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Abstract

Background/Objectives: Diabetic foot ulcers (DFUs) are a common and challenging com-
plication of diabetes, significantly impacting the quality of life for patients due to impaired
wound healing. Exploring effective and targeted therapies for DFUs is therefore both
important and meaningful. Sulforaphane (SFN), a natural bioactive compound found
in cruciferous vegetables, shows promise in this area. However, its role and underlying
mechanisms in promoting wound healing in DFUs have not been fully understood. Meth-
ods: Human umbilical vein endothelial cells (HUVECs) were cultured under high-glucose
conditions to establish an in vitro diabetic model. Cell viability, inflammation, apoptosis,
and mitochondrial function were assessed. The expression and activation of Nrf2 were
examined following SFN treatment. Additionally, Nrf2 overexpression was performed
to validate its role in mediating the protective effects of SFN under high-glucose stress.
Results: High-glucose conditions significantly reduced HUVEC viability and increased
inflammation, apoptosis, and mitochondrial dysfunction. Treatment with SEN effectively
counteracted these detrimental effects. SEN robustly activated Nrf2 signaling, and overex-
pression of Nrf2 recapitulated the protective effects of SFN, attenuating cellular damage
under high-glucose conditions. Conclusions: SFN activates Nrf2 expression and protects
HUVECs from high-glucose-induced injury by improving cell viability, mitochondrial
function, and inflammatory response. These findings suggest that SEN may serve as a
promising targeted therapy for diabetic foot ulcers.

Keywords: diabetic foot ulcers; sulforaphane; Nrf2; mitochondrial function; inflammatory

1. Introduction

Diabetes mellitus (DM) is a chronic metabolic condition characterized by long-term
elevation of blood sugar beyond the normal range [1]. A critical consequence of this condi-
tion is the gradual, cumulative damage it inflicts on multiple organ systems, notably the
nerves, eyes, heart, kidneys, and vasculature, ultimately precipitating a series of severe
complications [2]. Among these complications, foot ulcers caused by peripheral capillary
damage, clinically called diabetic foot ulcers (DFU), are one of the most common compli-
cations in diabetes patients, bringing long-term pain and suffering to millions of patients
worldwide [3]. This condition causes lasting pain and suffering for millions worldwide,
with severe cases often resulting in amputation or death [4]. It has been reported that local
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neuropathy, peripheral vascular occlusion, dysregulation of local cytokine secretion, in-
creased reactive oxygen species (ROS) production, deregulated apoptosis, impaired wound
healing, and angiogenesis contribute to DFU development and progression [5]. Among
these factors, oxidative stress in local tissues and impaired angiogenesis mechanism are
the hot points in the formation and development of DFUs in previous studies, and how
to reduce the oxidative stress damage in local tissues and promote the regeneration of
blood vessels near the DFU has also become an important topic in the clinical treatment of
DFUs [6]. In this regard, scholars have conducted a lot of studies on rat diabetes models,
and the results show that reducing oxidative stress [1] and promoting blood duct forma-
tion [7] can effectively improve the wound healing ability of DFUs. Surgical debridement,
offloading to reduce pressure on the ulcer, and management of lower extremity ischemia
and foot infections constitute the primary therapeutic approaches for diabetic foot ulcers [4].
Research indicates that the pathogenesis is due to the imbalance between the microbiota
and the immune system, which eventually leads to delayed wound healing [8]. Despite
progress in managing diabetic foot ulcers (DFUs) and a better understanding of their
healing mechanisms, the underlying molecular processes are still unclear [9].

VEGEF is a crucial endogenous growth factor renowned for its role in regulating
wound healing [10]. A growing body of evidence from both in vivo and in vitro stud-
ies demonstrates that elevated glucose levels contribute to the development of chronic
inflammation and local inflammation [11], leading to increased expression of various pro-
inflammatory cytokines, including interleukin (IL)-6 [12] and IL-8 [13]. Furthermore, under
hyperglycemic conditions, activated endothelial cells produce pro-inflammatory cytokines
through local autocrine and paracrine signaling pathways, thereby perpetuating a self-
sustaining inflammatory cycle [14]. In addition, high glucose levels enhance the surface
expression of adhesion molecules on endothelial cells—such as monocyte chemoattractant
protein-1 (MCP-1) and intercellular adhesion molecule-1 (ICAM-1)—which facilitate mono-
cyte recruitment and interaction with inflammatory mediators, thereby sustaining chronic
inflammatory states and promoting endothelial dysfunction [15]. It can be seen that finding
targets and corresponding drugs to reduce oxidative stress and promote angiogenesis will
greatly benefit the clinical treatment of DFUs.

Sulforaphane (SEN), a potent natural activator of the Nrf2 pathway, is widely recog-
nized for its antioxidant properties. In addition, it possesses a broad spectrum of biological
activities, including anti-inflammatory, anticancer, epigenetic regulatory, and antibacte-
rial effects [16], and has been implicated in the prevention and treatment of cancer [17],
nervous system disorders [18], and coronavirus disease [19]. Consumption of cruciferous
vegetables rich in sulforaphane (SFN) has been associated with the prevention of various
chronic diseases, including cardiovascular diseases, neurodegenerative disorders [20], and
diabetes [21]. Many studies have shown that SEN could activate the AKT and Keap1/2
signaling pathways to alleviate reactive oxidative stress [22,23], and activate the IKB and
NFKB signaling pathways to alleviate inflammation [24,25], thereby promoting mouse gran-
ulosa cell proliferation via the NRF2-TKT pathway [16], alleviating psoriasis by enhancing
antioxidant defense through KEAP1-NRF2 pathway activation, attenuating inflammatory
signaling [26], and mediating the function of mitochondrial function to alleviate apop-
tosis [27]. In diabetic mice, SEN can alleviate the inflammatory response at the wound
site by enhancing the phagocytic function of damaged macrophages and promoting the
polarization of M2-type macrophages [28]. However, whether this compound can be used
as a therapeutic agent for wound healing in patients and models of DFUs, as well as
its possible mechanism, requires further investigation. Nrf2 is an important activator of
SEN [29,30], as an endogenous transcription factor that regulates antioxidant enzymes,
while NF-«kB overexpression promotes pro-inflammatory and pro-oxidant states [31]. The
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role of NRF2 has evolved from being initially recognized as a transcription factor primar-
ily involved in redox homeostasis and detoxification to being widely acknowledged as
a central regulator of cellular protein homeostasis, metabolism, and iron regulation [32].
And there are reports stating that Nrf2 could increase intracellular peroxides by upregu-
lating the cystine transporter XCT encoded by Slc7al1, thereby regulating mitochondrial
function [33]. The Nrf-2/GPX-4/xCT axis could regulate mitochondrial autophagy and
mitochondrial generation in tumor cells [34]. Studies have shown that Nrf2 in serum
can serve as a biomarker for screening diabetic foot ulcers and as a potential therapeutic
target [35]. Overexpression of SIRT6 enhanced the activation of the Nrf2 pathway in the
wound tissues of DFU rats and vascular endothelial cells exposed to HG, thereby reducing
the wound area, accelerating epithelial formation, increasing collagen deposition, and
improving angiogenesis [36]. Whether SFN can mediate cell function regulation through
Nrf2 to counteract high-glucose-induced cell damage remains to be investigated.

