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Background: Inhibiting proliferation and inducing apoptosis of myofibroblasts is becoming one of the promising and effective ways to treat hypertrophic scar. ABT-263, as an orally bioavailable BCL-2 family inhibitor, has showed great antitumor characteristics by targeting tumor cell apoptosis. The objective of this study was to explore whether ABT-263 could target apoptosis of overactivated myofibroblasts in hypertrophic scar.
Methods:In vivo, we used ABT-263 to treat scars in a rabbit ear scar model. Photographs and ultrasound examination were taken weekly, and scars were harvested on day 42 for further Masson trichrome staining. In vitro, the expression levels of BCL-2 family members, including prosurvival proteins, activators, and effectors, were detected systematically in hypertrophic scar tissues and adjacent normal skin tissues, as well as in human hypertrophic scar fibroblasts (HSFs) and human normal dermal fibroblasts (HFBs). The roles of ABT-263 in apoptosis and proliferation of HSFs and HFBs were determined by annexin V/PI assay, CCK-8 kit, and cell cycle analysis. Mitochondrial membrane potential was evaluated by JC-1 staining and the expression of type I/III collagen and α-SMA was measured by PCR, western blotting, and immunofluorescence staining. Furthermore, immunoprecipitation was performed to explore the potential mechanism.
Results:In vivo, ABT-263 could significantly improve the scar appearance and collagen arrangement, decrease scar elevation index (SEI), and induce cell apoptosis. In vitro, the expression levels of BCL-2, BCL-XL, and BIM were significantly higher in scar tissues and HSFs than those in normal skin tissues and HFBs. ABT-263 selectively induced HSFs apoptosis by releasing BIM from binding with prosurvival proteins. Moreover, ABT-263 inhibited HSFs proliferation and reduced the expression of α-SMA and type I/III collagen in a concentration- and time- dependent manner.
Conclusion: HSFs showed increased mitochondrial priming with higher level of proapoptotic activator BIM and were primed to death. ABT-263 showed great therapeutic ability in the treatment of hypertrophic scar by targeting HSFs.
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INTRODUCTION
Hypertrophic scar affects millions of patients, particularly children and burn victims, resulting in long-term physical dysfunction and psychological stress (Sheridan et al., 2000; Cen et al., 2015). Currently, there are a variety of treatments for hypertrophic scars, such as resection, corticosteroid injection, compression, and laser treatment. However, there remains unsatisfactory treatment to permanently eliminate scars (Bhargava et al., 2018; Lv and Xia, 2018). Therefore, it is urgently needed to find more effective and satisfactory treatments.
Although the exact pathogenesis of hypertrophic scar is not fully elucidated, myofibroblasts play a pivotal role in scar formation, characterized by increased expression of α-smooth muscle actin (α-SMA), excessive collagen synthesis, immoderate cell proliferation, and reduced cell apoptosis (Hinz, 2016). Myofibroblasts are responsible for tissue contraction and excessive extracellular matrix (ECM) secretion during hypertrophic scar formation, leading to stiffness, compression, and loss of joint mobility. Strategies that inhibit myofibroblast proliferation and promote myofibroblast apoptosis are effective ways for treating hypertrophic scar (Shi et al., 2018; Zhou et al., 2018).
ABT-263 is a small-molecule BH3 mimetic drug and inhibitor of prosurvival BCL-2 family proteins, which could directly bind to and block prosurvival BCL-2 family members (BCL-2 and BCL-W and BCL-XL) and then activate intrinsic apoptosis pathway (Wilson et al., 2010; Vogler et al., 2011). Recently, ABT-263 has been widely used as an orally bioavailable inhibitor of prosurvival BCL-2 proteins in many antitumor therapies by targeting tumor cell apoptosis and inhibiting cell proliferation (Gandhi et al., 2011; Wang et al., 2016; Froehlich et al., 2019). However, whether it can reduce hypertrophic scars remains unclear. In this study, we explored the therapeutic effects of ABT-263 on hypertrophic scar in vivo and further explored related mechanisms by in vitro experiments, with a focus on the direct effects of ABT-263 on targeting myofibroblasts apoptosis.
MATERIALS AND METHODS
Reagents
Antibodies used were listed as follows: anti-collagen I antibody, anti-collagen III antibody (Gene Tex, USA); anti-BIM, BCL-2, BCL-XL, and α-SMA antibody (Abcam, USA); anti-tubulin antibody (Cell Signaling Technology, USA). Secondary antibodies Alexa Fluor 488 goat anti-mouse immunoglobulin IgG2a and Alexa Fluor 555 goat anti-rabbit IgG1 were purchased from Thermo Fisher Scientific (Waltham, MA, USA). ABT-263 was purchased from Selleck Chemicals (Houston, TX, USA), dissolved in DMSO (Beyotime, Shanghai, China). Cell cycle staining kit and annexin V apoptosis kit were obtained from BD Biosciences (San Jose, CA). Cell counting kit-8 kit and mitochondrial membrane potential assay kit with JC-1 were purchased from Beyotime (Shanghai, China), and coimmunoprecipitation kit was purchased from Thermo Fisher Scientific (Waltham, MA, USA).
Rabbit Ear Hypertrophic Scar Model Establishment and Treatment
