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Hypertrophic scar (HS) is a serious fibrotic skin disease and often considered as a kind of benign skin tumor. Tetramethylpyrazine (TMP), the main chemical composition of the traditional Chinese medicine Chuanxiong Rhizoma, has shown significant clinical benefits in the treatment of fibrosis disease and tumor, while the role in HS and the concrete mechanisms remain elusive. Herein, the protective effects of TMP in the treatment of HS was investigated and the results showed that the protein expression levels of type I collagen (Col I), type III collagen (Col III), and α-smooth muscle actin (α-SMA) were all inhibited remarkably after addition of TMP in HS-derived fibroblasts (HFs). Moreover, TMP also suppressed fibroblast proliferative and induced cell apoptosis. The protein expression levels of Caspase-3 and Bcl-2 were all decreased comparing with the control group while proapoptotic proteins Bax and Cleaved Caspase-3 were increased. In addition, TMP treatment markedly reduced the phosphorylation levels of AKT. Taken together, our investigations demonstrated that TMP could down-regulate the expression of fibrosis-related molecules, inhibit scar fibroblast proliferation and activate cell apoptosis, during which AKT pathway was involved. Thus, this study shed more light on the pharmacological mechanisms of TMP, and provided a novel therapeutic alternative for prevention and treatment of HS.
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Introduction

HS is a serious skin fibrotic disease, often occurred after surgery, burn, trauma, and characterized by the excessive proliferation of fibroblasts and deposition of extracellular matrix proteins, mainly including Col I, Col III (Sidgwick and Bayat, 2012; Ikeda et al., 2013; Berman et al., 2017; Miletta et al., 2017). It was reported that fibroblasts and myofibroblasts were the main effectors in fibrogenesis (Djafarzadeh et al., 2013; Ikeda et al., 2013). Emerging evidence exhibited that there were more fibroblasts in HS tissues than that in normal skin. Furthermore, the synthesis of collagen I were increased in HS fibroblasts while the synthesis of collagenase were decreased. And subsequently, the ability to digest soluble collagen was reduced and the excessive collagen was synthesized and deposited, finally resulting in the formation of scar (Chiang et al., 2016; Hutchenreuther and Leask, 2016). Therefore, fibroblasts have become the potential therapeutic target for antifibrosis treatment (Wang et al., 2008; Honardoust et al., 2012; Hinz, 2016).

HS is usually considered as a benign skin tumor. Incidence rates of hypertrophic scarring vary from 40% to 70% following surgery to up to 91% following burn injury, depending on the depth of the wound (Gauglitz et al., 2011). Clinical treatments for HS include surgical resection, hormone therapy, laser therapy, RX oppression, and silicone gel therapy. However, the ability of these modalities to permanently eliminate HS is limited.

It has been generally recognized that traditional Chinese herbal medicines played a unique therapeutic role in the treatment of many diseases (Bhamra et al., 2017; Perry et al., 2018; Li et al., 2019). Tetramethylpyrazine (TMP), an effective component of the traditional Chinese medicine Chuanxiong Rhizoma, which has been used to treat cerebrovascular and cardiovascular diseases, pulmonary diseases and cancer (Huang et al., 2018; Shen et al., 2018). And it was reported that TMP could ameliorate fibrosis in myocardial pulmonary and liver (Wu et al., 2015; Wang et al., 2017; Zhao et al., 2017).

Our previous work revealed that TMP could inhibit the proliferation of fibroblasts and prevent the synthesis of collagens. These results were in accordance with the work reported in cardiac fibroblast (Nie et al., 2012). However, the detailed function and underlying molecular mechanism of TMP in HS therapy remain unknown. Therefore, in the present study, the effect and mechanism of TMP on collagen deposition, cell proliferation and apoptosis were investigated. Our research group have shown that AKT in hypertrophic scars was overactive, thereby activating its downstream signaling pathways, inhibiting cell apoptosis, and promoting cell proliferation and motility. In addition, the increased phosphorylation level of AKT could promote the development of hypertrophic scars (Shi et al., 2014; Shi et al., 2016). Moreover, inhibition of AKT increased apoptosis in murine HS model (Paterno et al., 2011).