In this study, we utilized high-glucose-cultured HUVECs to simulate a diabetic milieu
and meticulously examined the influence of SEN on oxidative stress, inflammation, and
apoptosis under DFU conditions. Our research reveals that SEN, as a promising compound
and excipient, holds potential in facilitating wound healing for patients and models of
diabetic foot ulcers (DFUs) by activating the expression of Nrf2. This not only offers a
novel perspective on understanding DFUs but also serves as an innovative strategy for
their clinical management.

2. Materials and Methods
2.1. Cell Culture

Human umbilical vein endothelial cells (HUVECSs) were procured from the Shanghai
Institute of Biochemistry and cultured in Dulbecco’s Modified Eagle Medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco, Thermo Fischer Scientific, Waltham,
MA, USA). The culture conditions were maintained at 37 °C in a humidified incubator
under an atmosphere of 5% CO,. To emulate the diabetic milieu in vitro, HUVECs were
subjected to either normal-glucose conditions (5.5 mM) or high-glucose conditions (30 mM)
in DMEM [37,38]. To eliminate the non-specific effects caused by high osmotic pressure,
mannitol (24.5 mmol /L) was added to the NG (5.5 mmol /L) solution to make its osmotic
pressure consistent with that of the HG (30 mmol/L D-glucose) group.

Sulforaphane (HY-13755) was obtained from MedChemExpress (Monmouth Junction,
NJ, USA) and was meticulously prepared by initially dissolving it in DMSO to achieve a
concentration of 1 M. Subsequently, this solution was diluted with culture medium to yield
a series of precise final concentrations: 0.1, 1.0, 2.0, 6.0, and 10 uM. Notably, the ultimate
concentration of DMSO within the culture medium was scrupulously maintained at less
than 0.01%. The NG group was treated with the same amount of DMSO.

2.2. Assessment of Cell Viability

Cell viability was evaluated using the Cell Counting Kit-8 (Yeasen Biotechnology Co.,
Ltd., Shanghai, China), following the manufacturer’s instructions with meticulous precision.
The optical density was quantified at a wavelength of 450 nm utilizing the advanced Tecan
Infinite 200 microplate reader (Sunrise, Tecan, Mannedorf, Switzerland). Notably, all
experiments were conducted in triplicate to ensure the reliability and reproducibility of
the results.

2.3. Enzyme-Linked Immunosorbent Assay

The cell supernatants from different groups were carefully harvested and subsequently
subjected to centrifugation at 300 g under a controlled temperature of 4 °C for 10 min,
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ensuring the efficient removal of any sediment. Following this step, the concentrations of
IL-6 (70-EK106/2-96), IL-8 (70-EK108-96), ICAM-1 (70-EK189-96), and MCP-1 (70-EK187-96)
in the culture media were meticulously quantified and analyzed in accordance with the
detailed instructions provided in the enzyme-linked immunosorbent assay (ELISA) kit
manual (Multi Sciences, Hangzhou, China).

2.4. Analysis of Apoptosis Using Flow Cytometry

The cells from distinct treatment groups were harvested and assessed for apoptosis
using the Annexin V-FITC/PI Apoptosis Detection Kit (DCFH-DA, Solarbio, Beijing, China).
Specifically, the collected cells were gently washed with ice-cold phosphate-buffered saline,
sequentially stained with Annexin V-FITC and PI, and subsequently analyzed by flow
cytometry. The resulting data were meticulously evaluated using CytExpert software
(Beckman Coulter, Brea, CA, USA). Each measurement was conducted in triplicate, ensuring
the analysis of no fewer than 10,000 cells per sample.

2.5. Measurement of Reactive Oxygen Species (ROS) Using Flow Cytometry

Reactive oxygen species (ROS) levels in HUVECs were quantitatively assessed via
flow cytometry, utilizing ROS Assay Kit (Beyotime, Nantong, China). Following dis-
tinct treatments, the cells were meticulously harvested, gently washed with pre-chilled
phosphate-buffered saline (PBS), and subsequently incubated with dichlorodihydroflu-
orescein diacetate (DCFH-DA) in culture medium at 37 °C for 30 min under controlled
conditions. Thereafter, intracellular ROS generation was precisely quantified using an
advanced flow cytometer (Beckman Coulter, Brea, CA, USA).

2.6. Measurement of the Mitochondrial Membrane Potential (A¥m)

The JC-1 dye Detection Kit (Beyotime, Nantong, China) was used to determine the
mitochondrial membrane potential (AYm). Thus, the ratio of red to green fluorescence
intensity, as quantified through flow cytometry, serves as a precise indicator of the mito-
chondrial membrane potential (A¥m) in each experimental group.

2.7. Determination of the ATP Content

The ATP content of HUVECs was measured with precision using an Enhanced ATP
Assay Kit (50027, Beyotime, Nantong, China). Following treatment, the HUVECs were
meticulously harvested and standardized to a uniform cell count of 1 x 10° per group. Ad-
hering strictly to the manufacturer’s protocol, the quantification of ATP was performed by
referencing the established standard curve, ensuring unparalleled accuracy and reliability.

2.8. Cell Transfection
The HUVECs were seeded in 6-well plates and transfected with the above plas-

mid (pcDNA3.1-Nrf2, pcDNA3.1, 500 ng) using Lipofectamine 2000 reagent (Invitrogen,
Waltham, MA, USA) according to the manufacturer’s instructions.

2.9. gRT-PCR and Western Blotting Analysis

HUVECs with different treatments were collected. Total RNA was extracted using
RNAiso (Takara, San Jose, CA, USA), and its quantity was measured by 260/280 UV
spectrophotometry. Equal amounts of RNA (1.0 pg) were reverse-transcribed into cDNA
using HiScript® Q RT SuperMix (Vazyme, Nanjing, China). qPCR was performed using
AceQ® qPCR SYBR® Green Master Mix (Vazyme) on an ABI StepONEPlus system. Relative
gene expression was calculated using the 2724Ct method [18]. Human GAPDH mRNA
was used as an internal control, and the primers were listed in Table S1.
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For western blotting, the treated HUVECs were collected and then lysed with radioim-
munoprecipitation assay (RIPA, Vazyme Biotech Co., Ltd., Nanjing, China). For specific
operations, we referred to the reported literature [39]. Antibodies included Nrf2 (16396-
1-AP, Proteintech, Rosemont, IL, USA, 1:1000), Bax (50599-2-Ig, Proteintech, 1:1000), Bcl-2
(ET1603-11, HuaAn, 1:1000), PCNA (10205-2-AP, Proteintech, 1:1000), CCND1 (26939-1-AP,
Proteintech, 1:1000), Caspase 3 (19677-1-AP, Proteintech, 1:1000), Caspase 8 (13423-1-AP,
Proteintech, 1:1000), GAPDH (10494-1-AP, Proteintech, 1:10,000) and HSP90 (60318, Pro-
teintech, 1:10,000), along with anti-rabbit IgG-HRP secondary antibody (1:10,000).

