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13 Abstract

14

15 Patients with diabetes mellitus (DM) are at high risk of developing peripheral arterial 

16 obstructive disease (PAOD) in lower extremities. Previous studies show low level 

17 LASER therapy (LLLT) can increase angiogenesis in vivo and in vitro. Here we 

18 performed hindlimb ischemia as PAOD model on diabetic mice to test the effects of 

19 LLLT. Twenty C57Bl/6 mice were randomly divided into four groups. Control group 

20 mice received femoral artery ligation/excision only. DM group mice were injected 

21 with Streptozocin (STZ) to induce diabetes followed by femoral artery 

22 ligation/excision. LLLT group mice received femoral artery ligation/excision and the 

23 lower limbs received LASER treatment for five days (660nm, 10 min, 1.91 J/cm2) 

24 started from second day postoperatively. DM+LLLT group mice were received 

25 femoral artery ligation/excision and LASER treatment after diabetes induced. Three 

26 days after LASER treatment finished, limb blood flow was measured by Laser 

27 Doppler perfusion imaging. Capillary density was assessed by immunofluorescence 

28 staining. CD31, VEGF, HIF-1, phospho-ERK, iNOS and eNOS protein level was 
29 examined by Western blot. Blood perfusion, capillary density, CD31, and VEGF 

30 protein levels were significantly higher in those groups received LLLT compared to 

31 control and DM group. Low level LASER significantly increased ERK 

32 phosphorylation and HIF-1 expression. In addition, phospho-eNOS was increased 
33 but iNOS protein level was decreased in mice received LASER treatment. In 

34 summary, the ability of low level LASER to induce therapeutic angiogenesis in 

35 diabetic mice suggested this approach deserves investigation as a novel approach to 

36 treat PAOD patients.

37
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38 Introduction

39 Lower limb ischemia is often found in patients with diabetes mellitus (DM), and 

40 peripheral arterial obstructive disease (PAOD) is one of major health care problems. 

41 The age-adjusted prevalence of PAOD is 12%, and the prevalence of PAOD can be 

42 expected to increase because of the aging population[1]. The primary 

43 pathophysiology of PAOD is arterial stenosis or occlusion leading impair perfusion in 

44 lower extremities. Symptomatic PAOD may cause intermittent claudication, which 

45 induces pain during movements in affected limb, especially ambulation. In advanced 

46 stage of PAOD, critical limb ischemia cause pain at rest and ulcer formation. These 

47 different stages of PAOD produce functional impairments and restricts patient’s 

48 activity of daily livings. 

49 The treatments for critical PAOD, which target improving longer-term cardiovascular 

50 outcomes, include risk modification, exercise, wound management, endovascular and 

51 surgical interventions[2]. Exercise can increase maximum walking time, improve 

52 walking ability, and gait patterns in non-surgical patients[3]. Antiplatelet and lipid 

53 lowering therapy delay the rate of PAD progression and reduce the incidence of new 

54 onset intermittent claudication[4, 5]. In patients with critical limb ischemia, 

55 therapeutic interventions such as revascularization and surgery have to be considered. 

56 Endovascular treatment using percutaneous transluminal angioplasty can lower 

57 morbidity and mortality in patients with femoropopliteal artery stenosis [6].  The 

58 aims of surgical interventions are preventing limb loss, improving ulcer healing, 

59 activity of daily living, quality of life, and survival rate[6]. In addition, therapeutic 

60 angiogenesis was investigated whether it can ameliorate pain and improve exercise 

61 capacity in patients with critical PAOD [7].

62 Angiogenesis is the growth and development of new capillaries from a pre-exiting 

63 vasculature, and therapeutic angiogenesis seeks to harness this phenomenon for the 

64 treatment of disorders of inadequate tissue perfusion[8]. LLLT, which is wildly used 

65 in the physical therapy field, is the application of light in the range of 1mW-500mW. 

66 Physical therapists use LLLT to promote wound healing, reduce inflammation, and 

67 relieve pain [9-12]. Unlike other medical laser procedures, LLLT does not act via 

68 thermal mechanisms but rather through a photochemical effect. Evidence has shown 

69 that LLLT can alter cell and tissue function, including stimulating collagen 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted December 13, 2018. ; https://doi.org/10.1101/496208doi: bioRxiv preprint 

https://doi.org/10.1101/496208
http://creativecommons.org/licenses/by/4.0/


70 production [13], promoting DNA synthesis [14], and increasing ATP content [15]. On 

71 endothelial cells, LLLT stimulates cell proliferation, vascular endothelial growth 

72 factor (VEGF) expression, and angiogenesis [16, 17]. In our previous study, we found 

73 LLLT can prevent endothelia cells from TNF--induced apoptosis. Due to damage of 
74 vascular endothelium is the major consequence of exposure to inflammatory 

75 cytokines, LLLT might improve wound healing via preventing endothelial cells from 

76 inflammation-induced apoptosis[18].  

