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Abstract
Background: Astragalus genus includes most of the common, historical herbal medicines that have various applications in Asian countries. However, clinical data and mechanistic insights into their actions are still lacking.
Purpose: In this study, we aimed to examine the effects of astragalosides on wound healing in vitro and in vivo, as well as the underlying mechanisms of these actions.
Methods: The wound healing activity of astragalosides was investigated in human HaCaT keratinocytes, human dermal fibroblast (HDF) cells, and murine models of wound healing. 
Results: All eight astragalosides studied enhanced epidermal growth factor receptor (EGFR) activity in HaCaT cells. Among them, astragaloside VI (AS-VI) showed the strongest EGFR activation. Consistently, AS-VI and cycloastragenol-6-O-beta-D-glucoside (CMG), which is the major metabolite of astragalosides, enhanced extracellular signal-regulated kinase (ERK) activity in a concentration-dependent manner. In agreement, both compounds induced EGFR-dependent cell proliferation and migration in HaCaT and HDF cells. In addition, we showed that AS-VI and CMG accelerated the healing of both sterile and infected wounds in vivo. These effects were associated with increased angiogenesis in the scar tissue. 
Conclusion: AS-VI and CMG increased the proliferation and migration of skin cells via activation of the EGFR/ERK signalling pathway, resulting in the improvement of wound healing in vitro and in vivo. These findings indicate the therapeutic potential of AS-VI and CMG to accelerate wound healing; additionally, they suggest the mechanistic basis of this activity.
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Introduction 
Astragali Radix (Huangqi, AR), obtained from the dried roots of Astragalus membranaceus or A. membranaceus var. mongholicus (family Leguminosae), is a popular traditional Chinese medicine. It has been used in various applications, particularly to promote the growth of new tissues and improve immunity (Lau et al., 2012). In addition, AR has been shown to exhibit diverse pharmacological properties, including anti-inflammatory, anti-aging, antioxidant, hypoglycemic, and hepatoprotective actions (Liu et al., 2011); however, the ability of AR to promote wound healing is the most relevant to its traditional uses (Chen et al., 2012; Chen et al., 2013; Tam et al., 2011).          
Upon skin injury, wound healing processes are initiated, including haemorrhage, inflammation, proliferation, and tissue remodelling. Cutaneous wound healing is a complicated and dynamic process that requires coordination between different cell types and processes of cell proliferation, angiogenesis, and extracellular matrix deposition (Singer and Clark, 1999). It is initiated and regulated by many growth factors, such as transforming growth factors, fibroblast growth factor, and insulin-like growth factor-1 (Lynch et al., 1989). Among them, epidermal growth factor (EGF)/EGF receptor (EGFR) signalling is one of the best characterized pathways, which is involved in multiple phases of wound healing, including inflammation, proliferation, wound contraction, keratinocyte migration, and angiogenesis (Repertinger et al., 2004; Tokumaru et al., 2000 ). In addition, the p38 mitogen-activated protein kinase (MAPK) and c-Jun N-terminal kinase (JNK) signalling pathways have been shown to be involved in cutaneous wound healing (Bulat et al., 2009; Zhang et al., 2011b). 
Previous laboratory studies have shown the ability of AR extract and its components to accelerate wound healing and the related processes. For example, astragalosides (cycloartane-type saponins), the main components of AR, have been shown to promote wound healing in vitro and in vivo (Sevimli-Gur et al., 2011). Moreover, the whole AR extract improved the proliferation of fibroblasts derived from diabetic patients (Lau et al., 2009). Most previous studies have focused on one AR component, astragaloside IV (AS-IV), which is often considered the major bioactive compound. However, the pharmacological activities of other cycloartane-type saponins and the mechanisms underlying their effects on wound healing remain unclear and require further investigation. In the present study, we used HaCaT keratinocytes and dermal fibroblasts, as well as in vivo rodent models to clarify the effects and detailed mechanisms of astragalosides in wound healing. Our findings indicate that AS-VI is the most effective of the tested astragalosides for promoting skin cell proliferation and activation of the EGFR-ERK (extracellular signal–regulated kinase) pathway as well as AS-IV’s major metabolite cycloastragenol-6-O-beta-D glucoside (CMG). Using an animal model, we further showed that both AS-VI and CMG enhance wound healing and that this may result from increased angiogenesis and anti-inflammatory activity in the healing skin. These findings demonstrate the therapeutic potential of AS-VI and CMG for accelerating wound healing and provide an understanding of the basic cellular mechanisms that drive this effect.

