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A B S T R A C T

The chronic hyperglycemia and its-associated metabolic changes often lead to impaired wound healing, which 
seriously affects the quality of life of diabetic patients. Oxidative stress and apoptosis are key factors that impede 
epidermal cell proliferation and migration and delay wound healing. The aim of this study was to investigate the 
protective effect of a novel hydrogen sulfide (H2S)-releasing oridonin derivative (OAc-Ph-ADT) on epidermal 
HaCaT cells against a high-glucose and high-fat environment in vitro. Mechanistic studies showed that OAc-Ph- 
ADT exerted its antioxidant effects by activating the PI3K/AKT/Nrf2 signaling pathway. Specifically, it increased 
PI3K and phosphorylated-AKT expression, and promotes Nrf2 nuclear translocation, which in turn enhances the 
mRNA and protein expression of downstream antioxidant factors (HO-1, SOD2 and NQO1). In addition, OAc-Ph- 
ADT significantly reduced apoptosis by inhibiting the decrease in mitochondrial membrane potential and 
decreasing the expression of apoptosis-related proteins (Bax, Cleaved-Caspase 3/9). It was also observed that 
OAc-Ph-ADT up-regulated the expression of cystathionine β-synthase (CBS) via Nrf2, which further promoted the 
synthesis of endogenous H2S, resulting in positive feedback regulation. In summary, this paper elucidated 
through systematic in vitro experiments that OAc-Ph-ADT has a protective effect against epidermal cell damage in 
a high-glucose and high-fat environment, revealing its potential as a candidate molecule for diabetic wound 
treatment, and this novel H2S-releasing oridonin derivative has a potential application as a diabetic wound 
healing promoter.

1. Introduction

Diabetes is a metabolic disorder characterized by chronic hypergly
cemia. Poor long-term blood glucose control can lead to damage to 
multiple systems, including the eyes, kidneys, nerves, and cardiovas
cular system (Schlienger, 2013). Among all types of diabetes, type 2 
diabetes (T2DM) accounts for more than 90 % of cases and is the pri
mary type of diabetes in China and globally. T2DM is closely related to a 
high-glucose, high-fat diet, with obesity and insulin resistance being 
important contributing factors (Zhang et al., 2022). A high-glucose, 
high-fat environment can also disrupt metabolic processes and impair 
wound healing. Poor wound healing reduces their quality of life and 
overall health (Agostinis et al., 2021; Mohan et al., 2019). Oxidative 
stress causes the accumulation of reactive oxygen species (ROS), which 
restrain cellular repair, replication, and migration (Khodr, Khalil, 2001). 

In diabetic patients, elevated apoptosis, driven by oxidative stress and 
inflammation, reduces wound repair and restricts new tissue formation, 
thereby slowing wound healing (Jin et al., 2018). The hyperglycemic 
state in diabetic patients significantly impairs the function of epithelial 
cells in wound healing. Hyperglycemia-induced oxidative stress and 
accumulation of advanced glycosylation end products (AGEs) inhibit the 
migration and proliferation ability of keratinocytes, slowing down the 
process of epithelial re-formation (Lan et al., 2008). Meanwhile, the 
persistent inflammatory microenvironment leads to excessive release of 
pro-inflammatory factors (e.g., TNF-α and IL-1β), which further disrupts 
the epithelial repair signaling pathway. In addition, aberrant activation 
of matrix metalloproteinase (MMP-9) excessively degrades the extra
cellular matrix and prevents normal reconstruction of the epithelial 
layer. To address these dysfunctions, current research strategies include 
the application of Nrf2 activators (e.g., curcumin) as direct or indirect 
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antioxidants to mitigate oxidative stress damage (Duan et al., 2022), and 
the use of a hydrogen sulfide (H2S)-releasing multifunctional hydrogel 
dressing (DATS@PFC&CMC) to improve the local microenvironment 
(Chen et al., 2023).

Oridonin, a bioactive compound extracted from Rabdosia rubescens 
(Hemsl.) Hara, exhibits various pharmacological effects such as anti- 
inflammatory, anti-tumor, and immunomodulatory activities (Song 
et al., 2018). Oridonin activates the nuclear factor E2-related factor 2 
(Nrf2) signaling pathway, attenuates oxidative stress-induced injuries of 
endothelial cells (Li et al., 2021). This mechanism is essential for tissue 
regeneration and repair during wound healing. Through its "pleiotropic" 
effects of anti-inflammatory, antioxidant, and modulation of key pro
liferation/migration pathways, oridonin may be a potential candidate 
for promoting re-epithelialization, especially in chronic wounds. How
ever, the hydrophobicity of oridonin restricts its bioavailability, driving 
researchers to modify its structure to improve solubility and bioavail
ability (Zhang et al., 2020).