All animal studies were approved by the Ethics Committee of Changhai Hospital, Shanghai, China (NO. CHEC2014-096). As described in our previous study, a hypertrophic scar model was established by using rabbit ears (Xiao et al., 2019). Rabbits were housed in individual cages in controlled conditions (23 ± 3 °C, 50 ± 10% humidity, and 12 h day/night cycle) with free access to food and water. Eight male New Zealand rabbits aged 3 months and weighting 2.5–3 kg were anesthetized with pentobarbital sodium (1mg/kg). Six circular full-thickness wounds with diameter 10 mm were made on the ventral surface of each ear by removing the epidermis, dermis, and perichondrium to the bare cartilage. Animals received systemic analgesia after surgery through remifentanil being administered at a dose of 10 μg kg−1 h−1. The rabbits were randomly divided into the control group and the experimental group. On postoperative day 14, the wounds were completely reepithelialized and then injected with ABT-263 dissolved in DMSO (150μM, 100 μL) in the experimental group, while the wounds in the control group were injected with 100 μL DMSO only. ABT-263 or DMSO was carefully injected into the center of each lesion from the edge of the wound with a 29-G needle. The injections were administered once a week for a total of 4 times. The dose of ABT-263 was measured in preliminary experiments where wounds were given 50, 150, 250, and 350 μM in 100 μL DMSO. The 150 μM ABT-263 in 100 μL DMSO was the minimum required to achieve the greatest attenuation of scar elevation index. In addition, drug administration was preliminarily performed with different time intervals, namely, once a day, once every three days, and once every week. Once every week was the minimum required to avoid skin necrosis.
Scar Evaluation and Histologic Analysis
The gross appearance of each wound was monitored every week by two scar specialists, and the thickness of the scar was calculated by ultrasound (MyLabOne, Italy). SEI (scar elevation index) provided an accurate parameter to assess scar formation and was calculated as follows: SEI = H/H0, where H represents the length between the highest point to the surfaces of cartilage in scar, and H0 represents the length from the epithelium to the surface of the cartilage in adjacent normal skin (Zhang et al., 2015; Lin et al., 2019; Feng et al., 2020).
The specimen was collected on day 42 after wounding, divided equally in half, one half of the specimen for histologic analysis and the other half for western blot. For histologic analysis, the specimen was fixed in 4% formaldehyde solution for 24 h, embedded in paraffin, cut into 5 mm slices, and then analyzed by Masson trichrome staining.
Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling Staining
TUNEL staining was performed using an apoptosis detection kit (Roche, California, USA) following the manufacturer’s instructions. Briefly, rabbit ear sections were deparaffinized, hydrated, and permeabilized with 0.1% Triton X-100. After being washed twice with PBS, the sections were stained in sequence with TUNEL test solution and DAPI. The images were then taken under the fluorescence microscope (Olympus, Tokyo, Japan).
Human Normal Dermal Fibroblasts and Hypertrophic Scar Fibroblasts Isolation and Culture
All experimental procedures have been approved by the Ethics Committee of Changhai Hospital, Shanghai, China. After obtaining informed consent, we collected the tissues of hypertrophic scar from six patients (three males, three females) who underwent surgical excision of hypertrophic scar in the Changhai Hospital. After being incubated with type I collagenase (0.1 mg/ml, Sigma) at 37 °C for 4 h, HSFs and HFBs were isolated from human hypertrophic scar tissue and adjacent normal skin tissue, respectively. The extracted cells were cultured in Dulbecco's Modified Eagle Media (DMEM) supplemented with 10% FBS, 1% penicillin, and streptomycin. Cells between passage two and passage four were used for further experiments. HSFs are α-SMA positive, while HFBs are α-SMA negative, as measured by immunofluorescence staining.
Quantitative Real-Time PCR
HSFs and HFBs were cultured on 6-well culture plates and treated with or without ABT-263 (0, 5, 15, and 25 μM) for 24 h. The total RNA of cells and skin tissues was isolated using Trizol reagent (Life Technologies, USA) and then quantitative real-time PCR was performed using SYBR Green PCR Master Mix in a total volume of 10 ml with the Step One Plus Real-Time PCR System (Applied Biosystems) as previously reported method (Zheng et al., 2017). GAPDH was served as an internal reference and primer sequences used were listed as follows:
BCL-2, 5′-GGT​GGG​GTC​ATG​TGT​GTG​G-3′ and 5′-CGG​TTC​AGG​TAC​TCA​GTC​ATC​C-3′; BCL-XL, 5′-GAG​CTG​GTG​GTT​GAC​TTT​CTC-3′ and 5′-TCC​ATC​TCC​GAT​TCA​GTC​CCT-3′; BCL-W, 5′-GCG​GAG​TTC​ACA​GCT​CTA​TAC-3′ and 5′-AAA​AGG​CCC​CTA​CAG​TTA​CCA-3′; BIM, 5′-TAA​GTT​CTG​AGT​GTG​ACC​GAG​A-3′ and 5′-GCT​CTG​TCT​GTA​GGG​AGG​TAG​G-3′; MCL-1, 5′-TGC​TTC​GGA​AAC​TGG​ACA​TCA-3′ and 5′-TAG​CCA​CAA​AGG​CAC​CAA​AAG-3′; BAX, 5′-CCC​GAG​AGG​TCT​TTT​TCC​GAG-3′ and 5′-CCA​GCC​CAT​GAT​GGT​TCT​GAT-3′; BAK, 5′-GTT​TTC​CGC​AGC​TAC​GTT​TTT-3′ and 5′-GCA​GAG​GTA​AGG​TGA​CCA​TCT​C-3′; α-SMA,5′-AGGTAACGAGTCAGAGCTTTGGC-3′ and 5′-CTCTCTGTCCACCTTCCAGCAG-3; collagen 1, 5′-GAGGGCCAAGACGAAGACATC-3′and 5′-CAGATCACGTCATCGCACAAC-3′; collagen 3, 5′-GGA​GAC​GGC​TAT​TTT​GGG​ACG-3′ and 5′-TCC​TTG​AGT​GGA​GCT​TCC​ATT-3′; GAPDH, 5′-AGA​ACA​TCA​TCC​CTG​CAT​CC-3′ and 5′-TCC​ACC​ACC​CTG​TTG​CTG​TA-3′.
Annexin V/PI Staining
HSFs and HFBs were cultured on 6-well culture plates and treated with or without ABT-263 (0, 5, 15, and 25 μM) for 24 h or 48 h. Apoptotic cells were measured by using an annexin V apoptosis detection kit following the manufacturer’s instructions. In brief, 100 μL cell suspension was incubated with 5 μL FITC-annexin V for 15 min and then incubated with 5 μL propidium iodide (PI) staining solution for another 10 min at room temperature. Finally, the percentage of apoptotic cells was detected using flow cytometer (Beckman, Los Angeles, USA).