For the significant role of PI3K/AKT pathways in cell proliferation and apoptosis, especially in the formation of HS reported in our previous work, PI3K/AKT pathways was enrolled in our work to elucidate the concrete molecular mechanisms of TMP on HS.



Materials and Methods


Cell Culture and Drug Treatment

All HS tissues was obtained from adult patients who were going to receive surgery in our department. The ages of patients range from 20 to 44 years old. Before the experiment, all patients were informed about the purpose and procedures of the study and voluntarily agreed to provide tissue. Written consent was obtained from all participants, and all protocols were approved by the Ethics Committee of Xijing Hospital, which is affiliated with the FMMU. All tissues were minced and incubated in a solution of collagenase type I (0.1 mg/ml; Sigma, St. Louis, MO, USA) at 37°C for 2.5 h to isolate fibroblasts. Fibroblasts were then pelleted and grown in Dulbecco’s Modified Eagle Medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal calf serum (Gibco), 100 U/ml penicillin, and 100 U/ml streptomycin. Cells were incubated at 37°C in a 5% (v/v) CO2-humidified atmosphere. All experiments were performed with passage 3–5 cells.

TMP was purchased from Shanghai Yuanye Biotechnology Co. Ltd with a purity of 98%. Ten milligrams of TMP was weighted and dissolved in 1 ml of DMSO to make up 10 mg/ml of TMP solution. Then, different volume of TMP solution was added to cells to make the final concentrations of 1, 5, 10, 20, 40 μM, respectively.



Western Blot Analysis

HFs were seeded in six-well plates with a density of 2 ×10 5 cells per well and 70%–80% confluent HFs was starved for 12–16 h in serum-free medium. Then HFs were treated with different concentration of TMP for 48 h for cellular protein extraction. HFs were washed with ice-cold phosphate-buffered saline (PBS) and lysed using RIPA buffer supplemented with protease and phosphatase inhibitor mixtures (Heart Biological Technology Co. Ltd., Xi’ an, China) on ice. Lysates were separated by centrifugation at 4°C and 14,000 g for 10 min. Protein concentration was determined by BCA assay (Pierce, USA). Fifty milligrams total protein was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes (Millipore, Bedford, MA, USA). After blocking with 5% non-fat milk, the membranes were incubated with anti-alpha-smooth muscle actin (α-SMA) (1:200, Boster, China), anti-Col I (1:1000, Abcam, UK), anti- Col III (1:1000, Abcam, UK), anti-Bcl-2, anti-Bax, anti-Caspase-3, anti-Cleaved Caspase-3,anti-p-AKT, anti-AKT (1:1000, Cell signaling technology, USA), goat anti-Actin (1:200, Santa cruz biotechnology, USA) overnight at 4°C, next day the membranes were incubated with horseradish peroxidase conjugated secondary antibodies (1:3000) 37°C for 1 h. Then immunoreactive proteins were visualised using ECL western blotting detection reagent (Millipore, Billerica, MA) and detected using MultiImage Light Cabinet Filter Positions (Alpha Innotech, San Leandro, CA).



Flow Cytometry Analysis

Cell cycle distribution was analyzed by flow cytometry (FACSAria, BD Biosciences). HFs (1 × 10 6/ml) were treated with different concentration of TMP for 48 h according to the cell cycle distribution experiment. Then 48 h after treatment, cells were harvested, rinsed with PBS, fixed with 95% (v/v) ice cold ethanol and resuspended in staining buffer containing FITC Annexin V and propidium iodide (PI). The mixture was then incubated in the dark at room temperature for 15 min. The DNA contents of the stained nuclei were analyzed, and the number of cells in each cycle phase was calculated.

Cell apoptosis was detected using Annexin V-FITC Apoptosis Detection Kit I (BD Biosciences, San Diego, CA, USA) according to the manufacturer’s instruction. HFs(1 × 10 6/ml) were treated with different concentration of TMP for 48 h and then digested with 0.25% trypsin, washed twice with cold PBS, resuspended in binding buffer and then incubated with Annexin V-FITC and PI for 15 min at room temperature in dark. Samples were then analyzed by FACS Calibur (BD Bioscience). The percentage of stained cells was determined using BD FACSDiva software (Becton, Dickinson, and company, Franklin Lakes, NJ, USA).