Materials and methods
Materials. A. membranaceus var. mongholicus was authenticated by Dr. H. C. Lin at the National Defense Medical Center, where a voucher specimen (NDMCP no. 1000901) was deposited. The EGFR inhibitor, AG1478 and ERK inhibitor, U0126 were purchased from Tocris bioscience (Bristol, UK) and Cayman chemical (Ann Arbor, MI, USA), respectively.

Preparation of astragalosides. Dried powder of AR (9.5 kg) was soaked in 95% ethanol for 24 h (20 L × 7). When evaporated under reduced pressure, 756.25 g of AR extract was obtained. The AR extract was then partitioned between 𝑛-BuOH and H2O. The 𝑛-BuOH layer (432.4 g) was further partitioned between 𝑛-hexane and 90% MeOH. The MeOH layer contained 334.68 g of the extract. This fraction was exposed to medium-pressure liquid chromatography and eluted with a H2O-MeOH gradient system (60% and 70% MeOH) to give three fractions. Fraction 2 (83.93 g) was further separated by silica gel chromatography and eluted with CHCl3-MeOH-H2O (10:5:1) to give AS-I (2.17 g), AS-II (1.68 g), AS-III (156.9 mg), AS-IV (1.83 g), AS-VI (311.1 mg), IsoAS-I (338.7 mg), and IsoAS-II (274.3 mg) (Fig. 1A-G). The identity of these compounds was confirmed by comparing their spectral data to that in the literature (Kitagawa et al., 1983a; Kitagawa et al., 1983b). To prepare the possible intestinal metabolite, cycloastragenol-6-O-beta-D-glucoside (CMG), AS-IV was incubated with naringinase at 37 °C for 72 h to yield an additional cycloartane compound, identified as CMG (Fig. 1H) (Kitagawa et al., 1983a).

Cell culture. Human HaCaT keratinocytes and primary human dermal fibroblasts (HDF) were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA) and maintained in Dulbecco’s modified Eagle’s medium (DMEM) containing 100 IU/mL penicillin, 100 µg/mL streptomycin, and 7% foetal bovine serum (Gibco, Gaithersburg, MD, USA) in 5% CO2 at 37 °C. All experiments were carried out using cells after 3–20 passages. The medium was changed every 2–3 days, and the cells were subcultured following trypsinisation once they reached 80% confluence. 

Cell proliferation assay. Cell viability assay was performed using a cell counting kit (CCK-8; Dojindo, Japan), as previously described (Lee et al., 2013). Briefly, HaCaT (2 × 103) or HDF (1 ×103) cells were seeded onto 96-well plates and allowed to attach overnight. The cells were incubated with the indicated concentrations of astragalosides for 48 h. Then, the original medium was removed, and 10 µL of CCK-8 in 90 µL of phosphate-buffered saline (PBS) was added and incubated for 2 h. The metabolic activation of CCK-8 was quantified by measuring the absorbance at 450 nm using a spectrophotometer.