Cell Cycle Assay
HSFs were cultured with different concentrations of ABT-263 (0, 5, 15, and 25 μM) for 24 h. The cells were collected using 0.25% trypsin, washed twice with prechilled phosphate-buffered saline (PBS), and added with 1 ml DNA staining solution and 10 μL permeation solution according to the manufacturer’s instructions. After being incubated in the dark for 30 min, the samples were analyzed through a flow cytometer (Beckman, Los Angeles, USA).
Mitochondrial Membrane Potential
HSFs and HFBs were cultured on 6-well culture plates with or without ABT-263 (0, 5, 15, and 25 μM) for 48 h. Following the manufacturer’s instructions of JC-1 assay kit, the cells were washed with prechilled PBS, added with 1 ml JC-1 staining working solution to each well, and incubated for 30 min. The mitochondrial membrane potential changes were observed through a fluorescent microscope. Red fluorescence represented JC-1 aggregate in mitochondria and green fluorescence indicated JC-1 monomer in mitochondria.
Western Blotting
Cell lysates were obtained from the skin samples and treated cells with lysis buffer containing proteinase inhibitors. After being centrifuged at 12,000 rpm for 20 min at 4 °C, the supernatants were harvested for further western blot analysis. The protein concentration was measured by a Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, USA), and then immunoblotting was performed with corresponding primary antibodies and secondary antibodies.
Coimmunoprecipitation
Coimmunoprecipitation was performed by Pierce Co-Immunoprecipitation Kit (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. Briefly, 25 μg antibody was fixed to AminoLink Plus Coupling Resin and washed three times before the antibody-conjugated resin was ready for IP. Cell lysate was added to the resin and rotated for 1 h at room temperature. The precipitated proteins were eluted with elution buffer and the eluent was used for western blot analysis.
Immunofluorescence Staining
Immunofluorescence staining was performed to analyze the expression of collagen and α-SMA in HSFs. Briefly, the cells were fixed with 4% paraformaldehyde for 30 min at room temperature, permeabilized with 0.1% Triton X-100, and then incubated with corresponding primary antibodies and fluorescent secondary antibodies. Finally, the images were taken by the fluorescence microscope (Olympus, Tokyo, Japan).
Statistical Analysis
SPSS 22.0 software (IBM Corporation, Armonk, NY, USA) and GraphPad Prism 8.0 (La Jolla, CA, USA) were used for statistical analysis and graphical presentations. The data were presented as mean ± standard deviation (SD). Differences between two groups were analyzed with Student’s t test and differences among three groups were analyzed with one-way analysis of variance (ANOVA). p < 0.05 was considered as statistical significance.
RESULTS
ABT-263 Reduced Scar Formation in Rabbit Hypertrophic Scar Model
The rabbit ear hypertrophic scar model was established to determine the therapeutic role of ABT-263 in vivo. On day 14 after surgery, all wounds showed complete reepithelialization. On day 42 after wounding, scars were formed with stiff, red, and visible raised appearance in all wounds of control group. Nevertheless, the scars treated with ABT-263 reduced significantly, with softer and less visible appearance (Figure 1A). Consistent with gross appearance, further ultrasound examination showed that the scars treated with ABT-263 were thinner and SEI was lower than that in the control group (Figure 1B). The collagen deposition after treatment with ABT-263 was observed by Masson trichrome staining, showing significantly less and well-arranged collagen deposition in ABT-263 treated group (Figure 1C). Furthermore, the protein expression levels of collagen I, collagen III, and α-SMA were significantly lower in the ABT-263 treated group than that in the control group (Figure 1D). To evaluate the effect of ABT-263 on cell apoptosis in scar tissue, we performed TUNEL staining on rabbit ear-tissue sections. The results showed that the percentage of TUNEL-positive cells was significantly higher in the ABT-263 treated group than that in the control group (Figure 1E).
[image: Figure 1]FIGURE 1 | The effect of ABT-263 on hypertrophic scar in vivo. (A) Gross examination of scars after treatment with ABT-263. (B) The thickness of the scar on day 42 after wounding was measured by ultrasound examination and SEI (scar elevation index) was calculated. n = 5. (C) Masson trichrome staining of scars from different groups. Scale bars: 50 μm. (D) The protein expression of collagen I, collagen III, and α-SMA in day 42 wounds, measured by western blotting. n = 5. (E) TUNEL staining and quantification of the percentage of TUNEL-positive cells in day 42 wounds. n = 5. Scale bars: 50 μm. Data represented the means ± SD. ***p < 0.001 vs. control.
ABT-263 Selectively Induced Human Hypertrophic Scar Fibroblasts Apoptosis in vitro
