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Objective: Catalpol, as a natural medicine small-molecule drug, has been proven to have anti-inflammatory and antioxidant 
pharmacological effects.
Methods: The effect of catalpol on oxidative damage of mouse epidermal fibroblast L929 model and its mechanism were investigated 
by using hydrogen peroxide model, CCK8 method, flow cytometry, and Western blot.
Results: The effect of catalpol on Nrf2/HO-1 signaling pathway was further studied to improve oxidative stress in cell models. The 
results showed that catalpol had no cytotoxicity to L929 cells, and inhibited the apoptosis of L929 cells after oxidative damage in 
a concentration-dependent manner, thus playing a role in cell protection. The oxidative damage of cells was inhibited by up-regulating 
the expression of the signature protein of Nrf2/HO-1 signaling pathway and inhibiting the interstitial formation of cells.
Conclusion: This study is a preliminary study on the protective function of catalpol against oxidation and apoptosis in dermal 
fibroblasts, which can provide a theoretical basis and drug guidance for promoting skin wound healing in the later stage.
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Introduction
Dermal fibroblasts are the key cells in the wound healing process. When the skin is injured, the corium initiates an 
inflammatory response to clear tissue and pathogens from the damaged site. Dermal fibroblasts participate in the 
inflammatory process by releasing cytokines. These cytokines help attract more immune cells to the wound site and 
stimulate them to release more inflammatory substances in response to injury and infection.1–4

A close relationship exists between the inflammatory response of skin wounds and oxidative stress (OS). During the 
inflammatory process caused by trauma, cells release reactive oxygen species (ROS), increasing oxidative stress. Under 
normal circumstances, the ROS production and clearance system in the body is in a state of dynamic balance.3,5 When the 
body is in the OS state, the ROS content in tissues and cells in the body is relatively increased, exceeding the body’s 
scavenging ability, which can lead to the increase in lipid peroxidation level in tissues, resulting in oxidative damage of DNA 
and abnormal expression of protein, causing damage to the body.6,7 Therefore, ROS levels are often used to assess the 
occurrence of OS.

Catalpol is a traditional Chinese medicine component of iridoid, widely existing in many Chinese medicine 
components, and can play a therapeutic role in many organs in the body.8 Recent studies have proven that it has multiple 
pharmacological effects such as antioxidant, anti-inflammatory, anti-tumor, neuroprotective, hypoglycemic, etc.9,10 In 
recent years, many studies have focused on the mechanism of catalpol’s hypoglycemic and anti-tumor actions in vivo and 
in vitro.9,11,12 However, the intervention’s effect on dermal fibroblasts’ function is still unclear. Through these experi-
ments, we hope to know whether catalpol can also regulate the oxidative damage of dermal fibroblasts. This could 
expand the number of cell types catalpol regulates and explore its mechanisms of action in different cells.
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Nrf2/HO-1 signaling pathway plays a key role in regulating oxidative stress response, and it has been confirmed that 
this pathway plays a significant role in oxidative stress.13 As an antioxidant enzyme, Heme Oxygenase-1 (HO-1) has 
anti-inflammatory, antioxidant, and anti-proliferative effects when stimulating oxidative stress in the body, and is 
involved in the body’s compensatory mechanism for oxidative stress, hypertension, and vascular reconstruction.14 

Nuclear Factor E2-associated Factor 2 (Nrf2) is inhibited in the cytoplasm and is rapidly degraded by the ubiquitin 
proteasome pathway.15 When stimulated by oxidative stress signals, Nrf2 rapidly decouples with allosteric Kelch-like 
ECH Associated Protein 1 (Keap1), translocation into the nucleus to form a heterodimer in a stable state. Then, it binds to 
the gene’s antioxidant response element (ARE). The expression of target genes mediated by ARE is increased to regulate 
the transcription and translation of antioxidant genes.16,17

This experiment first studied whether catalpol affected the oxidation-damaged mouse epidermal fibroblast 
L929 model and its mechanism of action.18,19 In addition, we further investigated whether catalpol is involved in 
the Nrf2/HO-1 signaling pathway to affect oxidative stress in cell models.20 Our study provides new insights into 
the mechanism of catalpol in oxidation-damaged dermal fibroblasts and valuable data and experience for our 
team’s subsequent in vivo experiments.21,22 Figure 1 shows the preliminary thinking and experimental prediction 
of this study.