Western blot analysis. The expression of specific proteins in HaCaT and HDF cells was measured as previously described (Lin et al., 2016). The cells were homogenized in radioimmunoprecipitation assay (RIPA) buffer with protease and phosphatase inhibitors. Equal amounts of proteins from each sample were separated using sodium dodecyl sulphate (SDS)-10% polyacrylamide gel electrophoresis (PAGE) and transblotted onto polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA, USA). Immunoblotting was performed with antibodies against phospho-EGFR (p-EGFR; Y1068) (Epitomics, Burlingame, CA, USA), EGFR, p-Akt (Ser473), p-ERK1/2 (Thr202/Tyr204), ERK1/2, p-stress-activated protein kinase (SAPK)/JNK (Thr183/Tyr185), SAPK/JNK, p-p38 MAPK (Thr180/Tyr182), p38 MAPK (Cell Signalling Tech, Danvers, MA, USA), EGFR (Santa Cruz, CA, USA), and β-actin (Chemicon, Temecula, CA, USA). The signals were visualized using an enhanced chemiluminescence kit (ECL, Amersham, UK), followed by exposure to X-ray films.

Scratch wound test. This assay was performed as previously described (Ranzato et al., 2008). HaCaT cells were seeded onto 12-well plates and allowed to reach confluence. The cells were serum starved for 24 h before scratch wounds were made by using a pipette tip. They were then washed by PBS to remove any detached cells. Subsequently, cells were incubated with the indicated concentrations of astragalosides in 5% CO2 at 37 °C. Cell migration was measured using photomicrography (Leica Microsystems, Wetzlar, Germany) to compare the scratch dimensions at 0 and 48 h after wounding.

Animal models of wound healing. Wound healing was modelled in mice as previously described (Bai et al., 2014). Eight-week-old male C57BL/6JNarl mice, weighing 20–25 g, were purchased from BioLASCO Taiwan Co., Ltd. They received food and water ad libitum and were maintained under 12/12 h light/dark cycles at 18–26 °C at the Laboratory Animal Centre of the National Defense Medical Center. The experimental protocol was approved by the Institutional Animal Care and Use Committee of the National Defence Medical Centre (IACUC-13-302). Wound healing was evaluated in vivo using two separate models, the Staphylococcus aureus-infected and non-infected traumatic wound models. For each model, mice were divided into four groups (n = 6 per group), as follows: a control group (without vaseline), a vaseline group, an AS-VI group (10 µM in vaseline), and a CMG group (10 µM in vaseline). For the non-infected traumatic wound model, a 1.2 × 1.2 cm wound was created on the dorsal side of mice using stainless steel scissors. Then, AS-VI or CMG-containing dressings were applied topically to the wound area and immobilized with a piece of Tegaderm™ transparent membrane. For the infected wound model, after cutting, the wound was infected with S. aureus culture broth (1 × 105 CFU/150 µL) before application of the same dressings. The dressings were changed every 2 days, and the area of the wound was recorded daily for 26 consecutive days.  

Histology. Histological examination was performed as previously described (Yates et al., 2007 ). At the end of the experiment, mice were killed, and the regenerative skin tissue was biopsied and frozen in liquid nitrogen. It was then stored at -70 °C until embedding in paraffin for analysis of angiogenesis. Wound closure area and angiogenesis were measured using an image analysis software (Kurabo, Osaka, Japan).

Statistical analysis. All data represent the mean ± standard deviation (SD). Significant differences among groups were determined using one-way analysis of variance (ANOVA) with repeated measures followed by Newman-Keuls test. Statistical analyses were carried out using SPSS 14.0 for Windows software. A p-value < 0.05 was considered statistically significant.