CCK-8 Assay

The viability of HFs was detected by CCK-8 Cell Proliferation Assay Kit (Qihai, Shanghai, China) according to the manufacturer’s instructions. HFs were seeded into 96-well plates with a density of 5×103 cells per well and treated with various concentrations (1, 5, 10, 20, and 40 µM) of TMP for 24, 48 and 72 h, respectively and then followed by incubation with CCK-8 solution for another 4 h. The amount of newly formed formazan dye was quantitated with a scanning multiwell spectrophotometer at 450 nm. The measured absorbance directly correlates with the number of viable cells.



Statistical Analysis

Each experiment was repeated at least three times, and the data are presented as the means ± SD. Statistical differences between groups were analyzed by the Student’s t-test using SPSS 13.0. A P-value <0.05 was considered to indicate a statistically significant difference.




Results


TMP Treatment Inhibited Col I, Col III, and α-SMA Protein Expression in HFs

To demonstrate the inhibitory effect of TMP (chemical structure as shown in Figure 1) on HS, HFs were isolated and cultured in our experiment. HFs were treated with different concentrations of TMP (1, 5, 10, 20, and 40 µM) for 24 h and cell survival was then analyzed by light microscope. It was found that more cells presenting normal morphologies with 1 μM of TMP treatment. However, after addition of 5 and 10 μM of TMP, the cells became rounded, shrank, and floated. It was observed that the intercellular space increased and a large amount of cells swelled. Moreover, the cell number sharply decreased at 20 and 40 μM of TMP, and the cell morphology changed greatly (Figure 2A).




Figure 1 | Chemical structure of TMP. TMP, tetramethylpyrazine.






Figure 2 | TMP inhibits the protein expression of Col I, Col III, and a -SMA in HFs. (A) Morphologies of HFs were visualized after different concentrations of TMP (0, 1, 5, 10, 20, and 40 µM) under light microscope. (B) HFs treated with different concentrations of TMP were starved for 12–16 h in serum-free DMEM, harvested after 48 h, and subjected to western blot analysis. (C) Histogram of the results. All values were normalized to either the negative control. Error bars represented means ± SD of n = 4. *p < 0.05 and **p < 0.01 vs. control group.



It is well known that the levels of fibrosis-related molecules such as Col I, Col III, and α-SMA are all increased in HS. In this study we found the protein expression levels of Col I, Col III, and α-SMA were simultaneously down regulated comparing with that in control group after treated with TMP (Figures 2B, C). Notably, TMP remarkably down-regulated Col I and Col III at the concentration of 10 µM. The protein expression level of α-SMA was greatly decreased after 20 µM of TMP treatment. These results revealed that TMP could decrease the expression and deposition of Col I, and Col III. Collectively, it was demonstrated that TMP may negatively regulate the expression of these fibrotic makers, but have no dose-dependent manner.



TMP Inhibits HFs Proliferation

HFs excessive proliferation are important reasons leading to HS. Therefore, we determine the role of TMP in HFs proliferation. The results of CCK-8 experiment exhibited that HFs with various concentrations (1, 5, 10, 20, and 40 µM) of TMP for 24, 48, and 72 h inhibited the viability of cells (Figure 3A).




Figure 3 | Effect of TMP on proliferation of HFs. (A) Cell proliferation was measured by the CCK-8 assay. HFs were seeded into 96-well plates at a density of 5×103 cells per well and treated with various concentrations (1, 5, 10, 20, and 40 µM) of TMP for 24, 48, and 72 h, respectively. (B) Flow cytometry analysis showing the effect of TMP on cell cycle distribution. (C) Histogram summarized the results of (B). Cell numbers at G1, G2, and S phases were counted and the percentage was calculated. Error bars represented means ± SD of n = 4. *p < 0.05and **p < 0.01 vs. control group. TMP, tetramethylpyrazine; HFs, HS-derived fibroblasts.



Flow cytometry analysis showed that TMP increased the number of cells in G0/G1 phase. Contrarily, the number of cells in the S phase was decreased along with the increased of the treatment concentration (Figures 3B, C). It was concluded that TMP could inhibit the proliferation of HFs through arresting the cell cycle at G0/G1 phase in a dose-dependent manner.