H2S promotes rapid and effective wound healing (Qian et al., 2020). 
Two strategies exist for utilizing H2S to enhance wound healing include 
promoting endogenous H2S release and supplying exogenous H2S sup
plementation. Optimal H2S concentrations offer several biological ben
efits, including downregulation of oxidative stress, inflammation and 
apoptosis (Kabil et al., 2014). In terms of inhibiting oxidative stress, H2S 
not only directly scavenges ROS, but also up-regulates endogenous 
antioxidant defense systems such as superoxide dismutase (SOD) and 
glutathione (GSH) (Calvert et al., 2009; Corsello et al., 2018; Hassan 
et al., 2012; Peake et al., 2013; Xie et al., 2016; Zhou et al., 2014). Its 
anti-inflammatory effects were mainly achieved by inhibiting the acti
vation of the NF-κB signaling pathway and NLRP3 inflammatory vesi
cles, which significantly reduced the production of pro-inflammatory 
factors such as TNF-α and IL-6 (Huerta de la Cruz et al., 2022; Zhang 
et al., 2024). In terms of anti-apoptosis, H2S effectively protects cells 
from apoptosis by regulating the Bcl-2/Bax ratio, inhibiting caspase-3 
activation, and activating pro-survival signaling pathways such as 
PI3K/Akt (Cheng et al., 2016; Mironov et al., 2017). NaHS and Na2S 
have been widely used for exogenous H2S supply, but their short half-life 
and rapid, uncontrolled release of H2S make them unsuitable for sus
tained supply of H2S (Powell et al., 2018). Compared to the traditional 
donor NaHS, ADT has sustained-release properties and maintains a more 
stable therapeutic concentration of H2S, while avoiding the cytotoxicity 
associated with NaHS at high concentrations (Cai et al., 2020). 
ADT-based H2S therapy can significantly promote wound healing, 
inhibit scarring, enhance revascularization, and protect residual neu
rons and axons from secondary damage. ADT is also effective in 
improving high-fat diet-induced fatty acid metabolism disorders and 
liver injury. Cystathionine-β-synthase (CBS) is an essential enzyme for 
endogenous H2S and persulfide biosynthesis, with its activity directly 
regulating H2S production (Czikora et al., 2022; Scheid et al., 2021). CBS 
catalyzes the condensation of L-cysteine and homocysteine to produce 
cystathionine (which can subsequently be metabolized by CSE to pro
duce H2S). Studies have shown that CBS-mediated H2S production plays 
an important role in physiological processes, such as cardioprotection, 
neuromodulation and anti-inflammation (Szabo, 2016). Recent studies 
have found that aberrant CBS expression is closely associated with a 
variety of diseases such as non-alcoholic fatty liver disease and cancer 
(Werge et al., 2021; Zhu et al., 2018), making it a potential target for 
drug intervention.

In recent years, researchers have developed H2S-releasing natural 
products derivatives through structural modification (Li et al., 2019; Li 
et al., 2024; Li et al., 2020; Wang et al., 2023). These derivatives not 
only improve the hydrophobicity of natural products and enhance its 
bioavailability but also utilize the physiological regulatory functions of 
H2S, such as anti-inflammatory, anti-tumor, and antioxidant effects, 
further enhancing the biological activity of natural products and H2S. 
H2S-releasing oridonin conjugates, created by linking oridonin with H2S 
donors like ADT-OH or α-lipoic acid, demonstrate dual efficacy, offering 

enhanced anti-tumor ability (Li et al., 2024). These derivatives hold 
promise for application as nutritional supplements, serving as dietary 
supplements that leverage the advantages of both medicinal and edible 
properties to assist in improving wound healing in diabetes.

In the current study, a high-glucose, high-fat environment was con
structed to culture epithelial cell line HaCaT cells. Based on the the ef
fects on proliferation of HaCaT cells and H2S-releasing activity, the lead 
candidate was screened from 21 pre-synthesized H2S-releasing oridonin 
derivatives (Li et al., 2019, 2020). The impacts of the compound on cell 
migration, apoptosis and ROS levels regulated by the PI3K/AKT/Nrf2 
pathway was further evaluated. This new class of potential drugs was 
found to reduce oxidative stress associated with impaired wound heal
ing and to promote endogenous H2S synthesis.

2. Materials and methods

2.1. HaCaT cell culture

HaCaT were obtained from the Cell Resource Center of the Shanghai 
Institutes for Biological Sciences, Chinese Academy of Sciences. The 
cells were cultured in an incubator at 37 ◦C with 5 % CO2 using high 
glucose DMEM (Gibco, 12800017) containing 10 % FBS (Procell, 
164210-Z), 100 U/mL penicillin and 100 μg/mL streptomycin .

2.2. Viability assay

HaCaT cells were inoculated into 96-well plates at a density of 
1 × 104 cells per well and cultured for 24 h at 37 ◦C in a 5 % CO2 
incubator. The setup groups were PA, OAc-Ph-ADT, PA + Oridonin and 
PA + ADT-OH, and then the cells were exposed to DMEM with a con
centration of 0.5 μM compound for 24 h. After the processing is 
completed, the wells were then washed once with PBS, and serum-free 
culture medium containing 10 % (v/v) CCK-8 (Meilun, ma0225–1) 
was added to each well. The cells were subsequently incubated for 2 h. 
Absorbance at 450 nm was measured using a microplate reader to assess 
the viability of HaCaT cells.