77 Here we demonstrated that this LLLT could increase the expression of VEGF, CD31, 

78 and capillary density to hindlimb ischemia in a mouse model of PAOD. We therefore 

79 further evaluating the effects of Low level LASER on angiogenic and mitogenic 

80 related signals.

81 Material and methods

82 Reagents

83 Streptozotocin was purchased from Tocris (Tocris Bioscience, Ellisville, MO); 

84 anti-eNOS, anti-phospho-eNOS antibodies were obtained from BD Bioscience (San 

85 Diego, USA); anti-phospho-ERK, anti-ERK antibodies were purchased from Cell 

86 Signaling Technology (Beverly, MA). HIF-1 antibody was obtained from Novus 
87 (Novus Biologicals, Littleton, CO). CD-31 endothelial cell antibody was purchased 

88 from eBioscience (eBioscience, San Diego, USA) and collagen type IV antibody was 

89 from Abcam (Abcam, Cambridge, MA, USA).

90 Diabetes induction and hindlimb ischemia model 

91 Eight weeks old C57Bl6 mice weighing 25–30g were housed under 12 h light/dark 

92 cycle at 23 ± 2 °C. Diabetes was induced by intraperitoneal injection of STZ (50 

93 mg/kg, dissolved in 0.05 M cold sodium citrate buffer, pH 4.5) for five consecutive 

94 days. The normal control animals received only citrate buffer. One month later, the 

95 diabetic animals (blood glucose level ≥200 mg/dl) and control mice were then 

96 received hindlimb ischemia surgery (HLI). After anesthesia, an incision was made 

97 along the left medial thigh to allow isolation, ligation, and excision of the femoral 

98 artery from its origin just above the inguinal ligament to its bifurcation at the origin of 
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99 the saphenous and popliteal arteries[19]. After wound closed, the perfusion of 

100 hindlimb was measured by LASER Doppler (moorLDI2-IR, Moor Instruments, 

101 Devon, UK).

102 After 3 days of ischemia, the mice were anesthetized with isoflurane. Lower limbs 

103 were exposed to AlGaInP-diode laser (AM-800, Konftec Co., Taipei, Taiwan) for five 

104 days. The probe of the laser device was fixed vertically, 30 cm above the mice. Laser 

105 irradiation was applied with a wavelength of 660 nm at an output power of 50 

106 mW/cm2 for 10 minutes. The average energy density each day of the treatment was 

107 1.91 J/cm2.

108 Tissue preparation and histological section

109 Before tissue harvest, bilateral hindlimb perfusion measures were performed after 

110 anesthesia with isoflurane. After mice were sacrificed, the ischemic and contralateral 

111 gastrocnemius/soleus muscles were harvested from tendon to tendon. Half muscle 

112 tissue was embedded in O.T.C and quickly freeze with liquid nitrogen. The tissue was 

113 processed to frozen cryostat sections (7 μm). The other half tissue was collected and 

114 stored at -80℃ for further protein analysis.   

115 Capillary density and immunofluorescence staining

116 Capillary density (capillaries/mm2) was measured by counting five random fields 

117 (×100 magnification) from CD31/Collagen IV double staining [20]. 

118 Immunofluorescence staining images were captured and analyzed using fluorescence 

119 Olympus BX43 microscopy (Olympus Corporation, Tokyo, Japan) and 

120 the Metamorph imaging system (Molecular Devices, Downingtown, PA). 

121 Immunofluorescence staining was performed using methods previously described 

122 [21]. CD31 and Collagen IV double staining were used to determine capillary. Seven 

123 μm cryostat sections were fixed in −20 °C methanol for 10 min. Sections were 

124 washed with PBS and blocked with 5 % normal goat serum before incubation at 4 °C 

125 with primary antibody. Secondary antibodies included goat anti-rabbit and donkey 

126 anti-rat IgG conjugated with Alexa Fluor 488 or Alexa Fluor 594 (Molecular Probes). 