Results 
AS-VI and CMG activate EGFR and ERK1/2, but not the JNK and p38 MAPK signalling pathways
To investigate the effects of astragalosides on EGFR activation, HaCaT cells were incubated with a series of astragalosides, including CMG, AS-I, AS-II, AS-III, AS-IV, AS-VI, IsoAS-I, and IsoAS-II. The effects of these compounds were compared to that of a positive control, epidermal growth factor (EGF, 1 μM), which produced 3.33 ± 0.64-fold increase in EGFR phosphorylation (Y1068), compared to the control (p < 0.05). We found that pretreatment with CMG, AS-I, AS-II, AS-III, AS-IV, AS-VI, IsoAS-I, or IsoAS-II at 1 μM increased EGFR activation in HaCaT cells (1.78 ± 0.26 [p < 0.05], 1.5 ± 0.19 [not significant (NS)], 1.12 ± 0.41 [NS], 1.66 ± 0.63 [NS], 1.81 ± 0.42 [NS], 2.35 ± 0.36 [p < 0.05], 2.14 ± 0.3 [p < 0.05], and 1.88 ± 0.4 [NS]-fold, respectively, compared to the control; Fig. 2A and 2B). Among them, AS-VI and CMG, the major intestinal metabolite of astragalosides, exerted the strongest EGFR activation. Thus, we focused on these compounds in the subsequent experiments. To further investigate the regulation of the EGFR pathway by AS-VI and CMG, the effects of these astragalosides on different MAPKs downstream of EGFR activation were investigated in HaCaT cells. We showed that AS-VI at the indicated concentrations (0.01, 0.1, 1, and 10 μM) increased the activation of EGFR (1 ± 0.1 [NS], 1.17 ± 0.17 [NS], 1.35 ± 0.06 [p < 0.01], and 1.73 ± 0.16 [p < 0.01]-fold, respectively, compared to the control; Fig. 2C and 2F) and ERK1/2 in a concentration-dependent manner (1.9 ± 0.07 [p < 0.01], 2.21 ± 0.06 [p < 0.01], 3.01 ± 0.34 [p < 0.01], and 3.91 ± 1.18 [NS]-fold, respectively, compared to the control; Fig. 2C and 2F). Similarly, CMG at different concentrations increased the phosphorylation of EGFR (0.98 ± 0.04 [NS], 0.85 ± 0.03 [NS], 1.38 ± 0.23 [NS], and 1.61 ± 0.12 [p < 0.05]-fold, respectively, compared to the control; Fig. 2D and 2G) and ERK1/2 (1.59 ± 0.5 [NS], 1.65 ± 0.46 [NS], 2.36 ± 0.02 [p < 0.01], 2.04 ± 0.47 [NS]-fold, respectively, compared to the control; Fig. 2D and 2G). However, neither AS-VI nor CMG resulted in activation of the JNK, AKT, or p38 MAPK pathways (Fig. 2E, 2F, and 2G). 

AS-VI and CMG promote cell proliferation and wound healing in vitro via activation of the EGFR signalling pathway
Since astragalosides effectively activated EGFR/ERK1/2 pathway, we investigated whether AS-VI and CMG could promote cell proliferation. In HaCaT cells, the positive control, EGF expectedly resulted in 1.5 ± 0.03-fold increase in cell proliferation, compared to the control (p < 0.01; Fig. 3A). AS-VI at the indicated concentrations (0.01, 0.1, 1, and 10 μM) also significantly promoted cell proliferation in both HaCaT (1.11 ± 0.04 [NS], 1.2 ± 0.02 [p < 0.01], 1.23 ± 0.03 [p < 0.01], and 1.28 ± 0.02 [p < 0.01]-fold, respectively, compared to the control; Fig. 3A) and HDF cells (1.13 ± 0.04 [NS], 1.2 ± 0.01 [p < 0.05], 1.2 ± 0.05 [p < 0.05], and 1.21 ± 0.05 [p < 0.05]-fold, respectively, compared to the control; Fig. 3B). In addition, CMG treatment at different concentrations resulted in similar improvement of cell proliferation in HaCaT (1.1 ± 0.03 [NS], 1.11 ± 0.04 [NS], 1.23 ± 0.02 [p < 0.01], 1.28 ± 0.02 [p < 0.01]-fold, respectively, compared to the control; Fig. 3C) and HDF cells (0.94 ± 0.07 [NS], 1.14 ± 0.07 [NS], 1.15 ± 0.07 [NS], and 1.29 ± 0.08 [p < 0.01]-fold, respectively, compared to the control; Fig. 3D). To determine whether these changes in cell proliferation by AS-VI and CMG were associated with increase in cell migration, we performed an in vitro scratch wound healing assay. Both AS-VI and CMG increased HaCaT cell migration with an efficacy comparable to that of EGF (46.7 ± 1.03% vs. control 30.25 ± 4.32%; p < 0.05; Fig. 3E). As shown in Figures 3E and 3G, at the indicated concentrations (0.01, 0.1, 1, and 10 μM), AS-VI increased cell migration in a concentration-dependent manner (30.31 ± 1.8 [NS], 41.36 ± 3.38 [NS], 44.4 ± 1.15 [p < 0.05], and 44.15 ± 1.12% [NS], respectively). Similar data were obtained for CMG (30.76 ± 1.56 [NS], 38.54 ± 1.91 [NS], 41.81 ± 0.98 [p < 0.05], and 48.2 ± 4.62 [p < 0.05], respectively; Fig. 3F and 3H). In addition, the effects of AS-VI and CMG on cell proliferation were dependent on the EGFR signalling pathway since inhibition of EGFR by AG1478 completely prevented AS-VI and CMG-induced increase in cell proliferation (Fig. 3I). 