2.3. H2S release test

Quantification of H2S release by the Methylene Blue Plus (MB+) 
method, which is based on the reaction of H2S with a specific reagent to 
form methylene blue, which is quantified by measuring its characteristic 
absorbance at 670 nm (Li, 2015). Standard solutions of Na2S were 
prepared in 50 mL volumetric flasks at concentrations of 5, 10, 20, 40, 
60, 80, 100, and 150 μM. The standard solution (1 mL) of each con
centration was added to a mixture of methylene blue method consisting 
of 200 μL of 1.2 M hydrochloric acid solution containing 30 mM ferric 
chloride, 200 μL of 7.2 M hydrochloric acid solution containing 
20 mM N,N-dimethyl-p-phenylenediamine hydrochloride, and 100 μL of 
an aqueous solution containing a mass concentration of 1 % zinc acetate, 
and then left at room temperature for 20 min. The cuvette was posi
tioned in a UV–visible spectrophotometer, where the absorbance was 
recorded at a wavelength of 670 nm, and a Na2S standard curve was 
constructed (Xu et al., 2019). NaHS or each conjugate was dissolved in 
tetrahydrofuran to make a tetrahydrofuran solution of conjugate at a 
concentration of 40 mM. After adding 1 mM of L-cysteine in PBS as a 
pro-release agent, the previously made tetrahydrofuran solution of the 
conjugates was added and stirred at room temperature. Finally, after 
20 min of standing at room temperature, the samples from different 
groups were transfered to 96-well plates and the absorbance weas 
measured at 670 nm. The amount of H2S released was calculated from a 
standard curve based on the absorbance of each compound.

2.4. Quantitative determination of ROS

HaCaT cells were inoculated in 96-well plates and treated with 

L. Lin et al.                                                                                                                                                                                                                                       Molecular Immunology 190 (2026) 21–33 

22 



different concentrations of drugs for 24 h, followed by the incubation 
with a 10 µM of DCFH-DA (Beyotime, s0033) probe solution for 30 min 
at 37 ◦C in the dark. The effect of different concentrations of PA on ROS 
production was measured by the absorbance of cell suspension using a 
fluorescence enzyme marker at 530 nm. The cells were washed three 
times with PBS and subsequently stained with DCFH-DA probe solution 
at a dilution of 1:1000. The cells were incubated at 37 ◦C for 30 min, 
resuspended in 300 μL of PBS, passed through a sieve, and analyzed for 
the effect of OAc-Ph-ADT on ROS generation using flow cytometry

2.5. MDA, GSH, and SOD assay

HaCaT cells were treated with indicated compounds, and incubated 
for 24 h. Subsequent assays were conducted using MDA (NanJing 
Jiancheng Bio, A003–1–2), GSH (NanJing Jiancheng Bio, A006–2-1), 
and SOD assay kits (NanJing Jiancheng Bio, A001–1). Absorbance 
values were then measured using an enzyme marker at wavelengths of 
532 nm, 405 nm, and 450 nm, respectively, to evaluate the effect of OAc- 
Ph-ADT on intracellular levels of MDA, GSH, and SOD.

2.6. Western blot analysis

HaCaT cells were collected and washed twice with cold PBS, then 
lysed with RIPA buffer containing 1 % PMSF. The lysate was centrifuged 
at 15,000 × g for 10 min, and the supernatant was used for western blot 
analysis. Proteins were separated using 10 % and 12 % SDS-PAGE and 
subsequently transferred to PVDF membranes. After blocking with 5 % 
skimmed milk powder in TBST (0.1 % Tween 20) for 2 h at room tem
perature, all blots were incubated overnight at 4 ◦C with the following 
primary antibodies: Nrf2 (Proteintech, 60225–1), Keap1 (Santa Cruz, sc- 
514914), HO-1 (Proteintech, 66743–1), NQO-1 (Proteintech, 18985–1- 
AP), SOD2 (Proteintech, 83519–3), mTOR (Huaan Bio, ET1608–5), Bax 
(Huaan Bio, ET1603–34), Bcl-2 (Abmart, T40056), PI3K (Huaan Bio, 
ET1608–70), p-AKT (Huaan Bio, ET1607–73), β-actin (Proteintech, 
66009–1) and β-tubulin (Proteintech, 10068–1-AP). The secondary an
tibodies conjugated with HRP were added to the blots, the signal was 
excited using ECL luminous solution, and the results were captured by a 
gel imager. All data were normalized as the optical density ratio be
tween the target protein and the internal control protein (β-actin/ 
β-tubulin). The protein band images obtained from photography were 
quantitatively analyzed using Image J software to calculate the relative 
expression level of each protein.

2.7. qRT-PCR analysis

HaCaT cells were cultured and pretreated with different compounds 
for 24 h or with siRNA. Total RNA was extracted with an RNA extraction 
kit. cDNA was synthesized using a reverse transcription kit (SevenFast® 
Two Step RT&qPCR Kit, SRQ-01). qRT-PCR was subsequently performed 
as follows: initial denaturation at 95 ◦C for 30 s, 40 cycles at 95 ◦C for 5 s; 
55 ◦C for 15 s; and 72 ◦C for 10 s. GAPDH served as the endogenous 
control. The results were analyzed using the ΔΔCt method. The primer 

sequences used in this study are provided in Table 1.

2.8. siRNA transfection

Target gene siRNA and the negative control Non-specific Control 
(NC) siRNA (Table 2) was diluted to a concentration of 10 nM using 
buffer. A 2.4 μL of transfection reagent was added to 100 μL of the above 
solution, mixed thoroughly, and incubated at room temperature for 
20 min. The incubated reagent was then added to HaCaT cells cultured 
in Opti-MEM. After 6 h, the Opti-MEM medium containing the trans
fection reagent and replaced with regular medium for continued culture 
for 48 h. The knockout efficiency of target gene was evaluated using 
Western blot analysis.