127 Sections were examined using fluorescent microscope (BX41M-ESD, Olympus, 
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128 Japan) and capillary density were quantified with the ImageJ software (National 

129 Institutes of Health, Bethesda, MD, USA).

130 Western Blotting

131 Muscle tissue were homogenized and lysed with ice-cold buffer containing 25 mM 

132 Hepes (pH 7.5), 300 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.1% Triton X-100, 

133 20 mM β-glycerophosphate, 0.1 mM sodium orthovanadate, 0.5 mM DTT, 100 g/ml 

134 PMSF, and 2 g/ml leupeptin. Approximately 100 μg of protein was separated by 

135 electrophoresis in a 10% sodium-dodecyl-sulfate polyacrylamide gel. After 

136 electrophoresis, the protein was electro-transferred onto polyvinylidene fluoride 

137 membranes (Life Science, Boston, MA). Membranes were probed with antibodies 

138 specific to phospho-ERK, ERK, iNOS, e-NOS, phospho-eNOS, and HIF-1. After 
139 probing with a horseradish peroxidase-conjugated secondary antibody, protein signals 

140 were visualized using enhanced chemiluminescence reagents (Amersham, Arlington 

141 Heights, IL). The calculation was achieved using a chemiluminescence imager 

142 (Fusion-SL 3500 WL), and the signals were quantified with the ImageJ software 

143 (National Institutes of Health, Bethesda, MD, USA).

144 Statistical analysis

145 Results were expressed as mean ± standard deviation (S.D.). Statistical significance 

146 was evaluated by one-way analysis of variance (ANOVA). p< .05 was considered 

147 significant difference. 

148 Results

149 Improvement of blood flow recovery and increased capillary 
150 density with LLLT

151 To examine the therapeutic effects of low level LASER on diabetic mice, we applied 

152 LLLT on HLI mouse model. After diabetes was induced, HLI model was performed 

153 and mice received low level LASER for five constitutive days. Three days after 

154 LASER therapy finished, the blood perfusion was measured by Laser Doppler 

155 Perfusion Imaging (LDPI). As shown in Fig 1, after 8 days, blood perfusion in 

156 affected side was 69±37% of unaffected side, and LLLT can enhance blood perfusion 
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157 to 190±28%. In diabetic mice, perfusion image showed perfusion in affected side was 

158 37±18% of contralateral side, and LLLT can enhance blood perfusion to 191±45%. 

159 LDPI revealed significantly enhanced blood perfusion in the groups received LLLT 

160 compared to control or diabetes alone groups (Fig. 1B). 

161 We further measured capillary density to evaluate neovascularization. The hindlimb 

162 muscle were collected at 3 days after HLI and LLLT. The tissue was stained blood 

163 vessels with collage IV/CD31 and processed for fluorescence microscopic 

164 examination. Fig 2A shows the capillary density in the hindlimb muscle was 

165 significantly higher in the groups with LLLT (533±31/mm2) compared to those 

166 without (235±11.2/mm2). The capillary density was lower in mice with diabetes after 

167 HLI (157±29/mm2), and low level LASER notably increased capillary 

168 neovascularization in diabetic mice (410±60/mm2, Fig 2B). 

169 Elevated expression of CD31 and VEGF in mice receive 
170 LLLT 

171 We next investigated the pro-angiogenic effects of low level LASER on ischemic 

172 hindlimb by determining expression levels of angiogenesis related proteins via 

173 Western blotting with muscle tissue at 3 days after LASER irradiation. CD31, also 

174 known as platelet endothelial cell adhesion molecule (PECAM-1), highly expresses 

175 on endothelial cells. In agree with a greater expression of CD31 measured by 

176 immunofluorescence staining, LLLT significantly increased CD31 protein level more 

177 than two-fold in muscles of mice no matter with or without diabetes. 

178 Among angiogenic growth factors, vascular endothelial growth factor (VEGF) is the 

179 most well known one. VEGF expression promotes endothelial cell proliferation. Fig 

180 3B shows in muscles with ischemia, the VEGF expression level is very low. After 

181 mice treated with low level LASER, the Western blot results show LASER massively 

182 increase VEGF protein expression compared to those without LLLT (15±0.6 fold of 

183 control level). In mice with DM, VEGF level induced by LLLT is slightly lower than 

184 mice without diabetes (11±2.2 fold of control level), but it is significantly higher than 

185 on the mice without LASER treatment (0.49±0.1 fold of control level). 