Materials and Methods
Cell Culture
Mouse dermal fibroblasts L929 (Starfish Biology, TCM-C749) were taken from L929 cells at the logarithmic growth 
stage and supplemented with 1% penicillin and streptomycin mixture in DMEM/F12 (Corning, 10-092-CVRC) medium 
containing 10% fetal bovine serum (Soleboll, P1400). Penicillin (10kU/mL) and streptomycin (10mg/mL) in the stock 
solution were cultured at 37°C and 5% CO2 in a constant temperature incubator.

Figure 1 The proven mechanism of action of catalpol and the proposed experiment. (By Figdraw).
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Materials and Reagents
Catalpol (CAT) (Aladdin, C110215, China), Hydrogen peroxide (H2O2) (Tianjin Damao Chemical Reagent 
Factory, analytical pure, China), N-acetylcysteine (NAC) (Aladdin, N170064, China), CCK8 (MCE, HY-K0301, 
NJ, USA), Medium (Corning, 10–092-CVRC, NY, USA), Fetal bovine serum (ExCell Bio, FSP500, China), 0.25% 
pancreatic enzyme (Gibco, 25200-072, CA, USA), Annexin V-FITC apoptosis detection kit (Beyotime 
Biotechnology, C1062L, China), Reactive oxygen species detection kit (Beyotime Biotechnology, S0033M, 
China), RIPA Lysis Solution (Beyotime Biotechnology, P0013, China), 5×loading buffer (Kang Weishi, 
CW0027S, China), PAGE Gel rapid preparation kit (Yi Sheng 10%: 20325ES, Yi Sheng 15%: 20327ES, China), 
Nrf2 antibody (Proteintech, lot No. 16396-1-AP, China), HO-1 antibody (Proteintech, Lot No. 16396-1-AP, Batch 
No. 10701-1-AP, China), Fibroblast-specific protein 1 (S100A4) antibody (Proteintech, Batch No. 16105-1-AP, 
China), fibroblast marker protein: Anti-smooth muscle antibody (alpha-SMA) antibody (Proteintech, batch 
No. 14395-1-AP, China).

Instruments
Enzymoscope, VICTOR NivoTM, PerkinElmer Corporation, USA. Flow cytometry, BD FACS CantoII, USA.

The Effect of Catalpol on Cells Was Detected
L929 cells at logarithmic growth stage were washed with PBS and collected after trypsinization at 37°C for 2 min. 
Then, L929 cells were centrifuged at 200 g for 5 min and resuspend with fresh medium. Thereafter, the cells were 
inoculated into 96-well plates at 5×103/ well and cultured overnight at 37°C and 5% CO2. The experimental 
groups treated with different concentrations of catalpol were added (catalpol concentration was 2, 5, 10, 50, 100 
μM, respectively) and continued to culture and treat at 5% CO2 and 37°C for 24 hours. After 24 hours, CCK8 was 
added to detect cell viability in each group. Each group is provided with six multiple holes. Cell relative survival 
rate = (experimental group OD value − blank group OD value)/(regular control group OD value − empty group 
OD value). Each experiment was repeated three times.

Establishment of Oxidative Damage Model of Fibroblasts
L929 cells in the logarithmic growth phase were seeded at a density of 5 × 103 cells per well in 96-well plates and 
incubated overnight at 37°C with 5% CO2. At the second day, the cells were treated with varying concentrations of 
H2O2 (50, 100, 200, 400, 600, 800, and 1000 μM) for 2 hours. The complete culture medium was used as the 
control group. After 2 hours, the H2O2-containing medium was replaced with fresh complete medium and 
incubated for an additional 24 hours. After 24 hours, CCK8 was performed to assess cell activity. The % relative 
survival rates of cells were plotted against concentrations of H2O2 and IC50 was calculated from the graph. Finally, 
according to the IC50, the optimal induced concentration of the oxidative damage model was determined. Each 
group is provided with six multiple holes. Each experiment was repeated three times.