2.9. Immunofluorescence assay

HaCaT cells were treated with different compounds for 24 h, and 
were collected and permeabilized in 0.5 % Triton-X for 10 min. The cells 
were subsequently blocked with 3 % BSA for 2 h at room temperature 
and incubated overnight at 4 ◦C with 150 μL of diluted Nrf2 (1:200, 
Proteintech, 16396–1-AP) primary antibody. The cells were washed 
with PBS, incubated with fluorescein isothiocyanate-labelled secondary 
antibody (Proteintech, RGAM001) for 2 h in the dark and stained with 
DAPI for 10 min. Finally, the cells were observed under a confocal 
fluorescence microscope (Nikon, Tokyo).

2.10. Scratch assay

HaCaT cells were inoculated into 6-well plates, and 3 vertical 
scratches were made parallel to the transverse direction of the wells 
using a 200 μL pipette tip with uniform and steady force, ensuring clear 
and intact edges for subsequent observation and analysis. Preformulated 
serum-free medium containing different concentrations of drugs was 
added to each culture well. The cell migration process was observed and 
recorded at 0, 6, 12, and 24 h at the same location using an inverted 
microscope. The cells scratch area was calculated using Image J soft
ware. The cell migration rate was calculated using the formula: 

Cell migration(%) =
S0h − S24h

S0h
× 100 

2.11. Detection of apoptosis by Annexin-V FITC/PI double staining assay

HaCaT cells were inoculated into 6-well culture plates at a density of 
2 × 105/well for 24 h. After treatment, Annexin V-PI (Beyotime, 
BA1120) staining reagent was added according to the instructions, and 
the reaction was carried out for 15 min in the dark. The fluorescence 
intensities of FITC and PI were evaluated using a flow cytometer (Becton 
Dickinson, USA) to detect cell death. The cell sorting strategy is as fol
lows: First, delineate the main cell population in the forward scatter 
(FSC-A) versus side scatter (SSC-A) scatter plot to exclude debris and 
dead cells. Subsequently, in the Annexin V-FITC and PI fluorescence 
channel scatter plots, quadrant gates were established based on positive 
and negative controls to distinguish live cells (Annexin V⁻/PI⁻), necrotic 
cells (Annexin V⁻/PI⁺), early apoptotic cells (Annexin V⁺/PI⁻), and late 
apoptotic/necrotic cells (Annexin V⁺/PI⁺).

Table 1 
List of primers sequences used for qPCR experiments.

Genes Forward/Reverse

CBS
Forward: GGCCAAGTGTGAGTTCTTCAA 
Reverse: GGCTCGATAATCGTGTCCCC

SOD2 Forward: GTGGAGAACCCAAAGGGGAGTT 
Reverse: GTGGAATAAGGCCTGTTGTTCCTT

HO-1
Forward: AACTTTCAGAAGGGCCAGGT 
Reverse: AGACTGGGCTCTCCTTGTTG

NQO1
Forward: AGTGGCATCCTGCGTTTCT 
Reverse: GGATACTGAAAGTTCGCAGGG

GAPDH
Forward: GAAGAGCACTGATCGTACTGGC 
Reverse: TCTCGCTCCTGGAAGATGGTG

Table 2 
List of Nrf2 siRNA sequence.

Target gene siRNA sequence

Nrf2
Sense: UGGAUUUGAUUGACAUACUUUGG 
Antisense:CCAAAGUAUGUCAAUCAAAUCCA
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2.12. JC-1 staining for mitochondrial membrane potential detection

Cells were treated with drugs for 24 h, and then were collected and 
stained according to the JC-1 kit instructions (Meilun, mb12531). The 
fluorescence changes of the JC-1 monomer (Ex/Em, 488/525 nm) and 
JC-1 aggregates (Ex/Em, 543/590 nm) were observed using a fluores
cence microscope.

2.13. Statistical analysis

GraphPad Prism 8.0 was used to statistically analyze all data, and all 
experimental results were obtained from independent experiments with 
3 replicates. First, the Shapiro-Wilk test was used to assess normality of 
distribution. With data met the criteria for normality, one-way analysis 
of variance (ANOVA) was performed, followed by Dunnett's test for 
multiple comparisons The results were considered statistically signifi
cant at P < 0.05.

3. Results

3.1. H2S releasing oridonin derivative promotes cell proliferation and 
migration of HaCaT cells

We selected PA to simulate a high-fat environment, and a high 
glucose concentration of 30 mmol/L to simulate a high-glucose envi
ronment, this glucose concentration has been widely used and validated 
in the in vitro studies of HaCaT cells under high-glucose conditions 
(Zhang, Chen, 2022). HaCaT cells were exposed to PA at concentrations 
ranging from 100 to 600 μM and high level of glucose at a concentration 
of 30 mmol/L for 24 h. The CCK-8 was used to test the effect of PA on 
HaCaT cell viability (Fig. S1), and the results indicated that the con
centration of 300 μM led to a decrease in cell viability by approximately 
50 %. We selected 300 μM PA and 30 mmol/L glucose as the optimal 
conditions for the following experiments. The levels of ROS in HaCaT 
cells in a high-glucose and high-fat environment were determined, and 
ROS levels were shown to be increased with increasing PA concentration 
(Fig. S2), indicating that PA was associated with an increase in ROS 
levels during the induction of cell damage.