AS-VI and CMG accelerate cutaneous wound healing in vivo
The rate of wound closure is an important assessment tool of the efficacy of any potential wound healing agent. To confirm the wound healing activities of AS-VI and CMG in vivo, rodent models were employed. Figure 4 shows that topical application of either AS-VI or CMG improved wound healing, compared to the control. In the simple non-infected wound model, wound healing in mice was accelerated by AS-VI and CMG (Fig. 4A and 4B), wherein the time required for wound closure was shortened by approximately 2–4 days, compared to that in the control group. Since wound healing is often complicated by infections, we also used an infected wound model, where wounds were inoculated with S. aureus, which delays the rate of wound healing, as previously reported (Yates et al., 2007 ). In our study, the appearance of pus after 7 days confirmed the infection status. Topical treatment with either AS-VI or CMG reduced the volume of pus produced, compared to the control group (Fig. 4C). At this stage, pus was removed from all wounds, and dressings containing AS-VI or CMG were re-applied to the wounds. As shown in Figures 4C and 4D, both AS-VI and CMG-treated wounds showed an accelerated rate of healing, compared to the control and vaseline groups. By day 22, the AS-VI and CMG-treated wounds fully closed, whereas the blank and vaseline-treated wounds did not fully close until day 26. Angiogenesis is a crucial step in the formation of granulation tissue and wound healing (McLaughlin et al., 2013). To determine whether AS-VI and CMG could act on this phase of wound healing, we examined their effects on the vasculature within the healed wounds in vivo. Neovascularisation of the re-epithelialised wounds was assessed by several parameters, including blood vessel area, length, joint, and path formation. Figures 4E-M show that CMG and AS-IV increased blood vessel formation in both the non-infected and infected wound models. CMG and AS-IV significantly increased angiogenesis in the non-infected wound model (Fig. 4E), with increase in blood vessel area (1.07 ± 0.05 and 1.06 ± 0.05-fold, respectively, compared to the control; p < 0.01; Fig. 4F), length (1.19 ± 0.02 and 1.08 ± 0.07-fold, respectively, compared to the control; p < 0.01; Fig. 4G), joint (1.47 ± 0.05 [p < 0.05] and 1.27 ± 0.12 [p < 0.01]-fold, respectively, compared to the control; Fig. 4H), and path (1.45 ± 0.04 [p < 0.01] and 1.26 ± 0.11-fold [p < 0.05], respectively, compared to the control; Fig. 4I). Besides, CMG and AS-IV resulted in similar effects in the infected wound model (Fig. 4J) with an increase in blood vessel area (0.9 ± 0.1 [p < 0.05] and 1.01 ± 0.09 [p < 0.01]-fold, respectively, compared to the control; Fig. 4K), length (0.86 ± 0.1 and 1.1 ± 0.09-fold, respectively, compared to the control; p < 0.01; Fig. 4L), joint (1.11 ± 0.13 [p < 0.05] and 1.33 ± 0.15 [p < 0.01]-fold, respectively, compared to the control; Fig. 4M), and path (0.97 ± 0.1 [NS] and 1.31 ± 0.15 [p < 0.05]-fold, respectively, compared to the control; Fig. 4N). These findings suggest that AS-VI and CMG could significantly promote angiogenesis in both non-infected and infected wound models.