2.10. Data Analysis and Statistics

Statistical analyses were conducted, and figures were generated using GraphPad Prism
software 8.0.1 (GraphPad Software, Inc., San Diego, CA, USA). A two-tailed Student’s
t-test was employed to assess the significance between two groups. For the comparison of
multiple components, a one-way ANOVA was used to calculate the p value among multiple
groups. A p-value less than 0.05 was considered statistically significant.

3. Results

3.1. SEN Alleviates the Decrease in Cell Viability and Increases Inflammation of HUVECs upon
High-Glucose Stimulation

The high-glucose cultured HUVECs were used to construct the cell model of DFUs and
to investigate the effects and mechanism of SFN under DFU conditions. Treatment with SFN
alone at concentrations of 2.0, 6.0, and 10.0 uM slightly increased cell viability compared
to the control and low-dose SFN (0.1 and 1.0 uM) (Figure 1A). In contrast, HG (30 mM)
reduced cell viability, while co-treatment with SEN (1.0, 2.0, 6.0, and 10 uM) effectively
mitigated the decrease in cell viability induced by HG treatment (Figure 1B). Meanwhile,
VEGEF exhibited a remarkable increase in mRNA levels following the administration of SEN
treatment (Figure 1C). These results show that an appropriate amount of SEN can rescue
HG-induced DFUs.

To determine the effects of high glucose (HG) and the protective role of sulforaphane
(SEN) in diabetic foot ulcers (DFUs), we evaluated the inflammatory status of HUVECs
after high-glucose-induced injury. ELISA and RT-qPCR were used to measure the impacts
of HG and SFN on the secretion of IL-6, IL-8, ICAM-1, and MCP-1 proteins and mRNA
expression. Results showed that HG increased the secretion and mRNA expression of these
inflammatory factors; co-treatment with SFN (2 uM) effectively suppressed inflammation
under DFU conditions (Figure 1D,E). Overall, HG reduced cell viability and increased
inflammation in HUVECs, while SEN treatment alleviated the HG-induced damage in
HUVECs.
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Figure 1. The effect of SFN and HG in HUVECs. (A). The effects of gradient concentration of
Sulforaphane on HUVEC cell viability for 48 h. (B) The effects of combined treatment with SFN and
HG on HUVEC cell viability for 48 h. (C) qRT-PCR analysis of the relative expression of VEGF mRNA
levels in HUVECs. (D) The secretion and (E) mRNA expression of IL-6, IL-8, ICAM-1 and MCP-1.

The data are expressed as means & SD. Control: NG; Sulforaphane: SFN; High-glucose stimulation:
HG; ns: No significant; * p < 0.05, ** p < 0.01, *** p < 0.001.

3.2. SEN Alleviates the Cell Apoptosis in HUVECs upon High-Glucose Stimulation

To determine the protective effect of SFN in HUVECs under high-glucose stimulation,
we analyzed cell apoptosis and related signaling pathways. High glucose (HG) signifi-
cantly increased apoptosis compared to the control group, while SEN treatment reduced
apoptosis to control levels (Figure 2A,B). HG also upregulated BAX and BAK1 mRNA
levels and downregulated Bcl-2 mRNA levels; SEN reversed these effects (Figure 1C).
Consistent with this, HG increased the protein levels of Bax, caspase-3, and caspase-§,
while decreasing Bcl-2 levels. SEN co-treatment restored these proteins to near-control
levels (Figure 2D-H). Additionally, HG reduced proliferation-related proteins PCNA and
CCND1, which were restored by SEN co-treatment (Figure 21,]). Together, these results
indicate that SFN mitigates high-glucose-induced apoptosis and promotes HUVEC prolif-
eration under DFU conditions.
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Figure 2. SFN treatment ameliorates the apoptosis of HUVECs induced by high-glucose stimulation.
(A) Apoptosis of HUVECs was evaluated by the measurement of Annexin V using flow cytometry.
Apoptotic cells were Annexin V-positive and PI-negative. The colors in different quadrants are
different, representing different states. (B) The figure shows representative staining, and the numbers
in the quadrants indicate the percentage of cells within the respective subpopulations. (C) qRT-
PCR analysis of the relative expression of Bax, Bak and Bcl-2 mRNA levels in HUVECs (n = 3).
(D-F) Western blotting analysis of the changes in the protein levels of related apoptosis factors (Bax
and Bcl-2). (G,H) Western blotting analysis of the changes in the protein levels of related apoptosis
factors (cleaved caspase-3 and caspase-8). (1,J) Western blotting analysis of the changes in the protein
levels of functional genes linked to proliferation (PCNA and CCND1). Control: NG, Sulforaphane:
SFN, High-glucose stimulation: HG. The data are expressed as means + SD, * p < 0.05, ** p < 0.01.

3.3. SEN Alleviates Mitochondrial Dysfunction in HUVECs upon High-Glucose Stimulation

A previous report indicated that high-glucose stimulation could induce oxidative
stress in HUVECs [31]. We examined ROS levels in HUVECs after 48 h of high-glucose
stimulation with or without SEN treatment. ROS signals significantly increased under
high-glucose conditions, while SFN treatment reversed this effect, aligning ROS levels with
those in the normal-glucose group (Figure 3A,B). In addition, superoxide dismutase (SOD),
catalase (CAT) and lactate dehydrogenase (LDH) were measured in different treatments.
The results indicated that high-glucose stimulation decreased the content of SOD, CAT
and LDH, leading to the accumulation of ROS in HUVECs. However, the addition of SEN
significantly increased the content of these antioxidant enzymes, thereby eliminating part
of the accumulated ROS and alleviating oxidative stress in HUVECs upon high-glucose
stimulation (Figure 3C,D).
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Figure 3. Effects of SFN on the mitochondrial function of HUVECs induced by high-glucose stimu-
lation. (A) The ROS level of HUVECsS in the different groups. (B—E) The SOD, CAT, HDL and ATP
levels of HUVECs in different groups. Different colors represent different quadrants. (F) Mitochon-
drial membrane potential (A¥m) levels of the different groups. (G) The ratio of the red over green
fluorescence intensity by flow cytometry represents the quantitative A¥m in each group. Control:
NG; Sulforaphane: SFN; High-glucose stimulation: HG. The data are expressed as means + SD.
**p <0.01, **p <0.001.

