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Dear Editor,

Please find the enclosed manuscript entitled “Large-leaf yellow tea attenuates high 

glucose-induced vascular endothelial cells injury by up-regulating autophagy 

and down-regulating oxidative stress” submitted publication in Food & Function. 

The work was original research and has not been submitted for publication, in whole 

or in part. The manuscript has been approved for publication by all authors.

Vascular endothelial cells injury induced by high glucose (HG) plays an important 

role in the occurrence and development of diabetic vascular complications. Yellow 

tea, a lightly fermented tea, has a protective effect on vascular endothelial cells. 

However, its molecular mechanism remains unclear. In this study, effect of the 

n-butanol fraction of Huoshan large-leaf yellow tea extract (HLYTBE) on vascular 

endothelial injury was investigated using human umbilical vein endothelial cells 

(HUVECs) and diabetic mice. The protection of HUVECs against injury induced by 

HG was first investigated. Our results showed that HLYTBE significantly reduced the 

production of reactive oxygen species, increased superoxide dismutase and 

glutathione peroxidase activity, enhanced the production of reduced glutathione 

production, and decreased the level of oxidized glutathione. HLYTBE promoted 

autophagosome formation, increased the expression of microtubule-associated protein 

1 light chain 3-II/I ratio and Beclin1 and Atg 5, and decreased the expression of p62. 

HLYTBE up-regulated p-AMPK and down-regulated p-mTOR levels, which was 

reversed by the AMPK inhibitor Compound C. Furthermore, HLYTBE reduced 

apoptosis which was attenuated by the autophagy inhibitor 3-methyladenine. In vivo 

studies showed that HLYTBE improved the impaired pyruvate tolerance, glucose 

tolerance, and insulin resistance; reduced the concentrations of blood glucose, 
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glycated serum protein, lipids, and 8-isomeric prostaglandin 2α in serum; increased 

the anti-oxidase activity in serum; and alleviated pathological damage in the thoracic 

aorta of diabetic mice induced by high sucrose-high fat diet and streptozotocin. These 

results suggest that HLYTBE protects the vascular endothelium against 

hyperglycemia-induced injury by up-regulating autophagy via the AMPK/mTOR 

pathway and inhibiting oxidative stress. These also provide a theoretical basis of large 

yellow tea to prevent or alleviate diabetic vascular complications.

Here we declare that there is no interest conflict with this article.

Thank you very much for your consideration of this work!

Best regards,

Sincerely yours,
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Guanhu Bao, Ph.D.
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E-mail: baoguanhu@ahau.edu.cn 
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Highlights

 HLYTBE reduces oxidative stress in HUVECs treated with high glucose (HG).

 HLYTBE inhibits apoptosis in HG-treated HUVECs dependent by promoting 

autophagy. 

 HLYTBE up-regulates autophagy in HG-treated HUVECs via AMPK/mTOR 

pathway.

 HLYTBE ameliorates glycolipid metabolism, IR and oxidative stress in diabetic 

mice.

 HLYTBE attenuates apoptosis and pathological damage in the aorta of diabetic 

mice.
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24 ABSTRACT: 

25 Vascular endothelial cells injury induced by high glucose (HG) plays an important 

26 role in the occurrence and development of diabetic vascular complications. Yellow tea, 

27 a lightly fermented tea, has a protective effect on vascular endothelial cells. However, 

28 molecular mechanisms underlying this effect are not clear. In this study, effect of the 

29 n-butanol fraction of Huoshan large-leaf yellow tea extract (HLYTBE) on vascular 

30 endothelial injury was investigated using human umbilical vein endothelial cells 

31 (HUVECs) and diabetic mice. The protection of HUVECs against injury induced by 

32 HG was first investigated. Our results showed that HLYTBE significantly reduced the 

33 production of reactive oxygen species, increased antioxidase activity (superoxide 

34 dismutase and glutathione peroxidase), enhanced the production of reduced 

35 glutathione production, and decreased the level of oxidized glutathione. HLYTBE 