Detect the Effect of Catalpol on Cell Viability
L929 cells were seeded into 96-well plate at a density of 5 × 103 cells/200 μL/well and cultured overnight. L929 cells were 
treated with different concentrations of catapol (2 μM, 5 μM, 10 μM, 50 μM, and 100 μM), and the positive control NAC 
(500 μM). After 24 hours incubated, 400 μM H2O2 was added to each well for a 2 hours co-incubation at 37°C. Thereafter, 
the supernatant was discarded and replaced with a fresh complete culture medium cultured for 24 hours, 48 hours, and 72 
hours, respectively. At different time points, the cells were incubated with 10% CCK8 solution for cell viability assay. The 
OD of each well at 450 nm was detected by a microplate reader after the 2 hours reaction. Each group was set up with three 
multiple holes, and the experiment was repeated three times. Each experiment was repeated three times.
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Detect the Effect of Catalpol on Cell Apoptosis
Grouping and treatment were the same as the Detect the Effect of Catalpol on Cell Viability. The adherent cells were washed 
with PBS, collected after trypsinization, and washed twice with PBS. Then, resuspend cells in 1× Binding Buffer at 
a concentration of 1 × 106 cells/mL and transfer 100 µL of the solution to the tube. Add 5µL Annexin V-FITC, mix gently, 
then add 10 µL propyl iodide stain, and mix gently. Incubate at room temperature (20–25°C) without light for 10–20 minutes 
and then place in an ice bath and test on the machine within 1 hour. Each experiment was repeated three times.

Detect the ROS Content of the Cells
Grouping and treatment were the same as the Detect the Effect of Catalpol on Cell Viability. The adherent cells were 
washed with PBS and collected after trypsinization and washed twice with PBS. Then, the cells were resuspended in 
serum-free medium, and 100 μL DCFH-DA (1:1000) was added and incubated at 37°C without light for 30 min. The 
mean DCFH-DA was measured by flow cytometric analysis. Each experiment was repeated three times.

Determination of SOD, MDA, and GSH Activity
Group and drug intervention followed the same procedures outlined in the section Establishment of Oxidative Damage Model of 
Fibroblasts. After 24 hours, except for the blank control, each group was treated with H2O2 for 2 hours, and the H2O2 culture 
medium was removed and replaced with a complete medium for continuous culture for 24 hours. After 24 hours, L929 cells were 
broken up by ultrasound treatment and subjected to centrifugation by 8000g for 10 min. The SOD kit (Solarbio, #BC0025), MDA 
kit (solarbio, #BC0175), and GSH kit (Beytime, #S0053) were used, respectively, for the detections. Different OD values (560 
nm for SOD, 532 nm for MDA, and 412 nm for GSH) were measured by a microplate reader. The activity of SOD, MDA, and 
GSH in each group was calculated according to the kit instructions.

Determination of the Expression Levels of Fibroblast Marker Proteins and Nrf2/HO-1 
Signaling Pathway Marker Proteins
Grouping and drug intervention followed the same procedures outlined in the section Detect the Effect of Catalpol on Cell 
Viability. The total protein was extracted by discarding the supernatant medium and adding protein extraction reagents 
containing protease and phosphatase inhibitors. A BCA protein kit was used to detect total protein concentration. After 20 μg 
protein denaturation, the sample was transferred to 0.2 μm PVDF membrane by 10% SDS-PAGE gel electrophoresis, 260 
mA, 1 h wet transfer, and sealed with 1×TBST containing skim milk powder /BSA according to the instructions of the 
primary antibody. The primary antibody (Nrf2, HO-1, S100A4, and α-SMA diluted at 1:1000 and β-actin diluted at 1:500) 
was added. The film was incubated overnight on a shaking bed at 4°C, washed four times with 1×TBST for 10 min each, and 
then incubated with a secondary antibody diluted at a ratio of 1:3000 for 1 hour. Following this, the film underwent three 
washes with 1×TBST for 10 min each, and the image was developed by chemiluminescence gel imager. Each group was set 
up with three multiple holes, and the experiment was repeated three times. β-actin was the internal reference protein, and 
Image J was used for gray analysis of the bands. Each experiment was repeated three times.

