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Abstract

Aim: Wounds in the elderly are frequently recalcitrant and chronic as a 

result of the effects of skin aging and associated complications. The 

objective of this study is to utilize α-Klotho knockout (KO) mice wound 

model to assess the capacity of amnion-derived mesenchymal stem cells 

(AMSCs) to facilitate wound healing in aging skin.

Methods: AMSCs were applied topically to the wound after extraction and 

gelatinization of the conditioned medium (CM). Animal experiments were 

performed with two distinct mouse strains: α-Klotho KO mice and wild-type 

mice. Full-thickness skin defect models with a diameter of 8 mm were 

created by incising the skin on the left and right sides of the dorsum. On 

day 8 after wound creation, the mice were sacrificed, and wound tissue was 

collected for analysis through histological and immunohistochemical 

evaluations, as well as quantitative polymerase chain reaction.

Results: The topical application of CM gel to wounds of α-Klotho KO mice 

demonstrated that wound healing was significantly higher than that 

observed in control, reaching the wound closure rate of wild-type mice on 

day 8. Additionally, gene expression analysis of wound tissue indicated that 

AMSC-CM may regulate extracellular matrix formation and fibrosis. 

Moreover, histological analysis indicated that AMSC-CM may facilitate 

wound contraction of aging skin wounds of α-Klotho KO mice by inducing 

myofibroblast differentiation and promoting granulation and collagen 

formation, which are the primary components of the extracellular matrix.

Conclusions: AMSC-CM may facilitate wound healing in aging skin of α-

Klotho KO mice by regulating the extracellular matrix.
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1 Main body

2 Introduction

3 In an aging society, wounds are increasingly encountered in elderly skin.1 

4 Such wounds are at high risk of becoming refractory and chronic due to skin 

5 aging and various complications.2 The development of improved treatments 

6 for aging skin wounds represents a significant challenge for plastic surgeons.

7 α-Klotho is a senescence-suppressing gene that was first identified in 

8 Japan in 1997.3 Deficiency in this gene is associated with premature aging,3 

9 and α-Klotho knockout (KO) mice have been used in various studies as an 

10 aging model.4,5 Previous studies on wound healing in α-Klotho KO mice have 

11 reported delayed wound healing, which is attributed to impaired re-

12 epithelialization, collagen synthesis, and angiogenesis.6,7 These findings 

13 largely align with the characteristics of delayed wound healing observed in 

14 aging skin.8,9 Therefore, α-Klotho KO mice have been proposed as a useful 

15 wound healing model that reflects the characteristics of wound healing in 

16 the elderly.6 However, studies on wound healing in α-Klotho KO mice remain 

17 limited, and further validation is required.

18 Mesenchymal stem cells (MSCs), which are somatic stem cells 

19 derived from mesodermal tissue, secrete a variety of bioactive substances 

20 and perform various wound healing–promoting functions.10 These functions 

21 include regulating inflammation, promoting angiogenesis, and controlling 

22 fibrosis through paracrine effects.11,12 MSCs can be harvested from several 

23 tissues throughout the body, including adipose tissue, bone marrow, and 

24 umbilical cord.13-16 Our research group conducts research using amnion-

25 derived MSCs (AMSCs), which can be harvested from the placenta following 

26 delivery.17-25 AMSCs offer the following advantages: (1) because AMSCs can 
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27 be harvested from the placenta after cesarean section, there is no donor 