A series of pre-synthesized H2S-releasing oridonin derivatives were 
screened by CCK-8 assay, and the results showed that the derivative 
numbered 2 (named OAc-Ph-ADT) was superior to the other com
pounds, and showed greater efficacy than either ADT-OH or oridonin 
alone in terms of effectively mitigating the effect of the high-glucose and 
high-fat environment on the viability of the cells (Fig. 1A and B). The 
EC₅₀ value of OAc-Ph-ADT was determined to be 2.919 μM (Fig. S3A). 
Then we selected different concentrations of OAc-Ph-ADT to evaluate its 
effect on HaCaT cell viability (Fig. S3B). Results indicated that within 
the selected 0–50 μM concentration range, OAc-Ph-ADT had no signif
icant impact on HaCaT cell viability. To determine the H2S release ca
pacity of each derivative, the study used the MB+ for H2S 
quantification. The results indicated that the amount of H2S release 
gradually increased with time and peaked within 15–20 min (Fig. 1C). 
This suggests that all derivatives were able to steadily release H2S. In 
particular, OAc-Ph-ADT exhibited a higher H2S release capacity of 
18–20 μM. To characterize the H₂S release kinetics of OAc-Ph-ADT, we 
compared it with the standard donor NaHS. As shown in Fig S4, NaHS 
predictably triggered an explosive increase in H₂S concentration 
immediately upon addition, reaching a peak within a short timeframe 
before rapidly declining. In contrast, OAc-Ph-ADT exhibited a mild and 
sustained release pattern. This controlled, non-burst release kinetics of 
OAc-Ph-ADT may better align with the drug release behavior re
quirements for an ideal wound treatment agent. Additionally, quanti
tative analysis of the scratch assay revealed that, compared to the 
untreated group, the wound closure rate of cells treated with OAc-Ph- 
ADT increased in a dose-dependent manner after 24 h. The migration 
area in the 5 μM OAc-Ph-ADT-treated group was significantly superior 

to that of the oridonin group and the ADT-OH group at the same con
centration. (Fig. 1D and E). Based on these data, we selected 5 μM OAc- 
Ph-ADT for subsequent experiments.

3.2. OAc-Ph-ADT attenuates high glucose and high fat-induced apoptosis 
in HaCaT cells

Apoptosis of keratinocytes is a key factor in impaired re- 
epithelialization of diabetic wounds. Inhibition of the Nrf2 signaling 
pathway leads to decreased expression of its downstream antioxidant 
genes (HO-1), exacerbating apoptosis of keratinocytes in a high-glucose 
environment (O’Rourke et al., 2024). Meanwhile, MMP9 further pro
motes keratinocyte apoptosis through activation of the FasL/Fas 
signaling pathway, which together lead to delayed diabetic wound 
healing (Liang et al., 2019). Determined by AnnexinV-FITC/PI flow 
cytometry and TUNEL assay, the level of apoptosis in HaCaT cells was 
found to be elevated a high-glucose and high-fat environment, which 
was reversed by OAc-Ph-ADT (Fig. 2A and B, Fig. S5 and S6). A decrease 
in mitochondrial membrane potential is considered a classical feature of 
the apoptotic process. Results obtained using JC-1, a fluorescent dye 
commonly used for detecting the mitochondrial membrane potential, 
indicated that OAc-Ph-ADT was able to restore the reduction in mito
chondrial membrane potential induced by the high-glucose and high-fat 
environment (Fig. 2C and D). Moreover, changes in the ratio of 
apoptosis-regulating proteins, including Bcl-2, Bax, Caspases 3 and 
Caspase 9 were detected. The results revealed that the ratios of cleaved 
Caspase 9/Caspase 9 as well as cleaved Caspase 3/Caspase 3 were 
increased and the ratio of Bcl-2/Bax was decreased in HaCaT cells under 
high-glucose and high-fat environments (Fig. 2E-J). In contrast, the re
sults of the above experiments were reversed by the addition of 
OAc-Ph-ADT. This suggests that OAc-Ph-ADT is able to regulate the 
expression of apoptosis-related proteins under high glucose and high fat 
environments, and thus plays a role in inhibiting apoptosis in HaCaT 
cells.

3.3. OAc-Ph-ADT reduced PA-induced oxidative stress in HaCaT cells

Oxidative stress leads to excessive accumulation of ROS in epithelial 
cells, triggering oxidative damage to lipids, proteins, and DNA, dis
rupting cellular homeostasis and promoting inflammatory responses 
(Sies et al., 2017). The antioxidant effect of OAc-Ph-ADT on HaCaT cells 
against damage caused by the high-glucose and high-fat environment 
was evaluated. The results revealed that OAc-Ph-ADT could reverse the 
PA-induced elevation of ROS levels in HaCaT cells, which was superior 
to that of oridonin or ADT-OH alone (Fig. 3A). Biomarkers related to 
oxidation were assayed to determine the antioxidant capacity of 
OAc-Ph-ADT. The results showed that OAc-Ph-ADT treatment alleviated 
elevated MDA levels and up-regulated SOD levels (Fig. 3B and C). 
Additionally, OAc-Ph-ADT had a positive effect on intracellular GSH 
expression in HaCaT cells (Fig. 3D and S3B). These findings suggest that 
OAc-Ph-ADT may enhance cellular antioxidant capacity and reduce 
ROS-induced cellular damage by increasing the synthesis of GSH and 
SOD.