Statistical Analysis
FlowJo 7.6.1 software for flow analysis. GraphPad Prism 8.0 software plotted each experimental data, and all data were 
expressed as mean ± standard deviation (x� s). IBM SPSS 23 software was used for statistical analysis of experimental 
data and one-way AVONA compared differences between groups. The Kolmogorov–Smirnov (K-S) test was used to test 
the normality of the data, and the F-test for the homogeneity of the variance. Fisher's LSD test was used for planned post- 
hoc pairwise comparisons. p < 0.05 indicates a statistically significant difference.
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Results and Discussion
Toxicity of Catalpol to L929 Cells
Compared with the regular group, different concentrations of catalpol treated normal L929 cells for 24 hours, and the 
decreasing trend of cell viability was not noticeable. Cell viability was slightly decreased in the 100 μmol·L−1 catalpol 
group (p < 0.05), and the lowest value in the six repeated experiments was also above 80%, as shown in Figure 2A.

The Cell Model of H2O2-Induced Oxidative Damage Was Optimized
With the increase in H2O2 concentration and time, the activity of L929 cells decreased gradually. After 2-hour treatment 
with different concentrations of H2O2, the difference in H2O2 concentrations (50, 100, 200, 400, 600, 800, and 1000 μM) 
was statistically significant, and the IC50 value was 264.4 μM. In order to prevent excessive oxidative damage to L929 
cells, 400 μM was selected as the appropriate concentration for the oxidative damage cell model, as shown in Figure 2B.

Effect of Catalpol on Viability of Cell Model with Oxidative Damage
Compared with the negative control group, OD value and relative cell survival rate induced by H2O2 in the catalpol 
intervention group increased in a concentration-dependent way after incubation for 24 hours and 72 hours, and viability 
was significantly increased, as shown in Figure 2C and D.

Compared to the negative control group, the cells underwent ROS and apoptosis, so after 24 hours and 72 hours, the cell 
survival rate was lower than that of the standard control group. The relative survival rate of cells in different concentration 
groups of catalpol increased significantly (p < 0.05), suggesting that catalpol effectively protected L929 cells.

Figure 2 H2O2-induced oxidative damage cell model and effect of catalpol on viability of cell model with oxidative damage. (A) CCK8 assay for evaluating the effect of 
catalpol on L929 cell proliferation. (B) Assessment of oxidative damage on L929 cells with H2O2 treated. (C) CCK8 assay evaluating protective effects of catalpol on H2O2 

treated L929 cells. (D) IC50 values of H2O2 in L929 cells. Data are presented as the average of repeated samples, with error bars representing standard deviations. *p <0.05. 
(E) The cell proliferation ability of L929 cells which were pretreatment with NAC and different concentrations of catalpol in H2O2 induced oxidative stress model for 24 h, 
48 h, 72 h.
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Meanwhile, we evaluated the cell proliferation ability using CCK8 assay, As shown in Figure 2E, H2O2 inhibited the 
growth of L929 cells. The cell proliferation ability was significantly increased with NAC and different concentrations of 
catalpol.

Effect of Catalpol on Apoptosis of Model Cells Damaged by Oxidation
Compared with the negative control group, the H2O2-induced apoptosis rate in the catalpol intervention group decreased 
in a concentration-dependent manner after incubation for 24 hours, and apoptosis was significantly inhibited. Twenty- 
four-hour flow cytometry showed that the apoptosis rates of negative control group, catalpol intervention group (2, 5, 10, 
50, 100 μM) and positive control group were, respectively, 92.31%±1.12%; 86.39%±3.22%; 66.86%±1.81%; 26.01% 
±2.32%; 5.68%±1.14%; 3.62%±0.79%; 2.91%±0.78%; 1.26%±0.12%. By Figure 3.

Compared with the negative control group, the apoptosis rate of catalpol in different concentration groups was 
significantly decreased (p < 0.05), suggesting that catalpol effectively protected L929 cells and prevented apoptosis 
induced by oxidative damage to a certain extent. Through the data analysis of 3.1–3.4, the appropriate concentration of 
catalpol in the next experiment was set as follows: 2, 10, and 50 μM.