TMP Induces Apoptosis and Regulates Apoptosis-Related Proteins Bcl-2 and Caspase-3 in HFs

To further assess the influence of TMP on HFs, cell apoptosis was investigated in our work. After treatment with TMP for 48 h, the number of both early and late apoptotic cells were increased in a dose-dependent manner. The treatment with 40 µM TMP induced early and late apoptosis in approximately 53.65% ± 1.56%. (Figures 4A, B).




Figure 4 | Effect of TMP on apoptosis of HFs and related protein Caspase-3 and Bcl-2. (A) HFs were treated with TMP at 1,5,10,20, and 40 µM for 48 h and cell apoptosis was analyzed by flow cytometry. (B) Histogram summarized the results of (A). The activity of HFs was evaluated by Annexin-V/PI staining; (C) Western blot showed the protein level of Bax, Bcl-2, Caspase-3, and Cleaved Caspase-3 following the TMP treatment for 48 h. Actin served as an equal loading control. (D) Histogram summarized the results of (C). Error bars represented means ± SD of n = 4. *p < 0.05 and **p < 0.01 vs. control group. TMP, tetramethylpyrazine; HFs, HS-derived fibroblasts.



Apoptosis is a complex and multistage process involving many genes and proteins. Caspase-3, Bcl-2, and Bax are three key proteins in the mitochondrial pathway inducing apoptosis. Caspase-3 is an early bio-markers of apoptosis activated through the proteolytic processing of procaspase-3 into 12 and 17 kDa subunits. Bcl-2 protein family serves as a crucial regulatory factor in the mitochondrial apoptotic pathway comprised of death inhibitors (Bcl-2, bcl-xL) and death activators (Bax, Bak). Bax is necessary for mitochondrial outer membrane permeabilization and it can be inhibited by the antiapoptotic protein Bcl-2. To further characterize the pro-apoptotic effect of TMP, the protein expressions of Bcl-2, Bax, Caspase-3 and Cleaved Caspase-3 were determined.The results in Figure 4C showed that after TMP treatment, the expression levels of Caspase-3 and Bcl-2 were all decreased, while the protein expression levels of Cleaved Caspase-3 and proapoptotic protein Bax were all increased comparing with control group. Furthermore, the protein expression ratio of Bcl-2/Bax was most significantly down regulated at 10 µM of TMP, while the protein expression ratio of Cleaved Caspase-3/Caspase-3 was most significant increased in 40 µM TMP group.



Involvement of AKT Pathways in the Suppressive Effects of TMP in HFs

AKT pathway are related to the regulation of many cellular events, such as cell proliferation, survival and apoptosis. To gain mechanistic insight into the involved pro-apoptotic function of TMP, we analyzed the total and phosphorylation levels of AKT. The results showed that the ratio of p-AKT (Ser473)/total AKT were decreased following TMP treatment significantly in a dose-dependment manner and demonstrate that the AKT pathway has a crucial role in facilitating the pro-apoptotic effects of TMP(Figures 5A, B).




Figure 5 | TMP inhibits the phosphorylation of AKT in HFs. (A) Cell lysates were analyzed by immunoblotting and quantified. Representative immunoblots of AKT and p-AKT (Ser473) were shown, with Actin as the loading control. (B) Histogram summarized the results of (A). Error bars represented means ± SD of n = 4. *p < 0.05 and **p < 0.01 vs. control group. TMP, tetramethylpyrazine; HFs, HS-derived fibroblasts.






Discussion

HS is the most commonly seen pathological scar, which leads to ache, pruritus, abnormal appearance and even limitation of motion (Aarabi et al., 2007).Currently, the treatment of pathological scar mainly includes pressure garment therapy, laser therapy as well as anti-scar drugs such as silicone gel (Honardoust et al., 2013; Miletta et al., 2017). However, there is no satisfying therapeutic approach available for hypertrophic scar treatment.

HS is characterized by excessive cell proliferation and ECM deposition (Honardoust et al., 2012; Honardoust et al., 2013), particularly Col I and Col III. Aberrant proliferation and apoptosis in fibroblasts, excessive ECM deposition often result in pathological scars (Hinz, 2007; Gauglitz et al., 2011; Saito et al., 2012). Thus, inhibiting over proliferation, activating fibroblasts apoptosis, and reducing collagen-based ECM deposition are highly important for HS treatment.