28 invasion and large volumes and high concentrations of AMSCs can be 

29 obtained; (2) AMSCs exhibit less cellular senescence and have high 

30 proliferative potential because they are of fetal origin; and (3) they are 

31 immune-privileged and therefore rejection-free, which makes allogeneic 

32 transplantation possible.26 Accordingly, AMSC products targeting difficult-

33 to-heal wounds have been actively developed in recent years and are 

34 attracting increasing attention.27,28 The paracrine effects of AMSCs are 

35 thought to be mediated by bioactive substances contained in the conditioned 

36 medium (CM).21 We have conducted studies on the effects of topically 

37 applied AMSC-CM on wound healing. As a result, it was revealed that AMSC-

38 CM exerts fibrosis-modulating effects on keloid-derived fibroblasts, as well 

39 as anti-inflammatory and angiogenic effects in diabetic wounds.29,30

40 The objective of this study was to use the α-Klotho KO mouse wound 

41 model to ascertain the ability of topically applied AMSC-CM to promote the 

42 healing of aging skin wounds. This work may facilitate further investigation 

43 of the potential use of AMSCs as a superior therapeutic agent for refractory 

44 aging skin wounds.

45

46 Methods

47 Cells

48 Human AMSCs were kindly provided by Kaneka Corp. (Osaka, Japan). The 

49 AMSCs were confirmed to be multipotent and to express MSC markers 

50 (CD44, CD73, CD90 and CD105) but not hematopoietic markers (CD11b, 

51 CD19, CD34, CD45 and human leukocyte antigen DR).18,22,23 Cells from the 

52 third to fourth passages were used and incubated at 37°C and 5% CO2.30
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53

54 Extraction of conditioned medium

55 AMSC-CM is obtained by collecting AMSCs incubated for a given period of 

56 time, and this procedure was performed according to our previously 

57 reported method.30 Briefly, AMSCs are cultured until they reach sub-

58 confluency, and then the medium is aspirated, washed, and replaced with 

59 serum-free minimal essential medium (MEM)-α (Thermo Fisher Scientific, 

60 Waltham, MA; Cat# 12571063). Because the paracrine action of MSCs is 

61 enhanced under hypoxic conditions,31 the cells were cultured at 37°C, 1% 

62 O2, and 5% CO2 for 48 h, after which the CM was extracted using a 0.22-μm 

63 cell filtration filter.

64

65 Preparation of gels for topical application

66 To administer AMSC-CM to the wound, the extracted CM was gelatinized for 

67 topical application. As previously reported,30 gels were prepared by 

68 dissolving carboxymethylcellulose powder (Fujifilm Wako Pure Chemical 

69 Corp., Osaka, Japan; Cat# 035-01337) in the extracted CM at a 

70 concentration of 7%. As a negative control, standard medium (SM) gels were 

71 also prepared by dissolving carboxymethylcellulose powder in serum-free 

72 MEM-α at the same concentration.

73

74 Experimental model

75 The animal experiments were conducted using α-Klotho KO (kl/kl; RRID: 

76 IMSR_JCL: MGM-0009) and wild-type (WT, C57BL/6JJcl; 

77 RRID:MGI:3055581) mice (male, 5 weeks old; CLEA Japan, Tokyo, Japan). 

78 Ten mice of each type were used. The mice were introduced at 4 weeks of 
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79 age and permitted a 1-week acclimation period prior to the experiments. The 

80 mice were housed in a specific pathogen-free facility under controlled 

81 environmental conditions. The temperature was maintained at 22–24°C, with 

82 a humidity level of 40–60%. The light cycle was set from 7:00 AM to 7:00 

83 PM. The mice were provided with MF diet (Oriental Yeast Co., Ltd., Tokyo, 

84 Japan) and tap water ad libitum. In accordance with the method we 

85 previously reported,30 full-thickness skin-defect models with a diameter of 8 

86 mm were created by incising the skin on the left and right sides of the 

87 dorsum using a standard skin biopsy punch. The wounds were treated with 

88 CM gel or SM gel, and a transparent dressing (Tegaderm; 3M Japan, Tokyo, 

89 Japan; Cat# 16002S) was applied to prevent gel overflow and contraction of 

90 the panniculus carnosus muscle. Each wound was counted as n = 1. The 

91 wounds were cleaned and the gel was reapplied every other day, and the 

92 wounds were photographed at each interval (EOS X2; Canon, Tokyo, Japan; 