Effects of Catalpol on ROS in L929 Cells Damaged by Oxidation
Compared with the blank control group, ROS content in the negative control group was increased (p < 0.05). Compared 
with the negative control group, ROS content in the catalpol group (2, 10, 50 μM) was dose-dependent decreased (p < 
0.05), as shown in Figure 4A. When the concentration of catalpol reached 50 μM, its ROS content was similar to that of 
the NAC group, thereby reducing cellular oxidative damage, as shown in Figure 4B. Figure 4C shows the average 
fluorescence intensity of different experimental groups. The moderate fluorescence intensity is proportional to the ROS 
level, which can also reflect the changes in ROS level in other experimental groups.

Figure 3 Effect of catalpol on apoptosis of model cells damaged by oxidation. Flow cytometry for evaluating the effect of catalpol on apoptosis in H2O2 treated L929 cells.
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Effects of Catalpol on H2O2-Induced Oxidative Injury in L929 Cells
To examine the effects of catalpol on oxidative stress, we measured the level of SOD, GSH, and MDA. As shown in Figure 5A 
and B, the levels of SOD and GSH were significantly reduced in H2O2-treated L929 cells, but catalpol significantly restored 
the levels of SOD and GSH dose-dependently. H2O2 leads to the production of ROS and subsequently causes lipid 
peroxidation of the biomembrane, which leads to the production of a large amount of MDA. Therefore, we measured the 
levels of MDA in H2O2-treated L929 cells. As shown in Figure 5C, the levels of MDA were significantly elevated with H2O2 

treated, whereas decreased in L929 cells pretreated with catalpol. Therefore, catalpol could enhance antioxidant capacity.

Effects of Catalpol on Oxidative Damage of L929 Cell Marker Protein and Nrf2/HO-1 
Pathway Protein
Nrf2 and HO-1 are antioxidant stress-related proteins that play a protective role in cells. We assessed the effects of 
catalpol on the Nrf2/HO-1 pathway. As shown in Figure 6A and B, the level of Nrf2 and HO-1 was decreased in H2O2- 
treated L929 cells. Pretreatment with N-acetyl cysteine (NAC), a free radical scavenger, reversed the H2O2-induced Nrf2/ 
HO-1 down-regulation. Meanwhile, catalpol increased their levels in a dose–effect manner. Thus, Nrf2/HO-1 pathway 
may be activated by catalpol in L929 cells.

α-SMA and S100A4 are important markers for fibroblasts. In this study, we investigated the effect of Catalpol on α- 
SMA and S100A4. As shown in Figure 6A, H2O2 decreased fibroblast marker expression with oxidative damage. Oxidative 
stress is an important factor in activating EMT. Both α-SMA and S100A4 are also epithelial and mesenchymal markers. 
And considering the antitumor properties of catalpol, L929 cells altered their mesenchymal phenotypes with catalpol 
treatment. As shown in Figure 6A and B, the expressions of α-SMA and S100A4 were reversed in L929 cells pretreated 
with catalpol. Our result indicated that catalpol altered mesenchymal phenotypes of L929 cells induced by H2O2.

Figure 4 Effects of catalpol on ROS in L929 cells damaged by oxidation. (A and B) Flow cytometric analysis of the ROS production in L929 cells with different treatments. (C) 
Quantitative analysis of DCFH-DA accumulation by FACS. Data are presented as the average of repeated samples, with error bars representing standard deviations. *p <0.05, #p <0.05.
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Discussion
The results showed that pretreatment with catalpol significantly increased cell viability and reduced apoptosis in H2O2-treated 
L929 cells. Catalpol also effectively reduced the production of ROS and free radicals in the cells, indicating its antioxidant 

Figure 5 (A) Effects of catalpol on MDA in L929 cells damaged by oxidation. (B) Effects of catalpol on SOD in L929 cells damaged by oxidation. (C) Effects of catalpol on 
GSH in L929 cells damaged by oxidation. *p <0.05, **p <0.01, ***p <0.001.