TMP has been demonstrated to regulate apoptosis in various cellular systems, and as a promising candidate for protection against fibrogenic insults (Zhang et al., 2014). However, the concrete molecular mechanism of these protective role of TMP on HS remain elusive.

In the current study, we found that pretreatment of HFs with TMP gave rise to cell morphological damages (Figure 2A). Furthermore, TMP significantly suppressed the protein levels of Col I, Col III, and α-SMA, but inconsistencies in Col I, Col III, and α-SMA changes at the same concentration of TMP. TMP remarkably down-regulated Col I and Col III at the concentration of 10 µM, while significantly down-regulated α-SMA at the concentration of 20 µM (Figure 2B). α-SMA is a well-known marker for myofibroblasts and is important for the contractile properties of myofibroblasts. Our results suggested the effects of the same concentration of TMP on collagen metabolism and the texture and contracture of scars were inconsistent in HFs. Overall, these results indicated TMP inhibitory effects on the overexpression of ECM in scar tissues and provided favorable aspects for TMP pretreatment in HS.

The dysregulation of dermal fibroblast proliferation and apoptosis is thought to be related to HS formation (Gauglitz et al., 2011). Thus, based on above findings, we were eager to elucidate whether TMP was correlated with its biological function in HS. By using CCK-8 and flow cytometry analysis, it was demonstrated that TMP could inhibit viability of cells (Figure 3A) and increase the number of cells in G0/G1 (Figures 3B, C), indicating that TMP suppressing fibroblast proliferation via redistributing cell cycle. The apoptotic cells that undergone both early and late apoptosis were determined by flow cytometry using Annexin V-FITC and PI staining, respectively. The results indicated that TMP could induce cell apoptosis of fibroblast (Figure 4A). Taken together, these results suggested that the possible inhibitory effects of TMP on HS were depended on inhibiting cell proliferation and promoting cell apoptosis.

Apoptosis is a complex, multistage process and it is worth noting that mitochondrial dysfunction is associated with cell apoptosis. Many studies have reported that the Bcl-2 family proteins regulated the mitochondrial apoptosis pathway and acted as sensors to integrate death and survival signals. Bax and Bcl-2 are two members of the Bcl-2 family. Moreover, caspase-3 activity has been described to be essential for drug-induced apoptosis, and Cleaved Caspase-3 is the active form of Caspase-3 which undergoes proteolytic processing at conserved aspartic residues to produce two subunits, large and small, that dimerize to form the active enzyme. In order to further verify apoptosis in HFs, we detected the protein expression levels of Caspase-3, Cleaved Caspase-3, Bax, and Bcl-2.

Our data demonstrated that TMP led to the up-regulation of Cleaved Caspase-3 and Bax, while the protein expression levels of Bcl-2 and Caspase-3 were down-regulated (Figure 4D). Interestingly, the protein ratio of Bcl-2/Bax with 10 µM of TMP treatment was smallest in all four investigated concentrations, indicating the most suitable concentration of TMP in regulating the balance of Bcl-2/Bax. However, the protein ratios of Cleaved caspase-3/caspase-3 were increased in a dose dependent manner. All our work implied that the inhibitory effect of TMP on fibroblasts may closely related with mitochondrial apoptotic pathway.

AKT pathway is known to be a major cell survival pathway and responsible for cell survival, energy metabolism and protein synthesis (Jiang et al., 2001; Castellino et al., 2009). Our previous studies confirmed that AKT in HS was overactive and deactivation of AKT signaling could inhibit the proliferation of fibroblast and excessive production of collagen in HFs (Wu et al., 2018). In addition, inhibition of AKT increased apoptosis in murine HS model. In this study, we found that AKT Ser473 phosphorylation level was gradually decreased within 5, 10, 20, 40µM of TMP treatment, suggesting AKT were involved in the protective effects of TMP on HS. This findings were consistent with previous research in which AKT was shown to be important in fibrosis diseases. Nonetheless, further investigations will be required to delineate the precise regulations of AKT signaling pathways in mediating TMP’s beneficial effects on HS.



Conclusions

In conclusion, our study demonstrated that TMP pretreatment exerted remarkably protective effects on HFs via PI3 K/AKT signaling pathways. These findings contribute to our understanding of basic mechanisms regarding fibroblast development and scar formation. It may have future therapeutic implications for HS treatment.