To further investigate the protective effects of SEN on mitochondrial function in HU-
VECs under high-glucose conditions, we measured the ATP content and mitochondrial
membrane potential (A¥Ym) following various treatments. High-glucose stimulation sig-
nificantly decreased ATP content, an effect that was notably mitigated by co-treatment
with SEN (Figure 3E). Furthermore, the results demonstrated that high-glucose stimulation
significantly increased green fluorescence intensity (Figure 3EG, HG) compared to the
normal glucose (NG) group (Figure 3F,G, NG). However, the addition of SEN markedly
reduced green fluorescence intensity (Figure 3EG, HG + SFN) relative to the HG group.
Additionally, alterations in A¥m were quantified by calculating the ratio of red fluorescence
intensity to green fluorescence intensity. High-glucose exposure led to a significant decrease
in this ratio compared to the control group, whereas co-treatment with SFN effectively at-
tenuated this decline (Figure 3G). Collectively, these findings indicate that SFN ameliorates
mitochondrial dysfunction in HUVECs induced by high-glucose conditions.

3.4. SFN Mediates Nrf2 Expression to Inhibit HG-Induced Oxidative Stress Damage in HUVECs

Initially, we explored the impact of SFN supplementation on Nrf2 expression, revealing
that SEN markedly upregulates NRF2 levels (Figure 4A). Subsequently, the expression
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Figure 4. SFN mediates Nrf2 expression to inhibit HG-induced oxidative stress damage in HUVECs.
(A-C) The mRNA and protein expression of Nrf2 under high-glucose stimulation and SFN. (D) The
mRNA and protein expression of Nrf2 in HUVECs after cell transfection. (E) The ROS level of
HUVECs in the different groups after Nrf2 overexpression. (F,G) Mitochondrial membrane potential
(A¥m) levels of the different groups after Nrf2 overexpression. (H-K) The SOD, CAT, LDH and ATP
levels of HUVECs in different groups after Nrf2 overexpression. Sulforaphane: SFN; High-glucose
stimulation: HG. The data are expressed as means + SD, *p < 0.05, ** p < 0.01, *** p < 0.001.

3.5. SEN Mediates Nrf2 Expression to Restore Cell Viability and Reduce Inflammation in HUVECs
Under High-Glucose Conditions

To further verify the protective effect of SFN under high-glucose stimulation by
activating NFR2, we examined the alterations in cell viability and inflammatory response
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induced by hyperglycemic stimulation after NRF2 overexpression. Hence, we detected the
cell viability of HUVECs under high-glucose stimulation with transfected Nrf2 plasmid
(0,0.5,1.0 and 2.0 ng) and found that Nrf2 overexpression effectively reversed the decline
in cell viability induced by high-glucose stimulation (Figure 5A). Nrf2 overexpression
inhibited the apoptosis of HUVECs induced by high-glucose stimulation (Figure 5B). In
addition, the levels of several related apoptosis factors were detected; the results indicated
that the overexpression of Nrf2 reversed the increase in Bax, caspase 3 and caspase 8 and
the decrease in Bcl-2, PCNA and CCND1 (Figure 5C-E), which was in line with the results
of the treatment with SFN (Figure 2D-F). The results indicated that SFN mediates Nrf2
expression and alleviates the decline in cell viability in HUVECs under DFU conditions.
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Figure 5. SFN mediates Nrf2 expression to restore cell viability and reduce inflammation in HUVECs
under high-glucose stimulation. (A) The cell viability was analyzed by CCK-8 in HUVECs transfected
with increasing doses of Nrf2 plasmids (0, 0.5, 1.0 and 2 ug). (B) The apoptosis analysis of HUVECs
after Nrf2 overexpression. (C—E) Western blotting analysis of the changes in the protein levels of
related apoptosis factors (Bax, Bcl-2, cleaved caspase-3, caspase-8, PCNA and CCND1) after Nrf2
overexpression. (F,G) The secretion and mRNA expression of IL-6, IL-8, ICAM-1 and MCP-1 after
Nrf2 overexpression. Sulforaphane: SFN; High-glucose stimulation: HG. The data are expressed as
means =+ SD, * p < 0.05 and ** p < 0.01, *** p < 0.001.

Moreover, the ELSIA and RT-qPCR were performed to detect the mRNA expression
and secretion levels of IL-6, IL-8, ICAM-1 and MCP-1 under high-glucose conditions. The
results indicated that the mRNA expression and secretion of IL-6, IL-8 and ICAM-1 were
enhanced by high glucose, whereas Nrf2 overexpression attenuated these HG-induced
increases (Figure 5F,G). Among them, the mRNA expression level of MCP-1 did not show a
significant change after Nrf2 overexpression; however, the secretion of MCP-1 was reduced
with the transfection of Nrf2 overexpression under high-glucose conditions (Figure 5E,G).
The results indicated that SFN mediates Nrf2 expression and alleviates inflammation in
HUVECs under high-glucose stimulation.
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4. Discussion

Slow-progressing but persistent DFUs are the leading cause of non-traumatic lower
limb amputations and a significant public health burden in developing countries [4]. There-
fore, in-depth research on the pathogenesis of DFU and the search for effective therapeutic
targets and drugs are of great significance for clinical treatment and even reversal of DFU [7].
DFU is mainly caused by persistent inflammation resulting from a deficiency in tissue
repair and reaction in glycosuria disease; thus, effectively alleviating inflammation and
reducing the wound stress response is an important measure in surface treatment of DFU
wounds. A large number of research results show that one of the major factors causing the
occurrence and development of diabetic foot disease is the oxidative stress caused by high
blood sugar, which plays an important role in the pathogenesis of diabetic foot ulcers [40].
In our study, SFN, as a prominent antioxidant, was applied to DFU cell models, and it
was found that it could effectively reduce oxidative stress induced under high-glucose
stimulation, as shown by decreased ROS accumulation and increased levels of SOD, CAT,
LDH and ATP. At the molecular level, sulforaphane modulates cellular homeostasis via
the activation of the transcription factor Nrf2, while, which is well-known to be involved
in mitochondrial regulation through different mechanisms [41]. In the present study, nu-
merous ROS were generated and accumulated in the cytoplasm and mitochondria under
high-glucose stimulation, leading to the dysfunction of mitochondria, which aligns with
the function of Nrf2 [42]. Therefore, the study indicated that SFN modulated mitochondrial
function and reduced oxidative stress under high-glucose stimulation through the activa-
tion of Nrf2, suggesting that SFN can be used as a potential target drug for DFU therapy
from the perspective of antioxidants.