Discussion
In traditional Chinese medicine, AR is well known for its potential to improve the immunity and promote the growth of new tissues. The major bioactive components of AR extract, which are relevant to wound healing, have been suggested to be astragalosides, cycloartane-type saponins (Sevimli-Gur et al., 2011). Among them, AS-IV is the most studied; a recent study showed that AS-IV not only improved wound healing but also possessed anti-scar activity in a rodent model (Chen et al., 2013). To clarify these effects and the underlying mechanisms of AR actions, we investigated whether a series of astragalosides could promote wound healing using both in vitro and in vivo models. The molecular mechanisms of these compounds were assessed using in vitro cell models of proliferation and migration via measurement of signalling pathway activation by western blotting. In addition, their effects on wound healing were investigated in vivo by measuring the wound size and associated angiogenesis. In this study, we showed that AS-VI rather than AS-IV was the most active astragaloside; moreover, both AS-VI and CMG, a metabolite of astragalosides, significantly activated the EGFR/ERK pathway in human keratinocytes. The efficacy of AS-VI and CMG in stimulating the EGFR/ERK pathway was comparable to that of EGF. EGFR/ERK pathway activation was associated with increased proliferative activity in both HaCaT keratinocytes and HDF cells. In agreement, AS-VI and CMG significantly promoted cutaneous wound closure and stimulated angiogenesis in the wound tissue in vivo. 
EGFR is extensively involved in many aspects of skin cell biology, including control of cell proliferation and migration, cell adhesion, and expression of matrix-degrading proteinases (Hudson and McCawley, 1998); each of which is a crucial step in wound healing. In the present study, we showed that astragalosides significantly promoted EGFR activity via increasing its phosphorylation level. We found that AS-VI was the most effective among the AR extract fractions tested, wherein it exerted greater effects compared to AS-IV, suggesting that it might have a greater activity in wound healing than AS-IV. Our findings regarding astragaloside-mediated EGFR activation are consistent with the results of a previous study (Zhao et al., 2012), which suggested that AS-IV could affect the EGFR signalling pathway by analysing in silico inverse docking data. To investigate the pathways activated by AS-VI downstream of EGFR, we evaluated the activity of the major MAPK signalling cascades. We found that AS-VI specifically increased the activation of ERK1/2, but not JNK or p38, in human keratinocytes. These observations are consistent with the results of previous studies on AS-IV in human umbilical vein endothelial cells (Wang et al., 2013) and embryonic fibroblasts (Yung et al., 2012), where it activated ERK1/2 pathways rather than the JNK and p38 pathways. One possible downstream effector of the EGFR/ERK pathway relevant to wound healing is telomerase, which has been previously shown to be associated with human cutaneous skin regeneration (Härle-Bachor and Boukamp, 1996); in addition, it is activated by EGF thorough the Ras/MEK/ERK pathway (Maida et al., 2002). Supporting this hypothesis, it was shown that TA-65, a commercial purified extract of AR, activated telomerase in immune cells, keratinocytes, and fibroblasts; besides, it increased the length of the telomere while ameliorating DNA damage in mouse embryonic fibroblasts with Terc haploinsufficiency (Bernardes de Jesus et al., 2011). Together, these findings clearly show that astragalosides could activate cellular processes involved in wound healing, and this is mediated, at least in part, by the EGFR/ERK1/2 pathway.
The process of re-epithelialisation is crucial for wound healing at the proliferative stage (Bai et al., 2014), which is dependent on the rate of cell growth (Gurtner et al., 2008). In the present study, AS-VI actively promoted the proliferation of human keratinocytes (HaCaT) and HDF cells, an effect that could be beneficial in wound closure. This is in agreement with the findings of the in vivo study. This suggests that AS-VI could shorten the time of wound healing by accelerating the process of re-epithelialisation. In addition, angiogenesis is a key component in the proliferative stage of wound healing (Tonnesen et al., 2000), where it promotes the development of the granulation tissue and remodelling of the healing tissue (McLaughlin et al., 2013). In the present