Data Availability Statement

All datasets generated for this study are included in the article/supplementary material.



Ethics Statement

The studies involving human participants were reviewed and approved by Institutional Ethical Committee of the Fourth Military Medical University (FMMU). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

XW, GW, and XX designed and conducted the study, analyzed the data. XW and ZW wrote the manuscript. JZ and YL collected data. HZ and SG are the principal investigators, and revised and edited the manuscript. All authors approved the final manuscript.



Funding

The present work was supported by the Program for the National Natural Science Foundation of China (NO. 81601693, 81703924, 81973687), the Foundation of Education Department of Shaanxi Province Government (NO. 18JK0212), the Key Research and Development Program of Shaanxi Province (2018ZDCXL-SF-01-02-02), the Youth Innovation Team of Shaanxi Universities.



References

 Aarabi, S., Longaker, M. T., and Gurtner, G. C. (2007). Hypertrophic scar formation following burns and trauma: new approaches to treatment. PloS Med. 4, e234. doi: 10.1371/journal.pmed.0040234

 Berman, B., Maderal, A., and Raphael, B. (2017). Keloids and Hypertrophic Scars: Pathophysiology, Classification, and Treatment. Dermatol. Surg. 43 (Suppl 1), S3–S18. doi: 10.1097/DSS.0000000000000819

 Bhamra, S. K., Slater, A., Howard, C., Johnson, M., and Heinrich, M. (2017). The Use of Traditional Herbal Medicines Amongst South Asian Diasporic Communities in the UK. Phytother. Res. 31, 1786–1794. doi: 10.1002/ptr.5911

 Castellino, R. C., Muh, C. R., and Durden, D. L. (2009). PI-3 kinase-PTEN signaling node: an intercept point for the control of angiogenesis. Curr. Pharm. Des. 15, 380–388. doi: 10.2174/138161209787315873

 Chiang, R. S., Borovikova, A. A., King, K., Banyard, D. A., Lalezari, S., Toranto, J. D., et al. (2016). Current concepts related to hypertrophic scarring in burn injuries. Wound Repair Regener. 24, 466–477. doi: 10.1111/wrr.12432

 Djafarzadeh, R., Notohamiprodjo, S., Rieth, N., Hofstetter, M., Noessner, E., and Nelson, P. J. (2013). Treatment of dermal fibroblasts with GPI-anchored human TIMP-1 protein moderates processes linked to scar formation. J. Invest. Dermatol. 133, 803–811. doi: 10.1038/jid.2012.375

 Gauglitz, G. G., Korting, H. C., Pavicic, T., Ruzicka, T., and Jeschke, M. G. (2011). Hypertrophic scarring and keloids: pathomechanisms and current and emerging treatment strategies. Mol. Med. 17, 113–125. doi: 10.2119/molmed.2009.00153

 Hinz, B. (2007). Formation and function of the myofibroblast during tissue repair. J. Invest. Dermatol. 127, 526–537. doi: 10.1038/sj.jid.5700613

 Hinz, B. (2016). Myofibroblasts. Exp. Eye Res. 142, 56–70. doi: 10.1016/j.exer.2015.07.009

 Honardoust, D., Ding, J., Varkey, M., Shankowsky, H. A., and Tredget, E. E. (2012). Deep dermal fibroblasts refractory to migration and decorin-induced apoptosis contribute to hypertrophic scarring. J. Burn Care Res. 33, 668–677. doi: 10.1097/BCR.0b013e31824088e3

 Honardoust, D., Kwan, P., Momtazi, M., Ding, J., and Tredget, E. E. (2013). Novel methods for the investigation of human hypertrophic scarring and other dermal fibrosis. Methods Mol. Biol. 1037, 203–231. doi: 10.1007/978-1-62703-505-7_11

 Huang, H. H., Liu, F. B., Ruan, Z., Zheng, J., Su, Y. J., and Wang, J. (2018). Tetramethylpyrazine (TMPZ) triggers S-phase arrest and mitochondria-dependent apoptosis in lung cancer cells. Neoplasma 65, 367–375. doi: 10.4149/neo_2018_170112N26

 Hutchenreuther, J., and Leask, A. (2016). A tale of two orgins: do myofibroblasts originate from different sources in wound healing and fibrosis? Cell Tissue Res. 365, 507–509. doi: 10.1007/s00441-016-2419-5