3.4. OAc-Ph-ADT activates the Nrf2 antioxidant pathway in HaCaT cells

ROS levels are tightly controlled by an inducible antioxidant pro
gram in response to cellular stressors and are mainly regulated by the 
transcription factor Nrf2 (DeNicola et al., 2011). Immunofluorescence 
results showed that the high-glucose and high-fat environment inhibited 
the intranuclear translocation of Nrf2, whereas OAc-Ph-ADT increased 
the intranuclear level of Nrf2 (Fig. 4A and B). Western blot results also 
showed that OAc-Ph-ADT, along with oridonin and ADT-OH, enhanced 
the protein content of Nrf2 in the nucleus (Fig. 4C and D). These findings 
suggest that OAc-Ph-ADT ameliorates the inhibition of Nrf2 trans
location into the nucleus and promotes the activation of Nrf2 in the 
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Fig. 1. The H2S-releasing oridonin derivative capable of releasing H2S and promoting the proliferation and migration of HaCaT cells. (A) Structure of H2S-releasing 
oridonin derivatives. (B) Effects of different H2S-releasing oridonin conjugates were determined on HaCaT cell viblility by CCK8. (C) In vitro H2S release behavior of 
derivatives 1–21. (D, E) Cell migration scratch assay of HaCaT cells after 6, 12, and 24 h treatment. All results were expressed as the mean ± SD of three independent 
experiments. *P < 0.05 versus control group; $P < 0.05 versus PA group; &P < 0.05 versus Oridonin + PA group; #P < 0.05 versus ADT-OH + PA group.
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cytoplasm, facilitating its translocation to the nucleus under 
high-glucose and high-fat environment. mRNA levels of HO-1, NQO1, 
and SOD2 were further assessed after treatment with OAc-Ph-ADT 
(Fig. 4E). Their mRNA levels were reduced in the PA group compared 
to the control group, while OAc-Ph-ADT increased the expression of 
NQO1, HO-1 and SOD2, which were higher than that of oridonin or 
ADT-OH alone. Additionally, OAc-Ph-ADT elevated the protein expres
sion levels of these antioxidant factors (Fig. 4F-I). The results indicated 
that OAc-Ph-ADT up-regulated both mRNA and protein expression of 
antioxidant factors by promoting the intranuclear translocation of Nrf2.

3.5. OAc-Ph-ADT activates the PI3K/AKT/Nrf2 pathway in HaCaT cells

The PI3K/AKT pathway is a multifunctional classic signaling 
pathway associated with cell proliferation, anti-apoptosis and cell de
fense (He et al., 2021). OAc-Ph-ADT was found to upregulate the 
expression of PI3K, thereby increased p-AKT protein levels (Fig. 5A and 
B). We further investigated the effect of OAc-Ph-ADT on mTOR and 
GSK3β expression, which is a downstream effector of the PI3K-AKT 
signaling pathway involved in mediating cell survival and prolifera
tion. The results indicated that OAc-Ph-ADT could upregulate the 
expression of mTOR and p-GSK3β (Fig. 5C-F). To investigate the role of 

Fig. 2. Anti-apoptotic effects of OAc-Ph-ADT in HaCaT cells. (A-B) Apoptosis of OAc-Ph-ADT in HaCaT cells analyzed by flow cytometry and Annexin V-FITC/PI 
treated with different groups. (C, D) OAc-Ph-ADT (5 μM) on mitochondrial membrane potential in HaCaT cells was detected by immunofluorescence assay. Scale 
bar= 20 μm. (E, F) Western blot analyzing of the expression of Bcl-2, Bax in HaCaT cells, and the data were normalized as the optical density ratio between the target 
protein and the internal control protein β-actin. (G, H) Western blot analyzing of the expression of Caspase 9, Cleaved-Caspase 9 in HaCaT cells, and the data were 
normalized as the optical density ratio between the target protein and the internal control protein β-tubulin. (I, J) Western blot analyzing of the expression of Caspase 
3, Cleaved-Caspase 3 in HaCaT cells, and the data were normalized as the optical density ratio between the target protein and the internal control protein β-actin. All 
results were expressed as the mean ± SD of three independent experiments. $P < 0.05 versus Control group; *P < 0.05 versus PA group; &P < 0.05 versus Oridonin 
+ PA group; #P < 0.05 versus ADT-OH + PA group.