SFN is a natural bioactive compound found in cruciferous vegetables such as broccoli,
formed by the hydrolysis of its precursor glucoraphanin by the enzyme myrosinase. Its
core mechanism involves activating the intracellular Nrf2 signaling pathway [26], which in-
duces the expression of various Phase II detoxifying enzymes and antioxidant proteins [16],
thereby exerting potent antioxidant [22,23], anti-inflammatory [26] and cytoprotective
effects [31]. Notably, dietary sulforaphane (SFN) has been shown to cross the placental bar-
rier, reach the fetal circulation, and activate both Nrf2 and its downstream transcriptional
targets in the fetus [39]. A key question remains: how does SFN mediate Nrf2 activation?
Mechanistic studies reveal that SEN acts as an electrophilic compound that employs a
calcium-dependent, yet mTOR-independent, pathway. This unique signaling mechanism
elevates intracellular reactive oxygen species (ROS) to moderate levels, subsequently pro-
moting nuclear translocation of the transcription factor TFEB [43]. As Nrf2 is a recognized
downstream target of TFEB [43], this pathway clearly delineates why Nrf2 emerges as a
principal molecular target of SFN. This rapid activation of TFEB by SEN involves its fast
kinetic properties, specifically through the rapid release of calcium ions, which in turn
drives TFEB [44]. Therefore, there is still much to be explored regarding the mechanism by
which SEN activates Nrf2.

In addition, high-glucose stimulation could cause a significant inflammatory response
in HUVECs, which is very similar to the clinical phenotype of DFU wounds. Reducing the
inflammatory state of the surface would help the healing of the ulcer surface [45]. Many
studies have tried to use anti-inflammatory drugs to treat the inflammatory response of
DFU wounds in order to promote wound healing, such as Bletilla striata polysaccharide
promoting DFU wound healing via inhibition of hyperactivation of the inflammatory
corpuscles of macrophage cell NLRP3 in the ulcer area [46]. Dracorhodin perchlorate
inhibits the inflammatory response of wounds and weakens the inflammatory infiltration
of wounds by inhibiting the secretion of inflammatory factors such as IL-loc and TNF-
a [47]. Zizhu Ointment promotes the healing of diabetic foot ulcers by reducing the
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inflammation level of diabetic foot ulcers infected by Staphylococcus aureus and inhibiting
the inflammatory response to accelerate the healing of diabetic foot ulcers. This study
shows that it is reasonable and wise to explore targeted drugs for DFU therapy from the
perspective of anti-inflammation. In this study, SEN could alleviate cell damage in the
DFU cell model by reducing the mRNA expression and secretion of inflammatory factors
(including IL-6, IL-8, ICAM-1, and MCP-1), which proved that SEN had a significant anti-
inflammatory effect on DFU conditions. Combined with NRF2, a key gene targeted by
SEN [43], we found that the overexpression of NRF2 could inhibit the mRNA expression and
secretion of IL-6, IL-8, ICAM-1, and MCP-1, which is in line with the addition of SEN. These
results indicate that SEN could rely on the activation of Nrf2 to inhibit the inflammatory
response, reducing cell damage in the DFU cell model. In this study, HUVECs treated with
high glucose were used as an in vitro model to simulate changes in endothelial function in
the diabetic environment. However, this model still has some limitations. First, it is a single-
cell system and does not cover the multicellular interactions of keratinocytes, fibroblasts
and immune cells. Second, the important microenvironmental factors of diabetic wounds,
such as hypoxia, inflammation, and microbial infection, were not included. Therefore, this
model is mainly used to explore the direct effects of high glucose on endothelial cells, and
it is difficult to fully reflect the complex pathological process of diabetic wounds. Future
studies with more complex models are needed to verify the results.

5. Conclusions

Taken together, this study reported that under diabetic ulcer conditions, SFN could
activate the expression of NRF2, effectively alleviate cell damage in HUVECs upon high-
glucose stimulation, including cell viability, mitochondrial function and inflammatory
response. These findings provide a mechanistic rationale for further evaluating SEN as a
potential therapeutic candidate for DFU, particularly in in vivo diabetic wound models
with optimized delivery/formulation (Figure 6). However, for the transcription factor
NRF2, the regulatory network in its activated state is more complex, which is an important
research direction for us to explore the application of SFN in DFU therapy in the future.

SFN High glucose
“l"""‘ ....................... T T “.‘. ..... l“‘.'.". .......
Peigiyiyiy iy IRIQINIRINIgIQInIQIigIgiglqintqingiyivivigiyiniginiyiyiy INIRINIRIQINIgINigiqIgiyiniyiy
‘ """"""""
" ROS| IL6 ) 4
v ! Wy (ZEs) 4
N2t —— arp) | ¢ GEGP 1
1 sop ) * ICAM) *
' Mitochondria Lp) t ! (VEGF) v
Apoptosis ‘\ Inflammation

Figure 6. The potential molecular mechanism of SFN on DFUs. SEN may activate the expression
of Nrf2, which regulates the maintenance of the mitochondrial homeostasis and the inflammatory
response. The upward arrow indicates an upregulation; the downward arrow indicates a downregu-
lation; the T-shaped (blunt-ended) line represents an inhibitory effect.
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6. Limitations of the Study

In this study, we preliminarily revealed the protective role of sulforaphane (SFN) in
a high-glucose-induced diabetic foot ulcer (DFU) cell model and suggested that its mech-
anism may involve the activation of the Nrf2 pathway. However, the specific regulatory
network requires further in-depth investigation. Although SFN demonstrated alleviating
and reversing effects on high-glucose-induced damage through Nrf2 in cellular models,
a comprehensive evaluation of its pharmacological properties and clinical potential still
necessitates the establishment of robust animal models to validate its therapeutic efficacy
in diabetic foot treatment and wound healing.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines14050997 /s1, Table S1: Primers used for quantitative
RT-PCR.

Author Contributions: Conceptualization, X.C., Z.Y., R.J., HH. and L.Y.; Methodology, X.C.; Software,
R.J.; Validation, H.H.; Formal analysis, Z.Y., R.J. and H.H.; Investigation, R.J.; Data curation, J.Z.;
Writing—original draft, X.C., Z.Y., R].,, L.Y. and J.Z.; Writing—review & editing, X.C.,RJ.,, HH., L.Y.
and J.Z.; Visualization, R.J.,, HH., LY. and J.Z.; Supervision, R.J. and L.Y.; Project administration, Z.Y.,
R.J.and J.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Jiangsu Province Traditional Chinese Medicine Science
and Technology Development Plan (YB2020026).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors thank Northern Jiangsu People’s Hospital for providing the experi-
mental platform and for all the support and assistance offered.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:
DM Diabetes mellitus

DFUs Diabetic foot ulcers
HUVECs Human umbilical vein endothelial cells

References

1.  Cole, ].B.; Florez, ].C. Genetics of diabetes mellitus and diabetes complications. Nat. Rev. Nephrol. 2020, 16, 377-390. [CrossRef]
[PubMed]

2. Zheng, Y; Ley, S.H.; Hu, EB. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat. Rev.
Endocrinol. 2018, 14, 88-98. [CrossRef]

3. Lim, ].ZM.; Ng, N.S.L; Thomas, C. Prevention and treatment of diabetic foot ulcers. J. R. Soc. Med. 2017, 110, 104-109. [CrossRef]