93 Cat# 2754B001). The mice were euthanized 8 days after wound creation, 

94 and the wound tissue was collected for analysis (Fig. 1). The collected wound 

95 tissues were divided into the following groups according to the type of mouse 

96 and the externally applied gel: WT mice + SM gel group (WT + SM), α-Klotho 

97 KO mice + SM gel group (KO + SM), and α-Klotho KO mice + CM gel group 

98 (KO + CM). WT mice + CM gel group was excluded for the following reasons: 

99 The primary objective of this study was to evaluate the effect of CM gel on 

100 KO mice, not on WT mice. Since the application of CM gel in WT mice would 

101 clearly enhance wound healing, we considered its impact on the overall 

102 experimental results to be minimal. Additionally, excluding this group helped 

103 to avoid unnecessary complexity in data presentation.

104 α-Klotho KO mice have shortened life spans due to the early aging 
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105 phenomenon and heightened susceptibility to external stressors.3,6 

106 Consequently, the mice were treated with the utmost care and affection and 

107 were kept warm during and after surgery to prevent hypothermia. In 

108 addition, inhalation anesthetics were used judiciously throughout the 

109 experiment.

110

111 Evaluation of wound closure rate

112 The wound area was measured from macrophotographs of the wound site in 

113 each group, using ImageJ (National Institutes of Health, Bethesda, MD; 

114 RRID: SCR_003070). By comparing the remaining wound area at each time 

115 point with the initial wound area, we calculated the wound closure rate over 

116 time and analyzed the macroscopic progress of wound healing. The wound 

117 closure rate was calculated as follows:30

118 Wound closure rate = (1 -  remaining wound area
initial wound area ) ×  100

119

120 Histology and immunohistochemistry

121 The collected wound tissues were fixed with 4% paraformaldehyde (Fujifilm 

122 Wako Pure Chemical Corp.) and subsequently paraffin-embedded for 

123 hematoxylin and eosin (H&E) staining, Masson’s trichrome staining, and 

124 immunohistochemical staining. Sections (4 μm thick) were incubated with a 

125 monoclonal mouse anti-human smooth muscle actin antibody (Dako 

126 Cytomation, Carpinteria, CA; Cat# M0851, RRID: AB_2223500). Digital 

127 images of the slides were created using a whole-slide scanner (NanoZoomer 

128 Digital Pathology; Hamamatsu Photonics, Hamamatsu, Japan; RRID: 

129 SCR_022537), visualized using NDP.view2 software (Hamamatsu Photonics; 
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130 RRID: SCR_025177), and analyzed with ImageJ software. For each H&E-

131 stained specimen, the mean thickness of granulation tissue was determined 

132 in 10 randomly selected points. The degree of collagen formation was 

133 evaluated by calculating the collagen volume fraction (CVF) from Masson’s 

134 trichrome staining: CVF = collagen area of the wound/total field area × 

135 100.32 Additionally, the mean percentage of immunopositive regions for α-

136 smooth muscle actin (α-SMA) was calculated from 10 randomly selected 

137 regions (400× magnification).30

138

139 RNA isolation and quantitative polymerase chain reaction

140 Following the cryopreservation of the collected wound tissue, total RNA 

141 extraction from the cryopreserved tissues was performed using QIA 

142 Shredder, RNase-Free DNase Set, and RNeasy Fibrous Tissue Mini Kit (all 

143 from Qiagen, Hilden, Germany). Reverse transcription was performed to 

144 generate cDNA, using a High Capacity RNA-to-cDNA Kit (Applied 

145 Biosystems, Foster City, CA). Real-time quantitative reverse transcription-

146 polymerase chain reaction (PCR) was performed using Power SYBR Green 

147 Master Mix (Applied Biosystems) and the StepOne- Plus Real-Time PCR 

148 System (Applied Biosystems; RRID: SCR_015805). The data were 

149 subsequently analyzed using High-Resolution Melt software (Applied 

150 Biosystems). Primer sequences are shown in Supplementary Table S1.

151

152 Statistical analysis

153 Data are presented as mean ± standard error. One-way analysis of variance 

154 was applied to ascertain the existence of significant discrepancies between 

155 each group. Student’s t-test was used for comparisons between two groups, 
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156 while Tukey’s post hoc test was used for multiple comparisons. The threshold 