 Ikeda, K., Torigoe, T., Matsumoto, Y., Fujita, T., Sato, N., and Yotsuyanagi, T. (2013). Resveratrol inhibits fibrogenesis and induces apoptosis in keloid fibroblasts. Wound Repair Regener. 21, 616–623. doi: 10.1111/wrr.12062

 Jiang, B. H., Jiang, G., Zheng, J. Z., Lu, Z., Hunter, T., and Vogt, P. K. (2001). Phosphatidylinositol 3-kinase signaling controls levels of hypoxia-inducible factor 1. Cell Growth Differ. 12, 363–369.


 Li, T. T., Wang, Z. B., Li, Y., Cao, F., Yang, B. Y., and Kuang, H. X. (2019). The mechanisms of traditional Chinese medicine underlying the prevention and treatment of atherosclerosis. Chin. J. Nat. Med. 17, 401–412. doi: 10.1016/S1875-5364(19)30048-2

 Miletta, N. R., Donelan, M. B., and Hivnor, C. M. (2017). Management of trauma and burn scars: the dermatologist’s role in expanding patient access to care. Cutis 100, 18–20.


 Nie, H., Ran, X., and Zeng, Z. (2012). [Effect of tetramethylpyrazine on Nogo gene regulation of the proliferation in cardiac fibroblast]. Sichuan Da Xue Xue Bao Yi Xue Ban 43, 843–846.


 Paterno, J., Vial, I. N., Wong, V. W., Rustad, K. C., Sorkin, M., Shi, Y., et al. (2011). Akt-mediated mechanotransduction in murine fibroblasts during hypertrophic scar formation. Wound Repair Regener. 19, 49–58. doi: 10.1111/j.1524-475X.2010.00643.x

 Perry, N. S. L., Menzies, R., Hodgson, F., Wedgewood, P., Howes, M. R., Brooker, H. J., et al. (2018). A randomised double-blind placebo-controlled pilot trial of a combined extract of sage, rosemary and melissa, traditional herbal medicines, on the enhancement of memory in normal healthy subjects, including influence of age. Phytomedicine 39, 42–48. doi: 10.1016/j.phymed.2017.08.015

 Saito, M., Yamazaki, M., Maeda, T., Matsumura, H., Setoguchi, Y., and Tsuboi, R. (2012). Pirfenidone suppresses keloid fibroblast-embedded collagen gel contraction. Arch. Dermatol. Res. 304, 217–222. doi: 10.1007/s00403-011-1184-2

 Shen, J., Zeng, L., Pan, L., Yuan, S., Wu, M., and Kong, X. (2018). Tetramethylpyrazine regulates breast cancer cell viability, migration, invasion and apoptosis by affecting the activity of Akt and caspase-3. Oncol. Lett. 15, 4557–4563. doi: 10.3892/ol.2018.7851

 Shi, J., Li, J., Guan, H., Cai, W., Bai, X., Fang, X., et al. (2014). Anti-fibrotic actions of interleukin-10 against hypertrophic scarring by activation of PI3K/AKT and STAT3 signaling pathways in scar-forming fibroblasts. PloS One 9, e98228. doi: 10.1371/journal.pone.0098228

 Shi, J., Wang, H., Guan, H., Shi, S., Li, Y., Wu, X., et al. (2016). IL10 inhibits starvation-induced autophagy in hypertrophic scar fibroblasts via cross talk between the IL10-IL10R-STAT3 and IL10-AKT-mTOR pathways. Cell Death Dis. 7, e2133. doi: 10.1038/cddis.2016.44

 Sidgwick, G. P., and Bayat, A. (2012). Extracellular matrix molecules implicated in hypertrophic and keloid scarring. J. Eur. Acad. Dermatol. Venereol. 26, 141–152. doi: 10.1111/j.1468-3083.2011.04200.x

 Wang, J., Dodd, C., Shankowsky, H. A., Scott, P. G., Tredget, E. E., and Wound Healing Research, G (2008). Deep dermal fibroblasts contribute to hypertrophic scarring. Lab. Invest. 88, 1278–1290. doi: 10.1038/labinvest.2008.101

