosome, rheumatoid arthritis, fluid shear stress and atherosclerosis, and arachidonic acid
metabolism (Figure 5G,H). These pathways are closely associated with extracellular matrix
remodeling, inflammation, oxidative stress, cell death, and angiogenesis, suggesting that DS may

exert endothelial-protective effects through coordinated regulation of multiple biological processes.

Down_GO_enrichment_C_
0. .C_top Down_GO_enrichment_F_top

A Einetockioe i B protein bining 2812700
exiraceliular spoce 13/2010 calium fon binding 66/780
iRkl cogion 28/1999 extraceliular matris 271140
E cytosal 21/5476 - Comscieduane £ identical 83/1542 Commacted Pvalue
S 1 60/4 0.00000000000004
= matrix 0/402 0.90000000000008 % icrotubite birding 31274 0.0000009
£ plasma membrane 55/5466 o Z extracellular matrin structural canstituent 13148 0.0000006
F 0.00000000060001 & SoRTisiing, 0.0000003
excsame )5/2181 s & ATPpinding  EEE— 75/1633 o
cytoplasm 291 actin binding - NG 24/273
cell surface 49/622 collagen binging  EEEEEEENNNN———  12/67
extemal side of plasma membrane 38/402 integrin binging  EEG—_——— 17/161
o 10 18 [ 10 s
“logl0 Pralue -1og10 Pualue
Up_GO_enichment_C_top
C Down_GO_enrichment_P_top D i 105/2181
cell adhesion 50/484 cytoplasm 182/5281
314253 space 90/2010
segregation 23/93 £ region 114/1999 Corrected Pualue
colt division 47352 Comecedpuae 8 0.oooannntos
£ 0,00006000020 % cytosol 195/5476 0.00000000075
S mittic sondle sssemby checkpaint signing 13/32 000000000015 2 S 221/5466 0.00060600050
3 trix 000000000010 F 0.00000000025
3 ; i exied 000000000005 © memrane 119/3288 0.00000000000
mitotic sister chromatid seqregation 1234 500000000602 s e ke 15/56
15/66 receptor compiex 21/204
mitotic cell cycle  — 197129 protessome accessory complex NI 8/17
collagen fibril org; 1466 0 5 10 15
o 0 15 -log10 Pualue
HBAPPEAHAs Up_GO_enrichment_ P top
— ° Tisaag 2L} e signat 56/1113
n ——
E wojGEMELiNUEAoU 3TV130 F e o
i =
chemotaxis [ 14/115
T senmin 2\18
wocden:  E respense ta lipopolysaccharice G 14/137 Comected Pualue
I3 conoanu puond N T2\50€ H
g 00002 3 cell aghesion I 25/484 0.0000010
§ nevzwewpleus zituowd wcebroL scnh I T\ 12 g t
: ooooro % cell-matrix aohesion - INEEEEGEG— 13/131 0.0000005
E 1euncs) biorsw puaivd G 20\ 215 00012 1
5 & nagative regulstion of femoptosis N  5/0 0000000
E buore persoquisyssrow scvh I 51\3T3 COUECTEA bASIG
cell-cell signaling  IEEEEGEGEG—_—_— 16/230
apuncymuay couzpgneus o ooy I T0\01
positive regulation of ERK1 and ERKZ cascade (S 157204
pebo pugd I TO\T 1)
immune response I 22/446
buorsiu puaid = A\I5100 i i n

10
b eq suLCpusE toh -loal0 Pralue

Figure 5. GO enrichment analysis of DS-regulated DEGs. (A-C) Top enriched cellular component, molecular function,
and biological process terms among downregulated genes. (D-F) Top enriched cellular component, molecular function,
and biological process terms among upregulated genes. The x-axis represents —log10 P value, and the labels indicate the
number of enriched genes and total annotated genes for each term.

Down KEGG top Scatter

G ECM-receptor interaction O (orrected.Pvalue
Malaria
Axon guidance ® b
Cell cycle [ ] ’
£ Protein digestion and absorption °
K] £ ¥ Input.number
= 53 signaling pathwa
P ] 'g p: Y e]12
Focal adhesion| @ [@]14
AGE-RAGE signaling pathway in diabetic | o @] 16
complications @] 18
Cell adhesion molecules (CAMs){ @ E! gg
FoxO signaling pathway{® -
| o © L @
-log10 Pvalue
Up KEGG top Scatter
Proteasome { [ ]
H Biosynthesis of amino acids| @ Eorecledpyalle
F tosi . 0.06
erroptosis 004
Hematopoietic cell lineage| @ 0.02
£ Glutathione metabolism{ ®
g
*  Fructose and mannose metabolism{ « Input.number
16
Phagosome{ @ el 8
Rheumatoid arthritis | @ H ¥
Fluid shear stress and atherosclerosis{ @ @11
Arachidonic acid metabolism{ @

» ©
-l0g10 Pvalue

Figure 5 continued. KEGG pathway enrichment analysis of DS-regulated DEGs. (G) Top KEGG pathways enriched
among downregulated genes. (H) Top KEGG pathways enriched among upregulated genes. Dot size represents the
number of enriched genes, and color indicates the corrected P value.