186
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187 The effects of LLLT on ERK MAPK signaling and HIF-1 
188 in HLI mice model with diabetes 

189 After VEGF binding to VEGF receptors, Raf/MEK/ERK pathway activates followed 

190 with HIF-1 α overexpression. These signal pathway plays key role in VEGF-mediated 

191 angiogenesis [22]. To confirm the effects of LLLT and its subsequent signalings, we 

192 further detected the activation of ERK and HIF-1α expression (Fig. 4). Western blot 

193 indicated that phospho-ERK was upregulated after 3 times LASER on mice no matter 

194 with or without diabetes, whereas the total amount of ERK and -actin remained 
195 unchanged (Fig. 4A & 4B). As expected, HIF-1α protein levels were elevated in 

196 response to hypoxia in HLI control group compared to non-ischemic group (Fig. 

197 4C & 4D). Similarly, HIF-1α protein expression was upregulated after LASER 

198 treatment both in LLLT and LLLT+DM groups.

199 Effect of LLLT on the Activation of eNOS and the 
200 Expression of iNOS in in HLI mice model with diabetes

201 We further investigated whether eNOS and iNOS pathways were involved in the 

202 LLLT induced angiogenesis. Fig 5A and 5B indicated that p-eNOS was upregulated 

203 after LASER treatment, whereas the total amount of eNOS remained unchanged 

204 (LLLT: 3±0.38 fold of control level). Previous studies show iNOS overexpression is 

205 associated with diabetes-induced endothelial dysfunction [23]. As expected, iNOS 

206 protein levels were significantly increased in response to diabetes induction (Figs. 5C 

207 and 5D), whereas low level LASER reduced these iNOS over-expression. Similarly, 

208 the expression level of iNOS was slightly lower in mice received LLLT (48±13% of 

209 control level) compared to those did not.

210

211 Discussion

212 Here we have characterized the effect of low level LASER on angiogenic effects on 

213 diabetic mice with hind limb ischemia. Our findings demonstrate that LLLT promotes 

214 angiogenesis via increasing related signal molecules in the region of the muscles most 

215 severely affected in ischemia. The observed effects of low level LASER on peripheral 

216 artery occlusion may contribute to diabetes-related circulation issues.
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217 Previous studies show low level LASER can improve skin flap viability through 

218 increasing angiogenesis rat ischemic skin flap model [17]. In addition to skin flap, 

219 here we demonstrated that LLLT could also promoting revascularization on diabetic 

220 mice with PAOD. Occlusion of femoral artery decreased the perfusion and capillary 

221 numbers of hindlimbs, which are more significant in mice with diabetes. In addition, 

222 ischemia plus high glucose decreased CD31 expression, which is the marker of 

223 vessels. LLLT reversed these harmful effects through enhancing VEGF expression 

224 and neovascularization.

225 Exposure to low level LASER significantly improved artery ligation-induced 

226 ischemia through promoting angiogenesis. The induction of pro-angiogenic factors 

227 play key roles in angiogenesis. Expression of VEGF is the major activator of 

228 angiogenesis in most condition. When VEGF is released, VEGF binds its receptor-2 

229 (Flk-1/KDR) and strongly activates ERK 1/2 signals in different conditions [24].  

230 These VEGF-ERK1/2 pathway plays crucial role in angiogenesis which demonstrated 

231 by is the results that endothelial tubulogenesis is disrupted by MEK inhibitor in vitro 

232 [25]. Both in adipose-derived mesenchymal stem cells and bone marrow derived stem 

233 cells, VEGF-induced stem cell differentiation into endothelial cell is controlled by 

234 ERK1/2 signaling [26] [27]. Blockage of ERK1/2 by specific inhibitor suppresses the 

235 expression of endothelial markers during differentiation. Through irradiation with 

236 LLLT, ERK phosphorylation and VEGF secretion are higher than non-treated human 

237 granulosa cells [28]. Thus, low level LASER stimulates VEGF and ERK endothelial 

238 cells and capillary regeneration, which are shown in different cell types and models.