157 for statistical significance was set at p < 0.05. All statistical analyses were 

158 conducted using JMP software (ver. 16.0.0; SAS Institute, Cary, NC ; RRID: 

159 SCR_022199).

160

161 Results

162 Wound healing in aging skin of α-Klotho KO mice after topical 

163 application of CM gel

164 First, we used an animal model to determine whether topical application of 

165 CM gel promotes wound healing in aging skin. Clinical photographs of 

166 representative wound sites on days 0, 2, 4, 6, and 8 following the creation of 

167 the wounds in each group are presented in Fig. 2a. Subsequently, the wound 

168 closure rate at each designated time point was calculated and graphed (Fig. 

169 2b). The results demonstrated that the WT + SM group exhibited the highest 

170 closure rate throughout the entire observation period, while the KO + SM 

171 group demonstrated the lowest closure rate. However, the KO + CM group 

172 exhibited a higher closure rate compared with the KO + SM group 

173 throughout the observation period. The wound closure rates on day 8 were 

174 82.3% ± 3.0% in the WT + SM group, 66.4% ± 3.9% in the KO + SM group 

175 (p = 0.024 versus WT + SM), and 82.2% ± 3.9% in the KO + CM group (p = 

176 0.99 versus WT + SM). These findings indicate that the topical application 

177 of CM gel to wounds in α-Klotho KO mice results in greater wound 

178 contraction than SM gel and increases the wound closure rate to that of WT 

179 mice on day 8.

180

181 Analysis of wound healing-related gene expression by real-time PCR
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182 Next, to elucidate the mechanism by which the topical application of CM gel 

183 promotes wound healing, real-time PCR was performed on wound tissue 

184 collected from mice to examine the expression of genes associated with 

185 wound healing.

186 No significant differences were found in the expression of genes 

187 related to inflammation, angiogenesis, and cell proliferation (Supplementary 

188 Fig. S1). 

189 Proper extracellular matrix formation is also important for normal 

190 wound healing. Therefore, we examined matrix metalloproteinases (MMPs) 

191 and tissue inhibitors of metalloproteinases (TIMPs) as genes involved in 

192 extracellular matrix formation. Compared with the WT + SM group, the KO 

193 + SM group showed a trend toward increased expression of Mmp3 (p = 

194 0.091), significantly increased expression of Mmp9 (p = 0.0086), and 

195 significantly decreased expression of Timp1 (p < 0.0001). However, in the 

196 KO + CM group, the expression of Mmp3 (p = 0.92) and Mmp9 (p = 0.79) 

197 decreased to levels comparable to the WT + SM group, whereas the 

198 expression of Timp1 (p < 0.0001) was significantly increased (Fig. 3a-c). 

199 These findings suggest that Mmp3 and Mmp9 are elevated and Timp1 is 

200 decreased in aging skin wounds of α-Klotho KO mice but that treatment with 

201 CM gel can suppress the elevation in Mmp3 and Mmp9 and increase Timp1.

202 Next, we analyzed the expression of Acta2, the gene encoding α-SMA, 

203 a marker of myofibroblasts that produce collagen, which is a major 

204 component of the extracellular matrix, and Tgfb1, the gene encoding 

205 transforming growth factor-β1 (TGF-β1), which induces myofibroblast 

206 differentiation upstream of Acta2. The results showed that the expression 

207 levels of Acta2 (p = 0.013) and Tgfb1 (p = 0.019) were significantly 
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208 decreased in the KO + SM group compared with the WT + SM group, 

209 whereas the levels of these genes were significantly increased in the KO + 

210 CM group compared with the KO + SM group (Acta2, p < 0.0001; Tgfb1, p 

211 = 0.0058; Fig. 3d and e). These results suggest that CM gel may promote 

212 the healing of aging skin wounds of α-Klotho KO mice by regulating 

213 extracellular matrix formation and fibrosis.