To determine the in vitro effects of ABT-263 on human hypertrophic scar fibroblasts and human normal skin fibroblasts, HFBs and HSFs were cultured and treated with different concentrations of ABT-263 for 24 and 48 h. The gross examination showed that proliferation of HSFs was significantly inhibited by ABT-263 in both time and dose dependent manner. Most of HSFs floated spherically at 48h, while HFBs were spindle-shaped and fast-growing (Figure 2). Then annexin V and PI based flow cytometry analysis was used to measure the apoptosis in HSFs and HFBs. As shown in Figure 3, ABT-263 could induce more apoptosis in HSFs in a time and dose dependent manner, whereas HFBs were less sensitive for ABT-263 induced apoptosis. To determine whether ABT-263 induced HSFs apoptosis via mitochondria-associated pathways, HSFs and HFBs were treated by different concentrations of ABT-263 for 48 h and then JC-1 was used to detect the mitochondrial membrane potential, showing that the mitochondrial membrane potential changed more obviously with the increase of ABT-263 concentration in HSFs when compared with HFBs (Figure 4). These data indicated that ABT-263 could selectively induce HSFs apoptosis through mitochondria-associated pathways, while it caused less damage to normal skin fibroblasts.
[image: Figure 2]FIGURE 2 | Morphological changes in HSFs and HFBs after treatment with different concentration of ABT-263. The results showed that HSFs were susceptible to ABT-263 induced apoptosis, with more floated spherical cells, while HFBs were insensitive.
[image: Figure 3]FIGURE 3 | ABT-263 selectively induced apoptosis of HSFs. After double staining with annexin V-FITC and PI, the cells were quantitatively analyzed with flow cytometry, demonstrating that ABT-263 could induce more apoptosis to HSFs in a time and dose dependent manner, whereas HFBs were less sensitive for ABT-263 induced apoptosis. n = 3 and data represented the means ± SD. **p < 0.01, ***p < 0.001, and n.s., no significance.
[image: Figure 4]FIGURE 4 | Mitochondrial membrane potential was measured by JC-1 assay kit. Red fluorescence represented JC-1 aggregate in mitochondria and green fluorescence indicated JC-1 monomer in mitochondria. The results showed that the mitochondrial membrane potential changed more obviously with the increase of ABT-263 concentration in HSFs when compared with HFBs. Scale bars: 100 μm.
ABT-263 Targeted Human Hypertrophic Scar Fibroblasts Apoptosis by Releasing BIM From Binding With Prosurvival Proteins
The pathway of apoptosis is tightly regulated by the BCL-2 family members, including prosurvival proteins (BCL-2, BCL-XL, and BCL-W), activators (BID and BIM), and effectors (BAX and BAK). Previous studies have demonstrated that the potential mechanism of ABT-263 proapoptotic activity depends on the release of BIM from binding with BCL-XL and BCL-2 (Tse et al., 2008). To further clarify the mechanism of ABT-263 targeting HSFs apoptosis, we first detected the expression levels of BCL-2 family members systematically. As shown in Figure 5A, the mRNA expression levels of BCL-2, BCL-XL, BAX, and BIM were significantly higher in hypertrophic scar tissues than those in adjacent normal skin tissues, whereas there was no significant difference of the mRNA expression levels of BCL-W, BID, and BAK between scar tissues and adjacent normal skin tissues. The mRNA expression levels of BCL-2 family members were also detected in HSFs and HFBs, showing similar trend as that in scar tissues and normal skin tissues (Figure 5B). The results were confirmed by western blotting, showing higher protein expression levels of BCL-2, BCL-XL, and BIM in HSFs (Figure 5C). We further performed coimmunoprecipitation of BIM/BCL-XL and BIM/BCL-2 complexes from cell lysates extracted from HSFs and HFBs after treatment with or without ABT-263. As shown in Figure 5D, the results demonstrated that ABT-263 could significantly reduce the binding of BIM to BCL-XL and BCL-2 in HSFs, which was consistent with the view that ABT-263 could induce HSFs apoptosis by releasing proapoptotic protein BIM from prosurvival proteins BCL-XL and BCL-2. As described above, mitochondria in HSFs, but not fibroblasts of normal skin tissue, are primed by death signals. This may explain why HSFs become more susceptible to apoptosis induced by BH3 mimetic drug ABT-263.
[image: Figure 5]FIGURE 5 | ABT-263 selectively induced HSFs apoptosis by releasing BIM from binding with prosurvival proteins. (A) The mRNA expression levels of BCL-2 family members in hypertrophic scar tissues and adjacent normal skin tissues, including prosurvival proteins (BCL-2, BCL-XL, and BCL-W), activators (BID and BIM), and effectors (BAX and BAK). n = 4. (B) The mRNA expression levels of BCL-2 family members in HFBs and HSFs, including BCL-2, BCL-XL, BCL-W, BID, BIM, BAX, and BAK. n = 3. (C) The protein expression levels of BCL-2, BCL-XL, and BIM in HFBs and HSFs were measured by western blotting. n = 3. (D) BIM is sequestered by BCL-XL and BCL-2 in HSFs and displaced by ABT-263. Anti-BIM immunoprecipitation of whole-cell lysates from HFBs and HSFs treated with or without ABT-263 for 8 h. BCL-2 and BCL-XL were immunoblotted. Data represented the means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and n.s., no significance.
ABT-263 Inhibited Human Hypertrophic Scar Fibroblasts Proliferation and Blocked Cell Cycle at G0/G1 Phase in a Concentration Dependent Manner
CCK-8 assay was used to detect cell proliferation after treatment with ABT-263. The results showed that ABT-263 could inhibit the growth of HSFs significantly (Figure 6A). Next, we tested the effect of ABT-263 on the cell cycle of HSFs by flow cytometry. As shown in Figure 6B, as the concentration of ABT-263 increased, the percentage of cells in the G0/G1 phase dramatically increased, while the percentage of cells in the S phase markedly decreased and cells in the G2/M phase did not change significantly. These data indicated that ABT-263 could inhibit HSFs proliferation and block cell cycle at G0/G1 phase.
[image: Figure 6]FIGURE 6 | ABT-263 inhibited HSFs proliferation and blocked cell cycle. (A) Cell proliferation was measured by CCK-8 kit in HSFs after treatment with different concentration of ABT-263. (B) Cell cycle of HSFs was detected with flow cytometry and quantitative analysis was further performed. n = 3. Data represented the means ± SD.