 Wang, C., Li, Y., Yang, X., Bi, S., Zhang, Y., Han, D., et al. (2017). Tetramethylpyrazine and Astragaloside IV Synergistically Ameliorate Left Ventricular Remodeling and Preserve Cardiac Function in a Rat Myocardial Infarction Model. J. Cardiovasc. Pharmacol. 69, 34–40. doi: 10.1097/FJC.0000000000000437

 Wu, X., Zhang, F., Xiong, X., Lu, C., Lian, N., Lu, Y., et al. (2015). Tetramethylpyrazine reduces inflammation in liver fibrosis and inhibits inflammatory cytokine expression in hepatic stellate cells by modulating NLRP3 inflammasome pathway. IUBMB Life 67, 312–321. doi: 10.1002/iub.1348

 Wu, X., Li, J., Yang, X., Bai, X., Shi, J., Gao, J., et al. (2018). miR-155 inhibits the formation of hypertrophic scar fibroblasts by targeting HIF-1alpha via PI3K/AKT pathway. J. Mol. Histol. 49, 377–387. doi: 10.1007/s10735-018-9778-z

 Zhang, X., Zhang, F., Kong, D., Wu, X., Lian, N., Chen, L., et al. (2014). Tetramethylpyrazine inhibits angiotensin II-induced activation of hepatic stellate cells associated with interference of platelet-derived growth factor beta receptor pathways. FEBS J. 281, 2754–2768. doi: 10.1111/febs.12818

 Zhao, S., Zhang, Z., Yao, Z., Shao, J., Chen, A., Zhang, F., et al. (2017). Tetramethylpyrazine attenuates sinusoidal angiogenesis via inhibition of hedgehog signaling in liver fibrosis. IUBMB Life 69, 115–127. doi: 10.1002/iub.1598



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Wu, Wang, Wu, Xu, Zhang, Li, Zhang and Guo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fphar.2020.00602_cover.jpg
’ frontiers
in Pharmacology

Tetramethylpyrazine Induces
Apoptosis and Inhibits Proliferation
of Hypertrophic Scar-Derived
Fibroblasts via Inhibiting the
Phosphorylation of AKT





OEBPS/Images/fphar-11-00602-g004.jpg
R e
. ASpeins

10pM
¢ CONS 1020 40pM TMP

e B

Pr———— |

Ep——

WEEE | —cores
= e
T T

°
g8
o 3
8
zo
2 8
L N
$ @SS
SIS SO
104
w8 wcox b
g
H
H ]
23 a |
(R aum |
85 |
g8? L
] |
k] I

Bax Bcl2  Caspase3 Cleaved
Chmbis





OEBPS/Images/fphar-11-00602-g002.jpg
" con CONVTMP(1M) CONFIMPERM)

B cons 1020 40pM - T™MP o
.
\
—— = —usma N
\
[pp——— A\






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fphar-11-00602-g005.jpg
CON 5 10 20 40 yM TMP

A

—p-AKT

— AKT

— Actin

o

w = o
v =]

(1o1u03 Jo %) 1 MY/ IMV-d





OEBPS/Images/fphar-11-00602-g003.jpg
a0
@

Weon
o

= 2 8 § ] °

()uonnauisip ojoAa l1o0

g 8 8 3 8§ °

(%)setes uopayu 119D
<

G2

GOGL

0 40

10

coN

40pM

10pM





OEBPS/Images/logo.jpg
’ frontiers
in Pharmacology





OEBPS/Images/fphar-11-00602-g001.jpg
N.
7
Extract
N
N






OEBPS/Text/nav.xhtml


  

    Table of Contents



    

		Cover



      		

        Tetramethylpyrazine Induces Apoptosis and Inhibits Proliferation of Hypertrophic Scar-Derived Fibroblasts via Inhibiting the Phosphorylation of AKT

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Culture and Drug Treatment

          



          		

            Western Blot Analysis

          



          		

            Flow Cytometry Analysis

          



          		

            CCK-8 Assay

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            TMP Treatment Inhibited Col I, Col III, and α-SMA Protein Expression in HFs

          



          		

            TMP Inhibits HFs Proliferation

          



          		

            TMP Induces Apoptosis and Regulates Apoptosis-Related Proteins Bcl-2 and Caspase-3 in HFs

          



          		

            Involvement of AKT Pathways in the Suppressive Effects of TMP in HFs

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