4. Armstrong, D.G,; Tan, T.-W.; Boulton, A.].M.; Bus, S.A. Diabetic Foot Ulcers: A Review. JAMA 2023, 330, 62-75. [CrossRef]

5. Noor, S.; Zubair, M.; Ahmad, J. Diabetic foot ulcer—A review on pathophysiology, classification and microbial etiology. Diabetes
Metab. Syndr. 2015, 9, 192-199. [CrossRef]

6.  Abd El-Khalik, S.R.; Hafez, Y.M.; Elkholy, R.A. The role of circulating soluble fms-like tyrosine kinase-1 in patients with diabetic
foot ulcer: A possible mechanism of pathogenesis via a novel link between oxidative stress, inflammation and angiogenesis.
Microvasc. Res. 2020, 130, 103987. [CrossRef]

7. Li, X,; Xie, X.; Lian, W.; Shi, R.; Han, S.; Zhang, H.; Lu, L.; Li, M. Exosomes from adipose-derived stem cells overexpressing Nrf2

accelerate cutaneous wound healing by promoting vascularization in a diabetic foot ulcer rat model. Exp. Mol. Med. 2018, 50,
1-14. [CrossRef]

https:/ /doi.org/10.3390/biomedicines14050997


https://www.mdpi.com/article/10.3390/biomedicines14050997/s1
https://www.mdpi.com/article/10.3390/biomedicines14050997/s1
https://doi.org/10.1038/s41581-020-0278-5
https://www.ncbi.nlm.nih.gov/pubmed/32398868
https://doi.org/10.1038/nrendo.2017.151
https://doi.org/10.1177/0141076816688346
https://doi.org/10.1001/jama.2023.10578
https://doi.org/10.1016/j.dsx.2015.04.007
https://doi.org/10.1016/j.mvr.2020.103987
https://doi.org/10.1038/s12276-018-0058-5
https://doi.org/10.3390/biomedicines14050997

Biomedicines 2026, 14, 997 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Liu, X.; Wang, W.; Wang, Y.; Duan, W.; Liu, C.; Quan, P; Xiao, J.; Zhang, Y.; Hao, Y,; Fang, L.; et al. Biochemical strategy-based
hybrid hydrogel dressing-mediated in situ synthesis of selenoproteins for DFU immunity-microbiota homeostasis regulation.
Biomaterials 2025, 317, 123114. [CrossRef] [PubMed]

Wei, X.; Li, M.; Zheng, Z.; Ma, ].; Gao, Y.; Chen, L.; Peng, Y.; Yu, S.; Yang, L. Senescence in chronic wounds and potential targeted
therapies. Burn. Trauma 2022, 10, tkab045. [CrossRef]

Cai, H.-A,; Huang, L.; Zheng, L.-].; Fu, K;; Wang, J.; Hu, E-D; Liao, R.-Y. Ginsenoside (Rg-1) promoted the wound closure of
diabetic foot ulcer through iNOS elevation via miR-23a/IRF-1 axis. Life Sci. 2019, 233, 116525. [CrossRef] [PubMed]

Xu, J.; Younis, M.R.; Zhang, Z.; Feng, Y.; Su, L.; Que, Y,; Jiao, Y.; Fan, C.; Chang, J.; Ni, S.; et al. Mild Heat-Assisted Poly-
dopamine/Alginate Hydrogel Containing Low-Dose Nanoselenium for Facilitating Infected Wound Healing. ACS Appl. Mater.
Interfaces 2023, 15, 7841-7854. [CrossRef]

Yang, L.; Zhang, D.; Li, W,; Lin, H.; Ding, C.; Liu, Q.; Wang, L.; Li, Z.; Mei, L.; Chen, H.; et al. Biofilm microenvironment
triggered self-enhancing photodynamic immunomodulatory microneedle for diabetic wound therapy. Nat. Commun. 2023, 14,
7658. [CrossRef]

Escobar-Morreale, H.F.; Martinez-Garcia, M.A.; Montes-Nieto, R.; Ferndndez-Durén, E.; Temprano-Carazo, S.; Luque-Ramirez,
M. Effects of glucose ingestion on circulating inflammatory mediators: Influence of sex and weight excess. Clin. Nutr. 2016, 36,
522-529. [CrossRef] [PubMed]

Wang, Y,; Li, J.; Huang, Y.; Dai, X,; Liu, Y.; Liu, Z.; Wang, Y.; Wang, N.; Zhang, P. Tripartite motif-containing 28 bridges endothelial
inflammation and angiogenic activity by retaining expression of TNFR-1 and -2 and VEGFR?2 in endothelial cells. FASEB J. 2017,
31, 2026-2036. [CrossRef]

Buravkova, L.B.; Rudimov, E.G.; Andreeva, E.R.; Grigoriev, A.I. The ICAM-1 expression level determines the susceptibility of
human endothelial cells to simulated microgravity. J. Cell Biochem. 2017, 119, 2875-2885. [CrossRef] [PubMed]

Zhang, X.; Zhang, D.; Fan, A.; Zhou, X.; Yang, C.; Zhou, ]J.; Shen, M.; Liu, H.; Zou, K; Tao, ]. A novel effect of sulforaphane on
promoting mouse granulosa cells proliferation via the NRF2-TKT pathway. J. Adv. Res. 2024, 74, 25-41. [CrossRef] [PubMed]
Russo, M.; Spagnuolo, C.; Russo, G.L.; Skalicka-WoZniak, K.; Daglia, M.; Sobarzo-Sanchez, E.; Nabavi, S.F.; Nabavi, S.M. Nrf2
targeting by sulforaphane: A potential therapy for cancer treatment. Crit. Rev. Food Sci. Nutr. 2018, 58, 1391-1405. [CrossRef]
Kim, J. Pre-Clinical Neuroprotective Evidences and Plausible Mechanisms of Sulforaphane in Alzheimer’s Disease. Int. |. Mol.
Sci. 2021, 22, 2929. [CrossRef]

Ordonez, A.A.; Bullen, C.K; Villabona-Rueda, A.F.; Thompson, E.A.; Turner, M.L.; Merino, V.E; Yan, Y.; Kim, J.; Davis, S.L.;
Komm, O.; et al. Sulforaphane exhibits antiviral activity against pandemic SARS-CoV-2 and seasonal HCoV-OC43 coronaviruses
in vitro and in mice. Commun. Biol. 2022, 5, 242. [CrossRef]

Youn, K,; Yoon, J.-H.; Lee, N.; Lim, G.; Lee, J.; Sang, S.; Ho, C.-T.; Jun, M. Discovery of Sulforaphane as a Potent BACE1 Inhibitor
Based on Kinetics and Computational Studies. Nutrients 2020, 12, 3026. [CrossRef]

Patel, B.; Mann, G.E.; Chapple, S.J. Concerted redox modulation by sulforaphane alleviates diabetes and cardiometabolic
syndrome. Free. Radic. Biol. Med. 2018, 122, 150-160. [CrossRef]