ABT-263 Reduced the Expression of α-SMA, Collagen I, and Collagen III in Human Hypertrophic Scar Fibroblasts
To further explore the effects of ABT-263 on collagen synthesis and α -SMA expression, HSFs were treated with different concentrations of ABT-263 for 24 h. The expression of α-SMA, collagen I, and collagen III was detected by q-PCR and western blot. As shown in Figures 7A,B, the results demonstrated that ABT-263 reduced the expression of α-SMA, collagen I, and collagen III in both mRNA and protein level after treatment with different concentration of ABT-263. These results were further confirmed by immunofluorescence, showing that ABT-263 could inhibit the expression of collagen I and α-SMA in ABT-263 treated HSFs (Figure 7C). Collectively, these data suggested that ABT-263 might have the potential to treat scars by selectively inducing HSFs apoptosis, inhibiting HSFs proliferation, and reducing collagen deposition and α-SMA expression.
[image: Figure 7]FIGURE 7 | ABT-263 reduced the expression of α -SMA, collagen I, and collagen III in HSFs. (A) The mRNA expression levels of α -SMA, collagen I, and collagen III in HSFs after treatment with different concentration of ABT-263 were determined by PCR. n = 3. (B) The protein expression levels of α-SMA, collagen I, and collagen III in ABT 263-treated HSFs were determined by western blot. n = 3. (C) The protein expression levels of collagen I and α-SMA in ABT-263 treated HSFs were further confirmed by immunofluorescence staining. Collagen I was stained with red, α-SMA with green, and nuclei with blue. Scale bars: 100 μm. Data represented the means ± SD. *p < 0.05, **p < 0.01, ***p < 0.001, and n.s., no significance. vs. control.
DISCUSSION
In this study, we found that the expression levels of BCL-2, BCL-XL, and BIM were significantly increased in HSFs. Based on this, we further showed that ABT-263, a targeted high-affinity inhibitor of BCL-2 family, could selectively induce myofibroblast apoptosis and inhibit hypertrophic scar formation, which indicates the potential of ABT-263 as an effective treatment for hypertrophic scar. To our knowledge, this is the first study to measure the expression of BCL-2 family members systematically and explore the role of ABT-263 in hypertrophic scar.
Evasion of apoptosis by myofibroblasts is one of the underlying mechanisms of various types of fibrotic disease (Teofoli et al., 1999; Thannickal and Horowitz, 2006; Iqubal et al., 2020; Xu et al., 2020). Apoptosis is a physiological process in which cells are genetically programmed to self-destruct, including the intrinsic and extrinsic pathways. The intrinsic pathway, called mitochondrial apoptosis, is tightly controlled by the BCL-2 family proteins, including prosurvival proteins, activators, and effectors (Youle and Strasser, 2008). Prosurvival proteins such as BCL-2 and BCL- XL could bind and sequester both activators and effectors to inhibit cell apoptosis. Once activator proteins such as BIM are released from prosurvival proteins, they activate effector protein BAX and induce apoptosis by promoting mitochondrial outer membrane permeabilization. Relative expression of proapoptotic and antiapoptotic BCL-2 family members determines the fate of cells. In the past, the persistence of myofibroblasts in fibrotic tissue has suggested that these cells are apoptosis-resistant, characterized by increased BCL-2/BAX ratio (Thannickal and Horowitz, 2006). Recently, studies have indicated that, rather than resisting apoptosis in fibrotic conditions, myofibroblasts virtually tend to be self-destructive, manifested as an increase in mitochondrial apoptotic priming (Lagares et al., 2017; Kuehl and Lagares, 2018). Mitochondrial priming indicates the closeness of mitochondria to cell apoptosis threshold and is determined by the relative expression of prosurvival proteins, effectors, and activators from the BCL-2 family (Del Gaizo Moore et al., 2007; Ryan et al., 2010). Proapoptotic effectors and activators increased mitochondrial priming and made myofibroblasts primed to death (Lagares et al., 2017). However, these cells could still survive even with a heightened mitochondrial priming when the prosurvival mechanism is activated, by upregulation of antiapoptotic BCL-2 family members, such as BCL-2 and BCL-XL (Lagares et al., 2017). Though few studies have detected the expression of BCL-2 family members in hypertrophic scar before, they only measure the expression of BCL-2 or BAX or BCL-2/BAX ratio, which cannot comprehensively show the prosurvival or proapoptotic status of hypertrophic scar (Teofoli et al., 1999; Zhang et al., 2017). In this study, we separated myofibroblasts from human hypertrophic scar and detected the expression of BCL-2 family members systematically, including prosurvival proteins (BCL-2, BCL-XL, and BCL-W), activators (BID and BIM), and effectors (BAX and BAK). In mRNA and protein levels, we found that BCL-2, BCL-XL, and BIM were significantly higher in HSFs than those in HFBs, whereas there was no significant difference of the expression of BCL-W, BID, and BAK between HSFs and HFBs. To our knowledge, this is the first time to measure the expression of BCL-2 family members in HSFs systematically, which demonstrated increased mitochondrial priming in HSFs.