239 In addition to VEGF activating ERK, ERK-activated HIF-1 signal also plays an 

240 important role[29]. As shown in Fig 4C, HLI alone slightly induced HIF-1 

241 overexpression, and LLLT strongly activate HIF-1 as long along with ERK 
242 phosphorylation. Through ERK specific inhibitor, PD98059, evidences show 

243 activation and nucleocytoplasmic translocation of HIF-1 is controlled by ERK [30, 
244 31]. ERK1/2 phosphorylates HIF-1α at S641 and S643, and these phosphorylated 

245 HIF-1 α are stabilized and translocate to nucleus [32, 33]. However, hypoxia 

246 upregulated HIF-1α transcription is independent to ERK1/2 MAPK in pulmonary 

247 artery smooth muscle cells [34]. Thus, we suggested that ERK 1/2 is in reposed to 

248 HIF-1 α activation in our model. 
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249 The balance between eNOS and iNOS takes parts in angiogenesis. The activation of 

250 eNOS plays a key role in endothelial cell function and survival. Nanomolar 

251 concentrations of NO produced by eNOS have anti-inflammatory and protective 

252 effects on endothelial cells [35]. Although NO can stimulate smooth muscle cells 

253 express VEGF both in human and rat, excessive NO produced by iNOS can cause 

254 endothelial cells apoptosis in ischemia/reperfusion injury [36, 37]. Our results 

255 demonstrated that LLLT exerts its protective effects by activating eNOS and strongly 

256 down-regulating iNOS expression which was dominant in diabetic mice, thereby 

257 suppressing the overproduction of NO.     

258 In summary, we have demonstrated that LLLT promoting angiogenesis to against 

259 ischemia-induced apoptosis by promoting VEGF and eNOS signals. Our results 

260 provide therapeutic potential of LLLT on treating peripheral arterial diseases on 

261 diabetic patients.

262
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388 Figure legends

389 Fig 1. Effects of LLLT on perfusion recovery in HLI model on mice with or without 

390 diabetes. 

391 After diabetes and HLI were established, mice were treated with LLLT for 

392 constitutive five days. Representative LASER Doppler perfusion imaging images at 3 

393 days later after LLLT finished (A); The perfusion ratio between the surgery and the 

394 control limb was calculated (B) Different symbols indicate statistically significant 

395 differences between treatments (p < 0.05).

396

397 Fig 2. Effects of LLLT on capillary regeneration in in HLI model on mice with or 

398 without diabetes.

399 After diabetes and HLI were established, mice were treated with LLLT for 

400 constitutive five days. Vascular structure was detected by immunofluorescence 

401 staining with anti-CD31 (red) and anti-Col IV (green) double stain. Arrow heads 

402 indicate capillaries (A); The data are expressed as the means ± the S.D. of five 

403 independent fields (B). Different symbols indicate statistically significant differences 

404 between treatments (p < 0.05).

405 Fig 3. LLLT enhanced CD31 and VEGF in HLI mice with or without diabetes.

406 After diabetes and HLI were established, mice were treated with LLLT for 

407 constitutive five days. Gastrocnemius/soleus muscles were harvested 3 days later. The 

408 levels of the CD31 (A) and VEGF (B) proteins were determined by Western blot; The 

409 quantifications of the related CD31 (C) and nVEGF (D) are shown. The values are 

410 presented as the means ± S.D. of three independent experiments. Different symbols 

411 indicate statistically significant differences between treatments (p < 0.05).

412

413 Fig 4. Effects of LLLT on ERK and HIF-1 α in HLI mice with or without diabetes. 
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414 After diabetes and HLI were established, mice were treated with LLLT for 

415 constitutive five days. Gastrocnemius/soleus muscles were harvested 3 days later. The 

416 levels of the ERK and phospho-ERK (A) and HIF-1 α (B) were determined by 

417 Western blot; The quantifications of the related phospho-ERK/ERK ratio (C) and 

418 HIF-1 α (D) are shown. The values are presented as the means ± S.D. of three 

419 independent experiments. Different symbols indicate statistically significant 

420 differences between treatments (p < 0.05).

421 Fig 5. LLLT induced eNOS phosphorylation and decreased iNOS expression in HLI 

422 mice with diabetes. 

423 After diabetes and HLI were established, mice were treated with LLLT for 

424 constitutive five days. Gastrocnemius/soleus muscles were harvested 3 days later. The 

425 levels of the eNOS and phospho-eNOS (A) and iNOS (B) were determined by 

426 Western blot; The quantifications of the related phospho-eNOS/eNOS ratio (C) and 

427 iNOS (D) are shown. The values are presented as the means ± S.D. of three 

428 independent experiments. Different symbols indicate statistically significant 

429 differences between treatments (p < 0.05).

430
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