Leoncini, E.; Malaguti, M.; Angeloni, C.; Motori, E.; Fabbri, D.; Hrelia, S. Cruciferous vegetable phytochemical sulforaphane
affects phase II enzyme expression and activity in rat cardiomyocytes through modulation of Akt signaling pathway. J. Food Sci.
2011, 76, H175-H181. [CrossRef]

Wu, L.; Noyan Ashraf, M.H.; Facci, M.; Wang, R.; Paterson, P.G.; Ferrie, A.; Juurlink, B.H.]. Dietary approach to attenuate
oxidative stress, hypertension, and inflammation in the cardiovascular system. Proc. Natl. Acad. Sci. USA 2004, 101, 7094-7099.
[CrossRef]

Qin, Z,; Tang, J.; Han, P; Jiang, X.; Yang, C.; Li, R.; Tang, M.; Shen, B.; Wang, W.; Qin, C.; et al. Protective effects of sulforaphane
on di-n-butylphthalate-induced testicular oxidative stress injury in male mice offsprings via activating Nrf2/ARE pathway:.
Oncotarget 2017, 8, 82956-82967. [CrossRef]

Heiss, E.; Herhaus, C.; Klimo, K.; Bartsch, H.; Gerhduser, C. Nuclear factor kappa B is a molecular target for sulforaphane-mediated
anti-inflammatory mechanisms. J. Biol. Chem. 2001, 276, 32008-32015. [CrossRef]

Ma, C.; Gu, C,; Lian, P.; Wazir, J.; Lu, R.; Ruan, B.; Wei, L,; Li, L.; Pu, W,; Peng, Z.; et al. Sulforaphane alleviates psoriasis by
enhancing antioxidant defense through KEAP1-NRF2 Pathway activation and attenuating inflammatory signaling. Cell Death Dis.
2023, 14, 768. [CrossRef] [PubMed]

de Oliveira, M.R.; de Bittencourt Brasil, F; Fiirstenau, C.R. Sulforaphane Promotes Mitochondrial Protection in SH-SY5Y Cells
Exposed to Hydrogen Peroxide by an Nrf2-Dependent Mechanism. Mol. Neurobiol. 2018, 55, 4777-4787. [CrossRef]

Huang, Y.; Wang, B.; Ma, Z.; Chen, T.; Zou, H.; Chen, Y.; Dong, Z.; Chen, J.; Zhang, H.; Ding, Y.; et al. Sulforaphane promotes
diabetic wound healing by regulating macrophage efferocytosis and polarization. Int. Immunopharmacol. 2025, 150, 114243.
[CrossRef]

Paunkov, A.; Chartoumpekis, D.V.; Ziros, P.G.; Sykiotis, G.P. A Bibliometric Review of the Keap1/Nrf2 Pathway and its Related
Antioxidant Compounds. Antioxidants 2019, 8, 353. [CrossRef] [PubMed]

https:/ /doi.org/10.3390/biomedicines14050997


https://doi.org/10.1016/j.biomaterials.2025.123114
https://www.ncbi.nlm.nih.gov/pubmed/39854881
https://doi.org/10.1093/burnst/tkab045
https://doi.org/10.1016/j.lfs.2019.05.081
https://www.ncbi.nlm.nih.gov/pubmed/31158376
https://doi.org/10.1021/acsami.2c21516
https://doi.org/10.1038/s41467-023-43067-8
https://doi.org/10.1016/j.clnu.2016.01.015
https://www.ncbi.nlm.nih.gov/pubmed/26874912
https://doi.org/10.1096/fj.201600988RR
https://doi.org/10.1002/jcb.26465
https://www.ncbi.nlm.nih.gov/pubmed/29080356
https://doi.org/10.1016/j.jare.2024.09.020
https://www.ncbi.nlm.nih.gov/pubmed/39341455
https://doi.org/10.1080/10408398.2016.1259983
https://doi.org/10.3390/ijms22062929
https://doi.org/10.1038/s42003-022-03189-z
https://doi.org/10.3390/nu12103026
https://doi.org/10.1016/j.freeradbiomed.2018.02.004
https://doi.org/10.1111/j.1750-3841.2011.02311.x
https://doi.org/10.1073/pnas.0402004101
https://doi.org/10.18632/oncotarget.19981
https://doi.org/10.1074/jbc.M104794200
https://doi.org/10.1038/s41419-023-06234-9
https://www.ncbi.nlm.nih.gov/pubmed/38007430
https://doi.org/10.1007/s12035-017-0684-2
https://doi.org/10.1016/j.intimp.2025.114243
https://doi.org/10.3390/antiox8090353
https://www.ncbi.nlm.nih.gov/pubmed/31480567
https://doi.org/10.3390/biomedicines14050997

Biomedicines 2026, 14, 997 15 of 15

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Li, L.; Ma, P,; Nirasawa, S.; Liu, H. Formation, immunomodulatory activities, and enhancement of glucosinolates and sulforaphane
in broccoli sprouts: A review for maximizing the health benefits to human. Crit. Rev. Food Sci. Nutr. 2024, 64,7118-7148. [CrossRef]
[PubMed]

Antunovic, T.; Stefanovic, A.; Gligorovic Barhanovic, N.; Miljkovic, M.; Radunovic, D.; Ivanisevic, J.; Prelevic, V.; Bulatovic, N.;
Ratkovic, M.; Stojanov, M. Prooxidant-antioxidant balance, hsTnl and hsCRP: Mortality prediction in haemodialysis patients,
two-year follow-up. Ren. Fail. 2017, 39, 491-499. [CrossRef] [PubMed]

Zhang, D.D. Thirty years of NRF2: Advances and therapeutic challenges. Nat. Rev. Drug Discov. 2025, 24, 421-444. [CrossRef]
[PubMed]

Alam, M.M,; Kishino, A.; Sung, E.; Sekine, H.; Abe, T.; Murakami, S.; Akaike, T.; Motohashi, H. Contribution of NRF2 to sulfur
metabolism and mitochondprial activity. Redox Biol. 2023, 60, 102624. [CrossRef]

Wang, ].; Zhuang, H.; Yang, X.; Guo, Z.; Zhou, K;; Liu, N.; An, Y,; Chen, Y.; Zhang, Z.; Wang, M.; et al. Exploring the Mechanism
of Ferroptosis Induction by Sappanone A in Cancer: Insights into the Mitochondrial Dysfunction Mediated by NRF2/xCT/GPX4
Axis. Int. ]. Biol. Sci. 2024, 20, 5145-5161. [CrossRef]

Yang, W.; Cao, H.; Lin, S.; Tian, F. Investigating serum NRF?2 as a screening biomarker and potential therapeutic target in diabetic
foot ulcers: A prospective observational study. Eur. . Med. Res. 2025, 30, 841. [CrossRef]

Wei, L.; Kang, M.; Zhang, G.; Meng, Y.; Qin, H. SIRT6 Overexpression Enhances Diabetic Foot Ulcer Healing via Nrf2 Pathway
Activation. Inflammation 2025, 48, 3858-3877. [CrossRef]