study, we showed that AS-VI promoted angiogenesis in both infected and non-infected models of wound healing in vivo. This is consistent with the results of previous studies that showed that AR extract and AS-IV promoted angiogenesis via the vascular endothelial growth factor (VEGF) and phosphatidylinositol 3-kinase (PI3K)-AKT pathway in human umbilical vein endothelial cells (Zhang et al., 2011a; Zhang et al., 2009), suggesting that the pro-angiogenic property of AS-VI might also be mediated by the VEGF/PI3K/AKT pathway. Nevertheless, the signalling pathways involved in wound healing-associated angiogenesis require further investigation. Taken together, these findings clearly show the beneficial effects of AS-VI in promoting angiogenesis and cell proliferation during wound healing, resulting in accelerated wound closure.
In addition to simple wound closure, a major problem related to wound healing is the presence of continuous inflammation and infection. Continuous inflammatory responses can disturb and delay the wound healing process. In this context, AR extract has been previously shown to exert anti-inflammatory effects via suppression of nitric oxide (NO) production in RAW264.7 cells (Lai et al., 2013). This effect was associated with suppression of inflammatory gene response by negative regulation of nuclear factor kappa-B (NF-κB) expression. Importantly, these effects of AR extract were shown to be protective in a diabetic rodent renal injury model (Gui et al., 2013). Furthermore, the presence of bacterial lipopolysaccharides (LPS) in infected wounds can lead to hypertrophic scar tissue formation and delayed wound closure (Yang et al., 2013). Although astragalosides do not have a bactericidal activity, AS-VII exhibited immunoregulatory effects in vivo by promoting the release of Th1 cytokines (interleukin-2 [IL-2] and interferon- γ [IFN-γ]), which are crucial for fighting bacterial and viral infections (Nalbantsoy et al., 2012). Therefore, we suggest that the anti-inflammatory and immunoregulatory effects of astragalosides might be beneficial in wound healing. Although this assumption needs further investigation, it is consistent with the finding of reduced pus formation upon treatment of the infected wounds with AS-VI.
Besides native astragalosides (AS-VI), we studied the effects of a related compound, CMG. CMG was originally identified as a by-product produced during the conversion of AS-IV to cycloastragenol by hesperidinase (Kitagawa et al., 1983a). In fact, CMG is one of the major metabolites of AS-IV produced by intestinal bacteria (Zhou et al., 2012). It retains the same pharmacological activities of AS-IV. During the preparation of traditional Chinese medicines, the processing of medicinal herbs, including forging, stewing, roasting, and stir-frying, can alter their therapeutic effects. Processing of medicinal herbs often causes chemical changes in their constituents. Regarding AR, it has been found that AS-IV can be hydrolysed to CMG by bidirectional solid fermenting. This conversion inferred a potent antioxidant activity on the compound when tested in vascular endothelial cells (Ruan et al., 2010). In fact, most of AR astragalosides differ only in the modification of the C-3 xylose (Kitagawa et al., 1983a), which is easily removed during processing and intestinal digestion (Zhou et al., 2012). Thus, when AR is processed or ingested, astragalosides are likely to be converted to CMG, which may be the major bioactive compound responsible for the biological effects in vivo. However, data on the potential bioactivity, pharmacological effectiveness, and mechanisms of action of CMG in wound healing are still lacking. In our study, we showed that CMG retained the wound healing-promoting effects of AS-VI, including induction of EGFR activation, cell proliferation and migration, and acceleration of wound closure in vivo. These results together with the previously reported antioxidant properties of CMG (Ruan et al., 2010), which may be beneficial in wound healing (James et al., 2001), our findings suggest that, similar to AS-VI, CMG could promote wound healing at multiple stages. Importantly, cycloastragenol compounds, such as AS-VI, have poor solubility, which can limit their practical applications, whereas CMG is readily soluble in aqueous solutions. Therefore, given its comparable biological effects and superior chemical properties to traditional astragalosides, CMG may have a great potential as a therapeutic agent for future pharmacological applications.