36 promoted autophagosome formation, increased the expression of 

37 microtubule-associated protein 1 light chain 3-II/I ratio and Beclin1 and Atg 5, and 

38 decreased the expression of p62. HLYTBE up-regulated p-AMPK and 

39 down-regulated p-mTOR levels, which was reversed by the AMPK inhibitior 

40 Compound C. Furthermore, HLYTBE reduced apoptosis and cytochrome C 

41 expression, which was attenuated by the autophagy inhibitor 3-methyladenine. In vivo 

42 studies showed that HLYTBE improved the impaired pyruvate tolerance, glucose 

43 tolerance, and insulin resistance; reduced the concentrations of blood glucose, 

44 glycated serum protein, lipids, and 8-isomeric prostaglandin 2α in serum; increased 

45 the antioxidase activity in serum; and alleviated pathological damage in the thoracic 

46 aorta of diabetic mice induced by high sucrose-high fat diet and streptozotocin. These 

47 results suggest that HLYTBE protects the vascular endothelium by up-regulating 

48 autophagy via the AMPK/mTOR pathway and inhibiting oxidative stress. 

49 Keywords: Autophagy; Apoptosis; High glucose; Large-leaf yellow tea; Vascular 

50 endothelial injury 
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51 1. Introduction

52 Tea is a popular beverage around the world owing to its refreshing fragrance. With 

53 increase in the degree of fermentation, tea can be classified into six categories: green, 

54 white, yellow, oolong, black, and dark1. The different degree of fermentation gives the 

55 unique colour and flavour to tea by changing the content of chemical components and 

56 their degree of oxidation 2. Yellow tea is a lightly fermented tea, which tastes fresher 

57 and mellower than other types of tea and has various pharmacological effects 3,4. Teng 

58 reported that yellow tea could significantly decrease the levels of low-density 

59 lipoprotein, total cholesterol (TC), triglycerides, and blood glucose and increase 

60 glucose tolerance in db/db mice 5. These findings suggest that yellow tea may have 

61 health benefits on diabetes.

62 Diabetes is a kind of metabolic diseases characterized by hyperglycaemia over a 

63 prolonged period, among which more than 90% are non-insulin-dependent diabetes 

64 mellitus, also known as type 2 diabetes mellitus (T2DM). With the change in dietary 

65 conditions, the age of patients with T2DM is gradually younger 6. Specifically, the 

66 morbidity and mortality of diabetic patients with cardiovascular diseases is 

67 significantly increased 7.

68 In high sugar environment, the increased intracellular levels of reactive oxygen 

69 species (ROS) in vascular endothelial cells could lead to reduced bioactivity of nitric 

70 oxide, vascular inflammation, leukocyte adhesion, and diabetic vascular 

71 complications 8. Apoptosis, a kind of programmed cell death, may be over-activated 

72 in a high glucose (HG) environment, resulting in injury to endothelial cells and 
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73 vascular diseases 9. Under normal or mild stress conditions, autophagy may serve as a 

74 cell survival mechanism and for maintaining homeostasis. The autophagy of human 

75 umbilical vein endothelial cells (HUVECs) is impaired in HG environment. The 

76 up-regulation of autophagy can reduce mitochondrial damage, the level of ROS, and 

77 apoptosis rate, thereby, exerting protective effects on HUVECs 10. Studies have 

78 shown that hyperglycaemia enhances the expression of mammalian target of 

79 rapamycin (mTOR) by inhibiting adenosine 5′-monophosphate activated protein 

80 kinase (AMPK), thereby, inhibiting autophagy in HUVECs. These observations 

81 suggest that AMPK/mTOR signalling pathway is closely related to endothelial cell 

82 injury 11.