ABT-263, as a potent BH3 mimetic, possesses high binding affinity to BCL-2 antiapoptotic family proteins and blocks its prosurvival function and then releases BIM, which directly activates BAX and BAK to induce cell apoptosis (Tse et al., 2008). ABT-263 has been reported to target apoptosis of primed cancer cells in various kinds of tumor based on the increased mitochondrial priming in these cancer cells (Ni Chonghaile et al., 2011; Vo et al., 2012; Czabotar et al., 2014). Here, we demonstrated that elevated mitochondrial priming of myofibroblasts in hypertrophic scar can provide an analogous therapeutic mechanism, making these myofibroblasts susceptible to apoptosis by ABT-263, while quiescent fibroblasts in normal skin tissues are not susceptible. We found that ABT-263 selectively induced HSFs apoptosis in a concentration dependent manner through flow cytometry analysis. Further immunoprecipitation showed that ABT-263 could reduce the binding of BCL-2/BCL-XL with BIM and subsequently release the BIM, which further caused the mitochondrial membrane potential changes and finally induced the apoptosis of hypertrophic scar myofibroblasts. Furthermore, our in vitro experiments showed that ABT-263 could inhibit HSFs proliferation and reduce the expression of α-SMA, collagen I, and collagen III in a concentration dependent manner. These results may partially explain the beneficial role of ABT-263 in hypertrophic scar treatment.
There are several potential advantages of using ABT-263 topically to treat hypertrophic scars. Firstly, selectively inducing apoptosis of myofibroblasts by targeting the antiapoptotic protein BCL-2/BCL-XL could avoid excessive inflammatory reactions caused by excessive cell breakdown, which may aggravate scar formation (Pan et al., 2017; Moncsek et al., 2018). Secondly, previous study has reported that ABT-263 could induce platelet apoptosis and thrombocytopenia via oral systematic administration (Mullard, 2016). In this study, local injection of ABT-263 could reduce systemic toxicity of ABT-263 and increase the local agent concentration.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics Committee of Changhai Hospital, Shanghai, China. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by the Ethics Committee of Changhai Hospital, Shanghai, China.
AUTHOR CONTRIBUTIONS
YZ conceived and designed the study; XY and YX consulted the literature and prepared materials; XY, YX, CZ, FS, and YZ performed the experiment and analyzed the data; XY and YZ wrote the paper; YZ, SX, and ZX revised the paper.
FUNDING
This work was supported by the National Key R&D Program of China (2019YFA0110503); the Youth Incubation Plan of the Military Medical Science and Technology (20QNPY035); the National Nature Science Foundation of China (82072170, 81701905, 81772076, 81871559, and 81571897); the CAMS Innovation Fund for Medical Sciences (2019-I2M-5-076); and the Shanghai health system excellent talent training program (2017BR037).
REFERENCES
 Bhargava, S., Cunha, P., Lee, J., and Kroumpouzos, G. (2018). Acne scarring management: systematic review and evaluation of the evidence. Am. J. Clin. Dermatol . 19 (4), 459–477. doi:10.1007/s40257-018-0358-5
 Cen, Y., Chai, J., Chen, Y., Chai, J., Chen, H., Chen, J., et al. (2015). Guidelines for burn rehabilitation in China. Burns Trauma . 3, 20. doi:10.1186/s41038-015-0019-3
 Czabotar, P., Lessene, G., Strasser, A., and Adams, J. (2014). Control of apoptosis by the BCL-2 protein family: implications for physiology and therapy. Nat. Rev. Mol. Cell Biol . 15 (1), 49–63. doi:10.1038/nrm3722
 Del Gaizo Moore, V., Brown, J., Certo, M., Love, T., Novina, C., and Letai, A. (2007). Chronic lymphocytic leukemia requires BCL2 to sequester prodeath BIM, explaining sensitivity to BCL2 antagonist ABT-737. J. Clin. Invest . 117 (1), 112–121. doi:10.1172/jci28281
 Feng, Y., Wu, J., Sun, Z., Liu, S., Zou, M., Yuan, Z., et al. (2020). Targeted apoptosis of myofibroblasts by elesclomol inhibits hypertrophic scar formation. EBioMedicine . 54, 102715. doi:10.1016/j.ebiom.2020.102715
 Froehlich, T., Müller-Decker, K., Braun, J., Albrecht, T., Schroeder, A., Gülow, K., et al. (2019). Combined inhibition of Bcl-2 and NFκB synergistically induces cell death in cutaneous T-cell lymphomaCombined inhibition of Bcl-2 and NFκB synergistically induces cell death in cutaneous T-cell lymphoma. Blood . 134 (5), 445–455. doi:10.1182/blood.2019001545
 Gandhi, L., Camidge, D., Ribeiro de Oliveira, M., Bonomi, P., Gandara, D., Khaira, D., et al. (2011). Phase I study of Navitoclax (ABT-263), a novel Bcl-2 family inhibitor, in patients with small-cell lung cancer and other solid tumors. J. Clin. Oncol . 29 (7), 909–916. doi:10.1200/jco.2010.31.6208
 Hinz, B. (2016). The role of myofibroblasts in wound healing. Curr. Res. Transl. Med . 64 (4), 171–177. doi:10.1016/j.retram.2016.09.003
 Iqubal, A., Syed, M., Ali, J., Najmi, A., Haque, M., and Haque, S. (2020). Nerolidol protects the liver against cyclophosphamide-induced hepatic inflammation, apoptosis, and fibrosis via modulation of Nrf2, NF-κB p65, and caspase-3 signaling molecules in Swiss albino mice Oxford, England: BioFactors. doi:10.1002/biof.1679
 Kuehl, T., and Lagares, D. (2018). BH3 mimetics as anti-fibrotic therapy: unleashing the mitochondrial pathway of apoptosis in myofibroblasts. Matrix Biol . 68–69, 94–105. doi:10.1016/j.matbio.2018.01.020
 Lagares, D., Santos, A., Grasberger, P., Liu, F., Probst, C., Rahimi, R., et al. (2017). Targeted apoptosis of myofibroblasts with the BH3 mimetic ABT-263 reverses established fibrosis. Sci. Transl. Med . 9 (420), eaal3765. doi:10.1126/scitranslmed.aal3765
 Lin, S., Quan, G., Hou, A., Yang, P., Peng, T., Gu, Y., et al. (2019). Strategy for hypertrophic scar therapy: improved delivery of triamcinolone acetonide using mechanically robust tip-concentrated dissolving microneedle array. J. Contr. Release : Official Journal of the Controlled Release Society . 306, 69–82. doi:10.1016/j.jconrel.2019.05.038