Huang, L.; Cai, H.-A.; Zhang, M.-S,; Liao, R.-Y.; Huang, X.; Hu, E-D. Ginsenoside Rgl promoted the wound healing in diabetic
foot ulcers via miR-489-3p/Sirtl axis. J. Pharmacol. Sci. 2021, 147, 271-283. [CrossRef]

Feng, J.; Xie, L.; Yu, X;; Liu, C,; Dong, H.; Lu, W.; Kong, R. Perilipin 5 ameliorates high-glucose-induced podocyte injury via
Akt/GSK-3f3 /Nrf2-mediated suppression of apoptosis, oxidative stress, and inflammation. Biochem. Biophys. Res. Commun. 2021,
544, 22-30. [CrossRef] [PubMed]

Kerns, M.L.; DePianto, D.; Dinkova-Kostova, A.T.; Talalay, P.; Coulombe, P.A. Reprogramming of keratin biosynthesis by
sulforaphane restores skin integrity in epidermolysis bullosa simplex. Proc. Natl. Acad. Sci. USA 2007, 104, 14460-14465.
[CrossRef]

Wei, H.; Huang, L.; Wei, E; Li, G.; Huang, B; Li, J.; Cao, C. Up-regulation of miR-139-5p protects diabetic mice from liver tissue
damage and oxidative stress through inhibiting Notch signaling pathway. Acta Biochim. Biophys. Sin. 2020, 52, 390-400. [CrossRef]
[PubMed]

Ryoo, I.-G.; Kwak, M.-K. Regulatory crosstalk between the oxidative stress-related transcription factor Nfe212 /Nrf2 and mito-
chondria. Toxicol. Appl. Pharmacol. 2018, 359, 24-33. [CrossRef] [PubMed]

Zhang, Q.; Liu, J.; Duan, H; Li, R,; Peng, W.; Wu, C. Activation of Nrf2/HO-1 signaling: An important molecular mechanism of
herbal medicine in the treatment of atherosclerosis via the protection of vascular endothelial cells from oxidative stress. J. Adv.
Res. 2021, 34, 43-63. [CrossRef]

Li, D.; Shao, R.; Wang, N.; Zhou, N.; Du, K;; Shi, J.; Wang, Y.; Zhao, Z.; Ye, X.; Zhang, X.; et al. Sulforaphane Activates a
lysosome-dependent transcriptional program to mitigate oxidative stress. Autophagy 2020, 17, 872-887. [CrossRef] [PubMed]
Zhang, X.; Cheng, X.; Yu, L.; Yang, J.; Calvo, R.; Patnaik, S.; Hu, X.; Gao, Q.; Yang, M.; Lawas, M.; et al. MCOLNT1 is a ROS sensor
in lysosomes that regulates autophagy. Nat. Commun. 2016, 7, 12109. [CrossRef] [PubMed]

Wu, Z.; Xiang, H.; Wang, X.; Zhang, R.; Guo, Y.; Qu, L.; Zhou, J.; Xiao, Y. Integrating network pharmacology, molecular docking
and experimental verification to explore the therapeutic effect and potential mechanism of nomilin against triple-negative breast
cancer. Mol. Med. 2024, 30, 166. [CrossRef]

Jiang, Y.; Zheng, Y.; Dong, Q.; Liao, W.; Pang, L.; Chen, J.; He, Q.; Zhang, J.; Luo, Y.; Li, J.; et al. Metabolomics combined
with network pharmacology to study the mechanism of Shentong Zhuyu decoction in the treatment of rheumatoid arthritis. J.
Ethnopharmacol. 2022, 285, 114846. [CrossRef]

Liu, M,; Cai, Y,; Li, F; Wu, Y.;; Zhang, M.; Wang, Y.; Fan, M,; Li, B.; Huang, X.; Zheng, F,; et al. Metabolomics and network
pharmacological analysis to explore the mechanism of ginseng treatment for spleen-qi deficiency. J. Sep. Sci. 2022, 45, 4427-4438.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/biomedicines14050997


https://doi.org/10.1080/10408398.2023.2181311
https://www.ncbi.nlm.nih.gov/pubmed/36847125
https://doi.org/10.1080/0886022X.2017.1323645
https://www.ncbi.nlm.nih.gov/pubmed/28494192
https://doi.org/10.1038/s41573-025-01145-0
https://www.ncbi.nlm.nih.gov/pubmed/40038406
https://doi.org/10.1016/j.redox.2023.102624
https://doi.org/10.7150/ijbs.96748
https://doi.org/10.1186/s40001-025-03086-1
https://doi.org/10.1007/s10753-025-02297-2
https://doi.org/10.1016/j.jphs.2021.07.008
https://doi.org/10.1016/j.bbrc.2021.01.069
https://www.ncbi.nlm.nih.gov/pubmed/33516878
https://doi.org/10.1073/pnas.0706486104
https://doi.org/10.1093/abbs/gmaa008
https://www.ncbi.nlm.nih.gov/pubmed/32293663
https://doi.org/10.1016/j.taap.2018.09.014
https://www.ncbi.nlm.nih.gov/pubmed/30236989
https://doi.org/10.1016/j.jare.2021.06.023
https://doi.org/10.1080/15548627.2020.1739442
https://www.ncbi.nlm.nih.gov/pubmed/32138578
https://doi.org/10.1038/ncomms12109
https://www.ncbi.nlm.nih.gov/pubmed/27357649
https://doi.org/10.1186/s10020-024-00928-2
https://doi.org/10.1016/j.jep.2021.114846
https://doi.org/10.1002/jssc.202200457
https://doi.org/10.3390/biomedicines14050997

	Introduction 
	Materials and Methods 
	Cell Culture 
	Assessment of Cell Viability 
	Enzyme-Linked Immunosorbent Assay 
	Analysis of Apoptosis Using Flow Cytometry 
	Measurement of Reactive Oxygen Species (ROS) Using Flow Cytometry 
	Measurement of the Mitochondrial Membrane Potential (m) 
	Determination of the ATP Content 
	Cell Transfection 
	qRT-PCR and Western Blotting Analysis 
	Data Analysis and Statistics 

	Results 
	SFN Alleviates the Decrease in Cell Viability and Increases Inflammation of HUVECs upon High-Glucose Stimulation 
	SFN Alleviates the Cell Apoptosis in HUVECs upon High-Glucose Stimulation 
	SFN Alleviates Mitochondrial Dysfunction in HUVECs upon High-Glucose Stimulation 
	SFN Mediates Nrf2 Expression to Inhibit HG-Induced Oxidative Stress Damage in HUVECs 
	SFN Mediates Nrf2 Expression to Restore Cell Viability and Reduce Inflammation in HUVECs Under High-Glucose Conditions 

	Discussion 
	Conclusions 
	Limitations of the Study 
	References