214

215 Analysis of fibrosis-related proteins by histology and 

216 immunohistochemistry

217 Based on the findings thus far, wound healing was delayed in α-Klotho KO 

218 mice but improved to a level comparable to WT mice following the 

219 application of CM gel. To further validate the effects of CM gel on the 

220 extracellular matrix and fibrosis in aging skin wounds of α-Klotho KO mice, 

221 we conducted a histological evaluation using wound tissue from α-Klotho KO 

222 mice.

223 Myofibroblasts are involved in granulation and play a major role in 

224 wound healing. H&E staining showed that the granulation tissue was 

225 nonsignificantly thicker in the KO + CM group than in the KO + SM group 

226 (Supplementary Fig. 2).

227 To determine whether more myofibroblasts were actually induced to 

228 differentiate by CM gel, α-SMA immunostaining was performed to quantify 

229 the α-SMA-positive area within the wound area. The results showed that the 

230 positive area percentage was 2.8% ± 0.8% in the KO + SM group and 8.6% 

231 ± 1.8% in the KO + CM group, indicating that CM gel significantly induced 

232 myofibroblast differentiation (p = 0.015; Fig. 4).

233 Moreover, to measure collagen deposition in the wound area in 
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234 relation to extracellular matrix formation, Masson’s trichrome staining was 

235 performed and the collagen volume fraction was calculated from the positive 

236 area. The collagen volume fraction was 8.3% ± 0.7% in the KO + SM group 

237 and 12.2% ± 1.3% in the KO + CM group, indicating that CM gel significantly 

238 enhanced collagen deposition (p = 0.025; Fig. 5).

239 These results suggest that AMSC-CM may assist wound healing in 

240 aging skin wounds of α-Klotho KO mice by inducing myofibroblast 

241 differentiation to promote granulation and formation of collagen, a major 

242 component of the extracellular matrix.

243

244 Discussion

245 Because cellular aging parallels human aging, normal wound healing is 

246 impaired due to a decline in various cellular activities and functions.33,34 

247 Some of the major possible causes of delayed wound healing in the aging 

248 skin include the following: (1) prolonged inflammation due to lower 

249 neutrophil and macrophage activity; (2) decreased neovascularization due to 

250 loss of angiogenic potential; (3) reduced cell proliferation due to decreased 

251 keratinocyte proliferation; and (4) less extracellular matrix due to decreased 

252 fibroblast function, collagen synthesis and deposition, and 

253 glycosaminoglycan synthesis.35

254 Our results suggest that the topical application of AMSC-CM may 

255 promote wound closure in α-Klotho KO mice by modulating extracellular 

256 matrix and myofibroblast formation. Although MSCs have been reported to 

257 ameliorate cellular senescence,36,37 little attention has been paid to how they 

258 promote wound healing in aging skin. Many studies have shown multiple 

259 paracrine effects of AMSCs, including anti-inflammatory, angiogenesis-
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260 promoting, and cell proliferation–promoting effects,22-25,29,30 but the 

261 mechanisms are complex due to their multipotency. Here, we focused mainly 

262 on the extracellular matrix based on our real-time PCR results.

263 MMPs are a family of enzymes that play major roles in the early 

264 stages of tissue damage and are involved in the degradation of the 

265 extracellular matrix, including collagen, proteoglycans, and fibronectin.38 

266 Additionally, they have a profound impact on various biological processes, 

267 including inflammation, fibrosis, and angiogenesis.39 However, excessively 

268 elevated MMP levels lead to excessive degradation of the extracellular 

269 matrix, which impairs wound healing.40 In contrast, TIMPs inhibit the 

270 activity of MMPs, which are considered to play a role in preventing excessive 