10



3.5. Validation of downstream effector genes by RT-qPCR

Based on the high-throughput sequencing data and literature evidence, IFITM1, THY1, CCBEI,
CCL2, and ENTPDI1 were selected as potential downstream effectors. RT-qPCR was performed to
validate their expression patterns in each group. The results showed that IFITM1, THY1, CCBEL,
CCL2, and ENTPDI1 were significantly upregulated after high-glucose treatment, whereas DS
intervention markedly downregulated the expression of these genes (Figure 6). These findings

suggest that DS may exert endothelial-protective effects by regulating these key downstream effector

molecules.
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Figure 6. RT-qPCR validation of key gene expression in HUVECs. Cells were divided into the normal control group (NC;
5.5 mM glucose), high-glucose model group (HG; 100 mM glucose), and deoxyshikonin intervention group (HG+DS;
100 mM glucose + 3 uM DS). GAPDH was used as the internal control, and relative mRNA expression levels of IFITM1,
THY1, CCBEI1, CCL2, and ENTPD1 were calculated using the 2—AACt method. Each experiment was independently
repeated three times. Data are presented as the mean + SD. *P < 0.05, ****P < (.0001.

4. Discussion

Diabetic foot ulcers are associated with substantial clinical harm, including high rates of
recurrence, amputation, and mortality. Many patients have already lost the opportunity for
endovascular or bypass revascularization when they present for treatment. Therefore, direct

intervention at the wound surface represents a clinically relevant therapeutic strategy.

Endothelial dysfunction under high-glucose conditions is a central pathological process in

diabetic vascular complications. In the present study, we systematically evaluated the protective
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effect of DS against high-glucose-induced HUVEC injury and preliminarily elucidated its molecular
mechanism through high-throughput sequencing. First, we confirmed that 3 uM DS had minimal
cytotoxicity toward HUVECs. Second, treatment with 100 mM glucose for 48 h successfully
established a stable endothelial injury model, consistent with previously reported high-glucose-
induced endothelial injury conditions [19]. Third, tube formation assays in the control, HG, and
HG+DS groups demonstrated that 3 uM DS significantly restored the angiogenic capacity of
HUVECs under high-glucose conditions. Fourth, transcriptomic sequencing was performed in the
three groups, and DEGs were identified through intergroup comparisons, followed by GO and KEGG
enrichment analyses. Finally, on the basis of sequencing results and literature review, IFITM1,
THY1, CCBEl, CCL2, and ENTPD1 were selected as candidate downstream effector genes and

experimentally validated.

IFITM1 (interferon-induced transmembrane protein 1) plays an important role in angiogenesis,
and previous studies have suggested that IFITM1 is critical for the formation of functional blood
vessels. Wang et al. analyzed public diabetic foot ulcer datasets and validated their findings
experimentally, showing that IFITM1 was highly expressed in diabetic foot ulcer tissues and could be
used to support a diagnostic model for diabetic foot ulcers. THY1 (CD90), a
glycosylphosphatidylinositol-anchored protein, is markedly upregulated in endothelial cells during
inflammatory-cytokine-induced angiogenesis and has been implicated in wound repair and vascular
remodeling [21]. CCBEI1 has been identified as a key regulator of lymphangiogenesis [22] and
promotes lymphatic endothelial sprouting and migration through the VEGFR3 pathway. Recent
evidence indicates that CCBE1 is also expressed in vascular endothelium and may participate in
angiogenesis. Although the specific significance of CCBEI upregulation in high-glucose conditions
remains incompletely understood, the reversal effect of DS observed in this study suggests that DS

may improve endothelial function partly by regulating CCBE1 expression.

CCL2 (MCP-1) is a key pro-inflammatory chemokine that is upregulated under high-glucose
conditions [23]. ENTPD1 (CD39) encodes ectonucleoside triphosphate diphosphohydrolase 1 and
plays an important role in inflammation regulation [26]. ENTPD1 hydrolyzes pro-inflammatory
extracellular ATP and ADP to AMP, which can subsequently be converted to adenosine by CD73,
thereby mediating anti-inflammatory and vasculoprotective effects. In the present study, high-glucose
stimulation upregulated ENTPD1 expression, and DS reduced ENTPD1 expression toward the
control level. This pattern may reflect a compensatory response to high-glucose-induced

inflammatory stress and its attenuation after DS treatment. Together, the DS-mediated reversal of

12



IFITM1, THY1, CCBEI1, CCL2, and ENTPD1 expression suggests that DS may protect the
endothelium by regulating inflammation, angiogenic remodeling, and extracellular matrix-related

processes.

In recent years, multiple studies have revealed regulatory networks involving key molecules in
diabetic vascular complications from different perspectives, complementing the findings of the
present study. The current results are also consistent with the reported biological activities of DS. For
example, DS has been shown to promote wound healing in diabetic mice through the
VEGFR2/Akt/p38 pathway [10], and shikonin derivatives have well-documented anti-inflammatory
and antioxidant properties [12,13].

This study has several limitations. First, the direct molecular targets of DS were not validated
using gene knockdown or overexpression experiments. Second, the study was mainly based on a
single cell type, HUVECs, whereas the complex microenvironment of diabetic foot ulcers involves
interactions among multiple cell types [27]. Third, in vivo animal experiments were not performed.
Future studies should combine target validation, gain- and loss-of-function experiments, and animal

models to further confirm the endothelial-protective mechanism of DS.

In conclusion, the present data indicate that DS may ameliorate high-glucose-induced endothelial
dysfunction by regulating downstream effector genes, including IFITM1, THY1, CCBEI, CCL2, and
ENTPDI. This study provides multi-omics-based theoretical evidence supporting the therapeutic
potential of DS in diabetes-related endothelial injury.
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