Fig. 3. Antioxidant effects of OAc-Ph-ADT in HaCaT cells. (A) OAc-Ph-ADT (5 μM) on ROS levels by flow cytometry. (B-D) OAc-Ph-ADT (5 μM) on MDA, SOD and 
GSH levels in HaCaT cells using commercialized kits. All results were expressed as the mean ± SD of three independent experiments. $P < 0.05 versus Control group; 
*P < 0.05 versus PA group; &P < 0.05 versus Oridonin + PA group; #P < 0.05 versus ADT-OH + PA group.
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Fig. 4. OAc-Ph-ADT promotes intranuclear translocation of Nrf2 and increases levels of its downstream antioxidant factors in HaCaT cells. (A, B) Immunofluo
rescence staining of Nrf2 by confocal microscopy of HaCaT cells. (C, D) Western blot analysis of Nrf2 cytoplasm and nuclear protein expression in different groups. 
(E) qPCR analysis of NQO1，HO-1 and SOD2 mRNA levels in different groups. (F-I) Western blot analysis of SOD2, HO-1 and NQO1 protein expression in different 
groups. All data of western blotting assay were normalized as the optical density ratio between the target protein and β-actin. All results were expressed as the mean 
± SD of three independent experiments. $P < 0.05 versus Control group; *P < 0.05 versus PA group; %P < 0.05 versus Oridonin + PA group; #P < 0.05 versus ADT- 
OH + PA group.
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Fig. 5. Ac-Ph-ADT affects the PI3K/AKT/Nrf2 pathway in HaCaT cells. (A-F) Western blot was used to analyze of PI3K, AKT, p-AKT, mTOR, GSK3β and p-GSK3β 
protein levels in different groups. (G-J) LY294002 was added and Western bolt was used to analyze Nrf2 and its downstream HO-1, NQO1 and SOD2 protein 
expression in different groups. All data were normalized as the optical density ratio between the target protein and β-actin. All results were expressed as the mean ±
SD of three independent experiments. $P < 0.05 versus Control group; *P < 0.05 versus PA group; %P < 0.05 versus Oridonin + PA group; #P < 0.05 versus ADT-OH 
+ PA group; &P < 0.05 versus Conjugate+ PA+ LY294002 group.
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the PI3K/AKT pathway on antioxidant effect of OAc-Ph-ADT, LY294002 
was co-incubated with OAc-Ph-ADT in HaCaT cells. The results showed 
that the elevated Nrf2 protein expression induced by OAc-Ph-ADT was 
significantly inhibited in the presence of LY294002 (Fig. 5G and H). 
Moreover, the elevated protein expression levels of HO-1, NQO1, and 
SOD2 induced by OAc-Ph-ADT were also suppressed following the 
LY294002 treatment (Fig. 5I and J). This suggests that the activation of 
Nrf2 antioxidant pathway by OAc-Ph-ADT is largely dependent on the 
regulation of the PI3K/AKT pathway.

3.6. OAc-Ph-ADT upregulates CBS through the Nrf2

CBS is a key enzyme in the transsulfuration pathway, which catalyzes 
the condensation of homocysteine with serine to produce cystathionine. 
To validate the role of CBS in endogenous H2S production, we intro
duced the commonly used CBS inhibitor AOAA, detected H2S production 
using the AzMC probe. As shown in Fig S7, results indicate that 
endogenous hydrogen sulfide levels in HaCaT cells gradually decreased 
with increasing AOAA dosage, demonstrating that CBS can regulate 
endogenous hydrogen sulfide production to a certain extent. Nrf2 is a 
key transcription factor in the oxidative stress response and regulates 
CBS expression (Liu et al., 2020). OAc-Ph-ADT increased the expression 
of CBS in HaCaT cells (Fig. 6A and B). The addition of Brusatol, an in
hibitor of Nrf2, decreased both protein and mRNA levels of CBS that 
were upregulated by OAc-Ph-ADT (Fig. 6C-E). To validate the rergula
tory role of Nrf2 on CBS expression, we performed siRNA knockdown of 
Nrf2. The result revealed that siRNA transfection targeting Nrf2 signif
icantly reduced CBS expression and mRNA levels (Fig. S8). These find
ings indicate a critical regulatory role of Nrf2 in OAc-Ph-ADT-induced 
CBS expression.

4. Discussion

Antioxidant stress plays a crucial role in diabetic wound healing. 
T2DM patients often experience elevated levels of oxidative stress due to 
a chronic hyperglycemic state, which negatively impacts both the rate 
and quality of wound healing (Deng et al., 2021; Kido et al., 2017). The 
persistent hyperglycemic state in diabetic patients triggers oxidative 
stress, and studies have shown that hyperglycemia-induced ROS accu
mulation promotes Keap1-dependent ubiquitination degradation of 
Nrf2 and inhibits its nuclear translocation. Moreover, insulin resistance 
leads to reduced IRS-1/2 tyrosine phosphorylation, which attenuates 
PI3K/AKT signaling, and reduced AKT activity dephosphorylates 
GSK-3β and promotes Nrf2 phosphorylation degradation. Together, 
these alterations lead to downregulation of the expression of antioxidant 
enzymes such as HO-1 and NQO1, making cells more vulnerable to 
oxidative damage (Allen et al., 2005).

Oridonin has a wide range of pharmacological activities and devel
opment potential (Li et al., 2021; Zhang et al., 2020), and a series of 
H2S-releasing oridonin derivatives were synthesized by structural 
modification to overcome its low solubility and poor bioavailability 
(Zhang et al., 2020). In the current study, we established a HaCaT cell 
model in a high-glucose and high-fat environment, and screened a series 
of pre-synthesized H2S-releasing oridonin conjugates by CCK8 assay. 
OAc-Ph-ADT showed the highest cellular activity and the strongest 
H2S-releasing ability, and was chosen for the subsequent study.