271 inflammation and regulating normal wound healing by modulating 

272 extracellular matrix degradation.41 Accordingly, the equilibrium between 

273 MMPs and TIMPs in vivo regulates the amount of extracellular matrix in an 

274 appropriate manner. The MMP/TIMP balance is typically maintained in 

275 normal tissues. However, this equilibrium is disrupted in refractory wounds, 

276 which impedes the wound healing process.42

277 Our results showed elevated levels of Mmp3 and Mmp9 but 

278 decreased levels of Timp1 in the wounds of α-Klotho KO mice compared with 

279 those of WT mice. MMP9 is elevated while TIMP1 is diminished in chronic 

280 wounds.43 Moreover, elevated levels of MMP9 impede wound healing by 

281 suppressing granulation and inactivating growth factors.40 Conversely, a 

282 reduction in MMP9 overexpression facilitates collagen formation in wounds 

283 and subsequent wound healing.44 In a model of refractory wounds in diabetic 

284 mice, there were increased MMP9 levels and decreased TIMP1 expression.45 

285 Moreover, the application of MSCs to wounds results in reduced MMP9 and 
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286 increased TIMP1, which facilitate the healing process.46 The aforementioned 

287 reports corroborate our findings.

288 Furthermore, the expression of Acta2 and Tgfb1 was significantly 

289 decreased in α-Klotho KO mice compared with WT mice. However, the 

290 topical application of AMSC-CM to α-Klotho KO mice induced myofibroblast 

291 differentiation and increased collagen levels. α-SMA is a marker of 

292 myofibroblast activation and plays a pivotal role in granulation and wound 

293 healing.47 TGF-β1 regulates myofibroblast differentiation via the Smad 

294 pathway.48 It was previously demonstrated that the administration of MSCs 

295 to wounds in rats increases the expression of α-SMA and TGF-β1, which in 

296 turn promote the healing of the wound.47 Therefore, AMSC-CM may facilitate 

297 the formation of the extracellular matrix and accelerate the healing of 

298 wounds by enhancing myofibroblast expression.

299 The formation of an adequate extracellular matrix is a crucial aspect 

300 of the proliferative phase of the wound healing process. A reduction in 

301 collagen and myofibroblast levels impedes the typical progression of wound 

302 healing. The present report illustrates that AMSC-CM may facilitate wound 

303 healing in aging skin through mechanisms such as regulation of the 

304 extracellular matrix by controlling the MMP/TIMP balance and induction of 

305 myofibroblast proliferation and collagen synthesis by promoting Tgfb1 

306 expression.

307 In this study, we evaluated the wound healing process on day 8, when 

308 wound closure was nearly complete, to analyze changes during the 

309 proliferative phase of wound healing. This decision was based on previous 

310 studies reporting that aged mice exhibit a significant delay in extracellular 

311 matrix production during the proliferative phase.9 However, analyzing 
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312 earlier time points could reveal changes in the inflammatory phase or the 

313 early proliferative phase, which may provide further insights into the wound 

314 healing process. We consider this an important aspect to investigate in 

315 future studies.

316 In conclusion, the topical application of AMSC-CM facilitates wound 

317 healing in α-Klotho KO mice. The primary mechanism of this effect may be 

318 through modulation of the extracellular matrix and myofibroblasts. AMSCs 

319 may prove to be a valuable tool for promoting wound healing in aging skin.
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Supplementary Table S1. Primer sequences.