83 There are few reports about the efficacy of yellow tea in preventing and treating 

84 diabetic vascular complications. In previous studies it has been suggested that the 

85 polar ingredients in large yellow tea may contribute to its anti-hyperglycaemic effects 

86 4. Therefore, in present study, we first explored the effects of an n-butanol fraction of 

87 Huoshan large-leaf yellow tea extract (HLYTBE) on HG-induced autophagy and 

88 apoptosis in endothelial cells. Furthermore, we investigated the protective effects of 

89 HLYTBE on glucose and lipid as well as on vascular injury in type 2 diabetic mice 

90 induced by high sucrose-high fat diet and low-dose streptozotocin (STZ).

91 2. Materials and methods

92 2.1. Reagents

93 Metformin (Met,  99.0%) was obtained from Shouguang Fukang Pharmaceutical Co 
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94 (Shouguang city, Shandong, China). Low glucose Dulbecco`s modified eagle medium 

95 (L-DMEM) and fetal bovine serum (FBS) were purchased from Gibco (Grand Island, 

96 NY, USA). Antibodies for autophagy-related gene 5 (Atg 5) 5, Beclin 1, 

97 voltage-dependent anion channel 1, and glyceraldehyde-3-phosphate dehydrogenase 

98 were purchased from Bioworld Technology (St. Paul, MN, USA). Antibodies for p62, 

99 microtubule-associate protein 1 light chain 3 （ LC3) were purchased from Cell 

100 Signaling Technology (Beverly, MA, USA). Antibodies for cleaved caspase-3, 

101 superoxide dismutase (SOD) 2 were purchased from Wan Lei Biotechnology 

102 (Shenyang, China). Antibody for cytochrome c (Cyt.c) was purchased from 

103 Proteintech (Chicago, IL, USA). The assay kits for ROS, reduced glutathione (GSH) 

104 and oxidized glutathione (GSSG), bicinchoninic acid (BCA）protein assay kit and 

105 Hoechst 33258 staining kit were bought from Beyotime Institute of Biotechnology 

106 (Shanghai, China). STZ was purchased from Sigma Chemical Co, Ltd. (St. Louis, MO, 

107 USA). The kits for measurement of total SOD and glutathione peroxidase (GSH-Px) 

108 activity, blood glucose, glycated serum protein (GSP), TC, and triglycerides were 

109 purchased from Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China). The 

110 enzyme-linked immunosorbent assay (ELISA) kits for insulin and 8-isomeric 

111 prostaglandin 2α (8-iso-PGF2α) were bought from Jiangsu 

112 Meimian Industrial Co., Ltd. (Zhangjiagang, Jiangsu, China). Non-esterified fatty 

113 acids (NEFA) ELISA kit was purchased from Anoric Biotechnology (Tianjin, China).

114 2.2. Plant materials

115 Large-leaf yellow tea made from the leaves of the tea plant (Camellia sinensis), is one 
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116 of the most famous traditional yellow teas in China. Huoshan large-leaf yellow tea 

117 (HLYT) was purchased from Huoshan County, Lu’an City, Anhui Province, China. 

118 Processing HLYT from the mechanically harvested mature fresh tea leaves with stems 

119 includes six steps. The three initial steps fixation, rolling, and the first drying 

120 deactivate the endogenous enzymes in fresh tea leaves and reduce the moisture to 

121 about 10%, which are similar to those steps in processing green tea. Subsequently, 

122 the yellowing step (light fermentation) is performed to pile the tea leaves for 7 days 

123 and second drying is conducted under 120 − 140 ºC for several minutes. The last 

124 roasting step under a temperature of 140−150 ºC leads to the brown color and lightly 

125 astringent taste of the final yellow tea product 3.

126 2.3. Extract preparation

127 Ground powder of HYLT (9 kg) was extracted with 70% aqueous acetone, yielding 

128 1.65 kg of extract. The acetone extract was dissolved in 4 L water, and extracted with 

129 dichloromethane, ethyl acetate, and n-butanol (v/v, 1:1) four times, successively, 

130 through ultrasonic extraction thrice (2 h each time), within 12 h by ultrasonic 

131 extraction, yielding dichloromethane (700 g), ethyl acetate (625 g), n-butanol 

132 (HYLTBE, 120 g), and final water (100 g) fractions.