The effect of OAc-Ph-ADT on the apoptosis and migration of HaCaT 
cells were further determined. By inhibiting apoptosis, OAc-Ph-ADT 
may help retain a greater number of cells involved in the healing pro
cess, thus accelerating wound healing. Flow cytometry analysis revealed 
that apoptosis was elevated in HaCaT cells exposed to high-glucose and 
high-fat environment, this effect was mitigated by the addition of OAc- 
Ph-ADT. Furthermore, western blot assay indicated that the expression 
of apoptosis-related proteins was increased in the high-glucose and high- 
fat environment. Specifically, OAc-Ph-ADT reduced the levels of cleaved 
Caspase 3, cleaved-Caspase 9, and the pro-apoptotic protein Bax, 

thereby suggesting its protective role against apoptosis.
Exposure of keratinocytes to moderate levels of ROS induces Nrf2 

expression. However, high levels of ROS overwhelm the antioxidant 
capacity of the cells, leading to irreversible damage and apoptosis 
(Heath, Carbone, 2013). Flow cytometry was utilized to demonstrate 
that OAc-Ph-ADT effectively reduced ROS generation induced by 
high-glucose and high-fat environment, thereby alleviating oxidative 
damage in the cells (Liu et al., 2020). Consequently, this led to a 
reduction in ROS accumulation. Additionally, OAc-Ph-ADT was found to 
further decrease MDA levels while increasing the content of GSH and 
SOD in HaCaT cells (Gao et al., 2021). Meanwhile, OAc-Ph-ADT facili
tated the nuclear translocation of Nrf2, resulting in increased mRNA 
levels and protein expression of downstream antioxidant factors, 
including HO-1, SOD2, and NQO1 (Gao et al., 2021; Loboda et al., 
2016).

OAc-Ph-ADT was also found to activate the PI3K/AKT pathway, 
which in turn increased the expression of downstream migration and 
proliferation-related proteins, including mTOR and p-GSK3β. Han’s 
study showed that Nrf2 may be a downstream signaling target of PI3K/ 
AKT in MC3T3-E3 cells (Han et al., 2017). To further explore whether 
OAc-Ph-ADT affects Nrf2 dissociation through the PI3K/AKT pathway, 
HaCaT cells were treated with the PI3K inhibitor LY294002, and 
OAc-Ph-ADT-induced Nrf2 protein expression was significantly sup
pressed, as well as the protein expression levels of HO-1, NQO1, and 
SOD2, indicating that OAc-Ph-ADT activated the PI3K/AKT/Nrf2 
pathway, increased the translocation of Nrf2 to the nucleus, and 
enhanced the antioxidant effect of downstream HO-1. It was found that 
Nrf2 was able to bind to the ARE sequence on the CBS gene and enhance 
CBS expression (Liu et al., 2020). NaHS is a classical exogenous H2S 
donor, and exogenous H2S was able to increase S-sulfation of Keap1, 
induce dissociation of Nrf2 from Keap1, and enhance Nrf2 nuclear 
translocation to promote CBS expression (Corsello et al., 2018; Hassan 
et al., 2012; Hourihan et al., 2013). To investigate the interaction be
tween Nrf2 and CBS in HaCaT cells, the Nrf2 inhibitor Brusatol was used 
in the study. Experiments revealed that after treating with Brusatol, both 
the protein and mRNA levels of CBS in cells treated with OAc-Ph-ADT 
were downregulated, clearly demonstrating the positive regulatory 
role of Nrf2 on CBS. HaCaT cells are key effector cells in skin barrier 
function and oxidative stress responses. This study is the first to establish 
a functional link between Nrf2 and CBS in this model, providing a new 
perspective for exploring the role of H2S in skin pathophysiology, such 
as antioxidant defense, inflammation, or wound healing.

This study employed the HaCaT cell line to investigate the direct 
damage mechanism of high-glucose and high-fat environments on ker
atinocytes. This model offers advantages of stability and high repro
ducibility. However, the model lacks full differentiation capacity, 
necessitating cautious extrapolation of results to complex physiological 
environments. The findings of this study primarily focus on the intrinsic 
responses of keratinocytes themselves, without encompassing their dy
namic interactions with fibroblasts, immune cells, and the extracellular 
matrix during actual wound healing. Future research could further 
validate and expand the role of these molecular mechanisms in micro
environments closer to in vivo conditions through comparisons with 
primary cells and the establishment of co-culture systems.

In summary, by continuously releasing H2S, OAc-Ph-ADT promotes 
HaCaT cells proliferation and migration, and exerts anti-apoptotic and 
antioxidant effects, making it a candidate for development into wound 
dressings or gel formulations with high clinical translation potential. 
Further validation using primary keratinocytes and wound models in 
diabetic animals would be required to confirm the role and mechanisms 
of OAc-Ph-ADT in healing process. Ultimately, these efforts aim to 
develop a clinically effective and user-friendly topical therapeutic agent 
for diabetes-induced wound healing disorders.

L. Lin et al.                                                                                                                                                                                                                                       Molecular Immunology 190 (2026) 21–33 

30 



Fig. 6. OAc-Ph-ADT increases CBS expression via regulating Nrf2 in HaCaT cells. (A, B) Western blot analysis of CBS protein levels in different groups. (C-E) The 
protein expression levels of CBS in each group after the addition of Brusatol were analyzed by western blot, and differences in CBS mRNA content were detected by 
qPCR. All data were normalized as the optical density ratio between the target protein and β-actin. All results were expressed as the mean ± SD of three independent 
experiments. #P < 0.05 versus Control; *P < 0.05 versus PA group; &P < 0.05 versus Conjugate+ PA+ Brusatol group.
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