Mouse Acta2-forward: 5′- GACAATGGGCTCTCTGGGCTCTCTGTA -3′

Mouse Acta2-reverse:5′- TTTGGCCCATTCCAACCATTA -3′

Mouse Gapdh-forward: 5′-TGTGTCCGTCGTGGATCTGA-3′

Mouse Gapdh -reverse: 5′-TTGCTGTTGAAGTCGCAGGAG-3′

Mouse Il1b-forward: 5′- CCAGGATGAGGACATGAGCAC-3′

Mouse Il1b-reverse:5′- TGTTGTTCATCTCTCGGGAGCCTGTA-3′

Mouse Mki67-forward: 5′- GCTCACCTGGGTCACCATCAA-3′

Mouse Mki67-reverse:5′- CACTACAGGCAGCTGGGATACGA-3′

Mouse Mmp3-forward: 5′- CCTGGGACCAGGGGATTAATGGGAG-3′

Mouse Mmp3-reverse: 5′- GGCCAAGTTCATGAGCAGCA-3′

Mouse Mmp9-forward:5′- GCCCTGGAACTCACACGACA-3′

Mouse Mmp9-reverse: 5′- TTGGAAACTCACACACGCCAGAAG-3′

Mouse Pecam1-forward: 5′- CCTCCAACAGAGCCAGCAGTA-3′

Mouse Pecam1-reverse:5′- CGATGACCACTCCAATGACAAC-3′

Mouse Tgfb1-forward: 5′- TTCAACACATCAGAGAGCTCCGAGA TG-3′

Mouse Tgfb1-reverse:5′- GTATCGCCAGGAATTGTTGCTGTA -3′

Mouse Timp1-forward:5′- TCAAAGACCTATAGTGCTGGCTGTG -3′

Mouse Timp1-reverse: 5′- AAAGTGACGGGCTCTCTGGGTAGTCCTC -3′

Mouse Tnf-forward: 5′- GCCTCTTCTCATTCCTGCTTGTG -3′

Mouse Tnf-reverse:5′- TGATGAGAGGGAGGCCATTTG -3′

Mouse Vegfa-forward: 5′- AACCCATTCCTGGCCCTGA-3′

Mouse Vegfa-reverse:5′- GATCCACAAAGCATGCCATGTC-3′
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Figure legends

Figure 1. Schema of animal experimentation protocols. Wounds were 

created on the dorsum of the mice (red area), and standard medium gel (blue 

area), as well as amnion-derived mesenchymal stem cells conditioned 

medium gel (yellow area), were applied topically every other day. On day 8, 

the mice were sacrificed, and wound tissue was collected.

Figure 2. Evaluation of wound closure in full-thickness skin-defect models. 

Wounds were created on the dorsum of wild-type (WT) mice or α-Klotho 

knockout (KO) mice, and standard medium (SM) gel or amnion-derived 

mesenchymal stem cells conditioned medium (CM) gel were applied topically 

every other day. On day 8, the mice were sacrificed, and wound tissue was 

collected. (a) Clinical photographs of the wound site. Left to right showing 

changes over time. (Top) WT mice + SM gel group. (Center) α-Klotho KO 

mice + SM gel group. (Bottom) α-Klotho KO mice + CM gel group. (b) Wound 

closure rate. By comparing the remaining wound area at each time point 

with the initial wound area, we calculated the wound closure rate over time 

and analyzed the macroscopic progress of wound healing. Data are shown 

as the mean ± standard error. n = 10 / each, *p < 0.05 and **p < 0.01.

Figure 3. Gene expression analysis of wound tissue at 8 days after wound 

creation. (a-c) Expression of extracellular matrix-related genes. (d, e) 

Expression of myofibroblast-related genes. Data are shown as the mean ± 

standard error. n = 10 / each, *p < 0.05 and **p < 0.01 versus WT + SM.

Figure 4. Effect of amnion-derived mesenchymal stem cells conditioned 
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medium on the expression of α-smooth muscle actin (α-SMA) in wounds of α-

Klotho KO mice. Specimens were reacted with a goat anti-α-SMA antibody. 

(Left) Microscopic images. (Right) α-SMA-positive areas. The mean 

percentage of immunopositive regions was calculated from 10 randomly 

selected regions (400× magnification). Data are shown as the mean ± 

standard error. n = 10 / each, *p < 0.05 versus KO + SM. Scale bars = 100 

μm.