 Lv, K., and Xia, Z. (2018). Chinese expert consensus on clinical prevention and treatment of scar. Burns & trauma . 6, 27. doi:10.1186/s41038-018-0129-9
 Moncsek, A., Al-Suraih, M., Trussoni, C., O'Hara, S., Splinter, P., Zuber, C., et al. (2018). Targeting senescent cholangiocytes and activated fibroblasts with B-cell lymphoma-extra large inhibitors ameliorates fibrosis in multidrug resistance 2 gene knockout (Mdr2 ) mice. Hepatology (Baltimore, Md . 67 (1), 247–259. doi:10.1002/hep.29464
 Mullard, A. (2016). Pioneering apoptosis-targeted cancer drug poised for FDA approval. Nat. Rev. Drug Discov . 15 (3), 147–149. doi:10.1038/nrd.2016.23
 Ni Chonghaile, T., Sarosiek, K., Vo, T., Ryan, J., Tammareddi, A., Moore, Vdel. G., et al. (2011). Pretreatment mitochondrial priming correlates with clinical response to cytotoxic chemotherapy. Science . 334 (6059), 1129–1133. doi:10.1126/science.1206727
 Pan, J., Li, D., Xu, Y., Zhang, J., Wang, Y., Chen, M., et al. (2017). Inhibition of Bcl-2/xl with ABT-263 selectively Kills senescent type II pneumocytes and reverses persistent pulmonary fibrosis induced by ionizing radiation in mice. Int. J. Radiat. Oncol. Biol. Phys . 99 (2), 353–361. doi:10.1016/j.ijrobp.2017.02.216
 Ryan, J., Brunelle, J., and Letai, A. (2010). Heightened mitochondrial priming is the basis for apoptotic hypersensitivity of CD4+ CD8+ thymocytes. Proc. Natl. Acad. Sci. U.S.A . 107 (29), 12895–12900. doi:10.1073/pnas.0914878107
 Sheridan, R., Hinson, M., Liang, M., Nackel, A., Schoenfeld, D., Ryan, C., et al. (2000). Long-term outcome of children surviving massive burns. J. Am. Med. Assoc . 283 (1), 69–73. doi:10.1001/jama.283.1.69
 Shi, J., Xiao, H., Li, J., Zhang, J., Li, Y., Zhang, J., et al. (2018). Wild-type p53-modulated autophagy and autophagic fibroblast apoptosis inhibit hypertrophic scar formation. Lab. Invest . 98 (11), 1423–1437. doi:10.1038/s41374-018-0099-3
 Teofoli, P., Barduagni, S., Ribuffo, M., Campanella, A., De Pita', O., and Puddu, P. (1999). Expression of Bcl-2, p53, c-jun and c-fos protooncogenes in keloids and hypertrophic scars. J. Dermatol. Sci . 22 (1), 31–37. doi:10.1016/s0923-1811(99)00040-7
 Thannickal, V., and Horowitz, J. (2006). Evolving concepts of apoptosis in idiopathic pulmonary fibrosis. Proc. Am. Thorac. Soc . 3 (4), 350–356. doi:10.1513/pats.200601-001TK
 Tse, C., Shoemaker, A., Adickes, J., Anderson, M., Chen, J., Jin, S., et al. (2008). ABT-263: a potent and orally bioavailable Bcl-2 family inhibitor. Canc. Res . 68 (9), 3421–3428. doi:10.1158/0008-5472.can-07-5836
 Vo, T., Ryan, J., Carrasco, R., Neuberg, D., Rossi, D., Stone, R., et al. (2012). Relative mitochondrial priming of myeloblasts and normal HSCs determines chemotherapeutic success in AML. Cell . 151 (2), 344–355. doi:10.1016/j.cell.2012.08.038
 Vogler, M., Hamali, H., Sun, X., Bampton, E., Dinsdale, D., Snowden, R., et al. (2011). BCL2/BCL-X(L) inhibition induces apoptosis, disrupts cellular calcium homeostasis, and prevents platelet activation. Blood . 117 (26), 7145–7154. doi:10.1182/blood-2011-03-344812
 Wang, X., Zhang, C., Yan, X., Lan, B., Wang, J., Wei, C., et al. (2016). A novel bioavailable BH3 mimetic efficiently inhibits colon cancer via cascade effects of mitochondria. Clin. Canc. Res . 22 (6), 1445–1458. doi:10.1158/1078-0432.ccr-15-0732
 Wilson, W., O’Connor, O., Czuczman, M., LaCasce, A., Gerecitano, J., Leonard, J., et al. (2010). Navitoclax, a targeted high-affinity inhibitor of BCL-2, in lymphoid malignancies: a phase 1 dose-escalation study of safety, pharmacokinetics, pharmacodynamics, and antitumour activity. Lancet Oncol . 11 (12), 1149–1159. doi:10.1016/s1470-2045(10)70261-8
 Xiao, Y., Xu, D., Song, H., Shu, F., Wei, P., Yang, X., et al. (2019). Cuprous oxide nanoparticles reduces hypertrophic scarring by inducing fibroblast apoptosis. Int. J. Nanomed . 14, 5989–6000. doi:10.2147/ijn.s196794
 Xu, J., Yang, J., Chen, J., Zhang, X., Wu, Y., Hart, A., et al. (2020). Activation of synovial fibroblasts from patients at revision of their metal-on-metal total hip arthroplasty. Part. Fibre Toxicol . 17 (1), 42. doi:10.1186/s12989-020-00374-y
 Youle, R., and Strasser, A. (2008). The BCL-2 protein family: opposing activities that mediate cell death. Nat. Rev. Mol. Cell Biol . 9 (1), 47–59. doi:10.1038/nrm2308
 Zhang, Q., Liu, L., Yong, Q., Deng, J., and Cao, W. (2015). Intralesional injection of adipose-derived stem cells reduces hypertrophic scarring in a rabbit ear model. Stem Cell Res. Ther . 6, 145. doi:10.1186/s13287-015-0133-y
 Zhang, M., Dong, X., Guan, E., Si, L., Zhuge, R., Zhao, P., et al. (2017). A comparison of apoptosis levels in keloid tissue, physiological scars and normal skin. Am J Transl Res . 9 (12), 5548–5557.
 Zheng, Y., Ji, S., Wu, H., Tian, S., Zhang, Y., Wang, L., et al. (2017). Topical administration of cryopreserved living micronized amnion accelerates wound healing in diabetic mice by modulating local microenvironment. Biomaterials . 113, 56–67. doi:10.1016/j.biomaterials.2016.10.031
 Zhou, X., Xie, Y., Xiao, H., Deng, X., Wang, Y., Jiang, L., et al. (2018). MicroRNA-519d inhibits proliferation and induces apoptosis of human hypertrophic scar fibroblasts through targeting Sirtuin 7. Biomedicine & pharmacotherapy = Biomedecine & pharmacotherapie . 100, 184–190. doi:10.1016/j.biopha.2018.01.158
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 © 2021 Yang, Xiao, Zhong, Shu, Xiao, Zheng and Xia. 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.
OPS/images/fphar-11-615505-g005.gif