Figure 6 Effects of catalpol on oxidative damage of L929 cell marker protein and Nrf2/HO-1 pathway protein. (A) Western blot analyzed Nrf2, HO-1, α-SMA and S100A4 
expression in H2O2-treated L929 cells which were pretreatment with NAC and different concentrations of catalpol for 24 hours. (B) Statistical analysis of Nrf2, HO-1, α- 
SMA and S100A4 expression in H2O2-treated L929 cells which were pretreatment with NAC and different concentrations of catalpol for 24 hours. Data are presented as 
the average of repeated samples, with error bars representing standard deviations. *p <0.05, **p <0.01, ***p <0.001.
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properties. Furthermore, catalpol was found to upregulate the expression of antioxidant enzymes such as superoxide dismutase 
(SOD) and glutathione peroxidase (GPx), which play a crucial role in protecting cells from oxidative damage. Overall, these 
findings suggest that catalpol exerts protective effects on L929 cells against H2O2-induced oxidative stress and apoptosis by 
enhancing antioxidant defense mechanisms. Therefore, catalpol may have potential therapeutic applications in conditions 
involving oxidative stress and cell damage. Further research is needed to elucidate the underlying molecular mechanisms of 
catalpol’s protective effects and explore its potential clinical applications.23,24

The pharmacodynamic experiment of catalpol showed that different concentrations of catalpol (2–100 μM) had no inhibitory 
effect on the viability of normal L929 cells. According to the analysis of CCK8 and flow cytometry results, catalpol 2, 10, 50 μM 
were selected as the appropriate dosage concentrations for follow-up experiments. The results of this study showed that catalpol 
alleviated the inhibition of Nrf2 and up-regulated HO-1 expression, as shown in Figure 7A. Figure 7B briefly describes the 
process of oxidative stress. Figure 7C depicts the Nrf2/HO-1 signaling pathway. The conclusion is that catalpol can reduce the 
damage caused by oxidative stress by up-regulating the protein expression of Nrf2/HO-1 signaling pathway. Catalpol and NAC 
can clear ROS and reduce cell damage caused by ROS.25–27 Catalpol and NAC can protect cells from apoptosis but cannot 
promote cell viability after treatment. In the previous CCK8 experiment, it was only found that catalpol or NAC-treated cells had 
no effect on cell viability, while hydrogen-peroxide-treated cells generated ROS and apoptosis, so the cell survival rate was lower 
than that of the standard control group after 24 hours and 72 hours.

So far, the published studies on catalpol are about its mechanism of action on tumor cells, islet cells, and so on. There 
is no cell research on the skin yet. Therefore, these experiments are to fill the gap in this aspect.

Figure 7 (A) Mechanism diagram of catalpol obtained by experiment; (B) Relationship between OS and H2O2. (C) Schematic diagram of Nrf2/HO-1 signaling pathway.
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Conclusion
Catalpol, a new terpenoid hypoglycemic active monomer type, was approved for clinical trials of a new class of 
traditional Chinese medicine in China in 2017.28 Because it is one of the newly discovered small-molecule drugs, 
there are still few studies related to catalpol, which can bring us not too much enlightenment. Fortunately, more and more 
researchers have begun to pay attention to monomer drugs and are keen to use them in the clinic. This is an increasingly 
clear development for Chinese medicine in the field of medical research around the world. Although the bioavailability of 
catalpol is low, part of its activity and mechanism of action has been determined, and the optimization of the structure or 
the use of nano preparation technology is expected to develop drugs to promote skin wound healing in the future. 
Therefore, it is essential to strengthen the basic research on the antioxidant mechanism of catalpol on fibroblasts.29–34 

Before the experiment began, the research group had predicted the correlation between catalpol and the functional targets 
of L929 cells by molecular docking simulation and speculated that catalpol could reduce the apoptosis induced by 
excessive oxidative stress and improve the function of L929 cells. This study is a preliminary study on the protective 
function of catalpol against oxidation and apoptosis in dermal fibroblasts, which can provide a theoretical basis and drug 
guidance for promoting skin wound healing at a later stage.
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