Figure 5. Effect of amnion-derived mesenchymal stem cells conditioned 

medium on collagen formation in wounds of α-Klotho KO mice by Masson’s 

Trichrome staining. (Left) Microscopic images. (Right) Collagen volume 

fraction (CVF). The degree of collagen formation was evaluated by 

calculating the CVF from Masson’s trichrome staining: CVF = collagen area 

of the wound/total field area × 100. Data are shown as the mean ± standard 

error. n = 10 / each, *p < 0.05 versus KO + SM. Scale bars = 100 μm.
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Table S1. Primer sequences.

Mouse Acta2-forward: 5′- GACAATGGGCTCTCTGGGCTCTCTGTA -3′

Mouse Acta2-reverse:5′- TTTGGCCCATTCCAACCATTA -3′

Mouse Gapdh-forward: 5′-TGTGTCCGTCGTGGATCTGA-3′

Mouse Gapdh -reverse: 5′-TTGCTGTTGAAGTCGCAGGAG-3′

Mouse Il1b-forward: 5′- CCAGGATGAGGACATGAGCAC-3′

Mouse Il1b-reverse:5′- TGTTGTTCATCTCTCGGGAGCCTGTA-3′

Mouse Mki67-forward: 5′- GCTCACCTGGGTCACCATCAA-3′

Mouse Mki67-reverse:5′- CACTACAGGCAGCTGGGATACGA-3′

Mouse Mmp3-forward: 5′- CCTGGGACCAGGGGATTAATGGGAG-3′

Mouse Mmp3-reverse: 5′- GGCCAAGTTCATGAGCAGCA-3′

Mouse Mmp9-forward:5′- GCCCTGGAACTCACACGACA-3′

Mouse Mmp9-reverse: 5′- TTGGAAACTCACACACGCCAGAAG-3′

Mouse Pecam1-forward: 5′- CCTCCAACAGAGCCAGCAGTA-3′

Mouse Pecam1-reverse:5′- CGATGACCACTCCAATGACAAC-3′

Mouse Tgfb1-forward: 5′- TTCAACACATCAGAGAGCTCCGAGA TG-3′

Mouse Tgfb1-reverse:5′- GTATCGCCAGGAATTGTTGCTGTA -3′

Mouse Timp1-forward:5′- TCAAAGACCTATAGTGCTGGCTGTG -3′

Mouse Timp1-reverse: 5′- AAAGTGACGGGCTCTCTGGGTAGTCCTC -3′

Mouse Tnf-forward: 5′- GCCTCTTCTCATTCCTGCTTGTG -3′

Mouse Tnf-reverse:5′- TGATGAGAGGGAGGCCATTTG -3′

Mouse Vegfa-forward: 5′- AACCCATTCCTGGCCCTGA-3′

Mouse Vegfa-reverse:5′- GATCCACAAAGCATGCCATGTC-3′
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Figure S1.
Gene expression analysis of wound tissue at 8 days after wound ulcer 
creation. Wounds were created on the dorsum of wild-type (WT) mice 
or α-Klotho knockout (KO) mice, and standard medium (SM) gel or 
amnion-derived mesenchymal stem cells conditioned medium (CM) 
gel were applied topically every other day. On day 8, the mice were 
sacrificed, and ulcer tissue was collected. Data are shown as the 
mean ± standard error. n = 10 each. WT, wild-type mice; SM, 
standard medium; KO, α-Klotho knockout mice; CM, amnion-derived 
mesenchymal stem cell-conditioned medium; Tnf, tumor necrosis 
factor; Il1b, interleukin 1 beta; Vegfa, vascular endothelial growth 
factor a; Pecam1, platelet endothelial cell adhesion molecule 1; 
Mki67, marker of proliferation Ki-67.
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Figure S2.
Effect of amnion-derived mesenchymal stem cells on granulation 
tissue formation in wounds of α-Klotho knockout (KO) mice by 
hematoxylin and eosin staining. (Left) Microscopic images. (Right) 
Granulation tissue thickness. Data are shown as the mean ± standard 
error. n = 10 each. Scale bars = 250 μm.
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