OPS/images/fphar-11-615505-g006.gif





OPS/images/fphar-11-615505-g003.gif





OPS/images/fphar-11-615505-g004.gif





OPS/images/fphar-11-615505-g007.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		ABT-263 Reduces Hypertrophic Scars by Targeting Apoptosis of Myofibroblasts		Introduction

		Materials and Methods		Reagents

		Rabbit Ear Hypertrophic Scar Model Establishment and Treatment

		Scar Evaluation and Histologic Analysis

		Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling Staining

		Human Normal Dermal Fibroblasts and Hypertrophic Scar Fibroblasts Isolation and Culture

		Quantitative Real-Time PCR

		Annexin V/PI Staining

		Cell Cycle Assay

		Mitochondrial Membrane Potential

		Western Blotting

		Coimmunoprecipitation

		Immunofluorescence Staining

		Statistical Analysis





		Results		ABT-263 Reduced Scar Formation in Rabbit Hypertrophic Scar Model

		ABT-263 Selectively Induced Human Hypertrophic Scar Fibroblasts Apoptosis in vitro

		ABT-263 Targeted Human Hypertrophic Scar Fibroblasts Apoptosis by Releasing BIM From Binding With Prosurvival Proteins

		ABT-263 Inhibited Human Hypertrophic Scar Fibroblasts Proliferation and Blocked Cell Cycle at G0/G1 Phase in a Concentration Dependent Manner

		ABT-263 Reduced the Expression of α-SMA, Collagen I, and Collagen III in Human Hypertrophic Scar Fibroblasts





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		References









OPS/images/cover.jpg
, frontiers
in Pharmacology






OPS/images/fphar-11-615505-g001.gif





OPS/images/fphar-11-615505-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