Conclusions
In this study, we showed, for the first time, that AS-VI is the most active AR component, in terms of stimulation of skin cell proliferation in vitro and promotion of cutaneous wound healing in vivo. Additionally, we showed that these effects might be mediated by the EGFR/ERK pathway, resulting in an increase in cell proliferation, cell migration, and angiogenesis. Finally, we confirmed that CMG retained the beneficial effects of AS-VI. CMG might be the main bioactive component of AR extract in vivo if prepared according to traditional processing; additionally, it has superior chemical properties to AS-VI, which makes it more suitable for pharmaceutical development. 
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Figure legends
Figure 1. Structure of astragalosides used in this study. Structures of AS-I (A), AS-II (B), AS-III (C), AS-IV (D), AS-VI (E), IsoAS-I (F), IsoAS-II (G), and CMG (H) are shown. Ac represents acetyl group. 

Figure 2. Effects of AS-VI and CMG on the EGFR and MAPK signalling pathways in HaCaT cells. Cells were treated with 1 M of the indicated astragaloside or EGF (2 ng/mL; positive control) for 30 min. They were then harvested for western blot analysis of p-EGFR levels (A), which were quantified by densitometry (B). The effects of increasing concentrations of AS-VI (C) and CMG (D) on p-EGFR and p-ERK levels, as well as on p-p38, p-JNK, and p-AKT levels (E) were investigated by western blot analysis and quantified by densitometry (AS-VI, F; CMG, G). Data represent the mean ± SD (n = 3). *p < 0.05 and **p < 0.01 versus the untreated control. 

Figure 3. Effects of AS-VI and CMG on cell proliferation and migration
HaCaT and HDF cells were incubated with the indicated concentrations of AS-VI (A and B), or CMG (C and D) for 48 h. The relative cell viability was determined using the CCK-8 kit with 0.1% dimethyl sulphoxide (DMSO)-treated control cells representing 100% viability. Monolayers of HaCaT cells were scratched and treated with the indicated concentrations of AS-VI or CMG for 48 h. The scratched wound was photographed at 0 and 48 h (E and F) and quantitated (G and H). The involvement of the EGFR/ERK pathway in the proliferative response to AS-VI (I) and CMG (J) was tested by pre-incubating the cells with the EGFR inhibitor, AG1478 (0.1 M), or the ERK inhibitor, U0126 (1M) for 30 min prior to CMG or AS-VI treatment (1 M) for 48 h. Data represent the mean ± SD (n = 6). *p < 0.05 and **p < 0.01 versus the untreated control; ##p < 0.01 versus AS-VI or CMG treatment. 

Figure 4. Effects of AS-VI and CMG on wound healing in vivo
In vivo mouse models of non-infected and infected wounds were used. Images of the wound area were taken at specified intervals (non-infected, A; infected, C), and the percent of wound closure at each time point, relative to the original wound area was calculated (non-infected, B; infected, D). Blood vessel formation within the scar tissue was examined by histology (non-infected, E; infected, J) and quantified in terms of the microvascular vessel area (non-infected, F; infected, K), length (non-infected, G; infected, L), joint (non-infected, H; infected, M), and path (non-infected, I; infected, N) after normalisation to the untreated control values. “Vasel” represents vaseline group. Data represent the mean ± SD (n = 5). *p < 0.05 and **p < 0.01 versus the vaseline control.

Figure 5. The proposed mechanisms of AS-VI and CMG in wound healing
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