133 HYLTBE (0.1 g) was stored in 10 mL of 70% aqueous methanol. The samples 

134 were centrifuged at 10,000 rpm for 10 min, and then the supernatant was run through 

135 a 0.22 μm filter for the further ultra performance liquid chromatography (UPLC) 

136 analysis.
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137 2.4. Analysis of chemical components in HYLTBE 

138 The content of flavonoid glycosides and tea polyphenols in HYLTBE was measured 

139 using UPLC 12. The Waters ACQUITY UPLC H-Class UPLC system equipped with a 

140 2489 UV detector and a Waters C18 column (2.1 × 150 mm, 1.7 μm, Waters, Ireland) 

141 was used. The column heater was set at 30 °C. The mobile phase consisted of 0.17% 

142 acetic acid water and acetonitrile, and the flow rate was 0.22 mL/min. The samples 

143 were detected at 350 nm and quantified according to the calibration curve obtained for 

144 flavonoid glycosides. 

145 2.5. Cell culture and treatment

146 HUVECs were purchased from Shanghai Honsun Biological Technology Co. Ltd. 

147 (Shanghai, China). HUVECs were cultured in L-DMEM containing 10% (v/v) FBS, 

148 supplemented with 100 U/mL penicillin and 100 U/mL streptomycin at 37 °C in a 

149 humidified atmosphere of 5% CO 2 and 95% air. Passages 3 to 15 of HUVECs were 

150 used for the described experiments.

151 2.6. Detection of ROS production in HUVECs

152 HUVECs (5 × 104 cells/well) were seeded in 6-well plates and cultured for 24 h. 

153 Thereafter, the cells were co-cultured with HLYTBE (10, 30, 60 g/mL) or Met 350 

154 µM in the presence or absence of glucose (33 mM) for 48 h. The 

155 2′,7′-dichlorofluorescin diacetate (DCFH-DA) fluorescent probe was used to measure 

156 the intracellular ROS generation. The cells were then treated according to the 

157 manufacturer’s instructions. Briefly, the cells were washed and incubated in dark with 

Page 11 of 53 Food & Function



8

158 DCFH-DA (10 μM) at 37 °C for 20 min. After washing 3 times with cold phosphate 

159 buffer solution (PBS), the cells were viewed under a fluorescent microscope 

160 (Olympus IX81, Tokyo, Japan) at an excitation wavelength of 488 nm and an 

161 emission wavelength of 525 nm 13,14. The fluorescence intensity was quantified by 

162 densitometry using the Image J software (National Institutes of Health).  

163 2.7. Detection of antioxidase activity and GSH and GSSG content in HUVECs

164 HUVECs (5 × 104 cells/well) were seeded in 6-well plates and cultured for 24 h. 

165 Thereafter, the cells were co-cultured with HLYTBE (10, 30, 60 g/mL) or Met 350 

166 µM in the presence or absence of glucose (33 mM) for 48 h. Then, the cells were 

167 washed twice with cold PBS and removed from the plates. Then, the cells were 

168 completely disrupted with ultrasonication on ice and centrifuged at 12,000 rpm for 10 

169 min at 4 °C. The cell supernatant was used for the assessment of total SOD and 

170 GSH-Px activity and GSH and GSSG levels strictly according to the manufacturer’s 

171 instructions. The protein concentration was determined by the BCA protein assay.

172 2.8. Observation of autophagosomes by transmission electron microscopy (TEM) 

173 HUVECs (5 × 104 cells/well) were co-cultured with HLYTBE (60 g/mL) or Met 350 

174 µM in the presence or absence of glucose (33 mM) for 48 h. Subsequently, the cells 

175 were washed twice with PBS and were immobilized with 5% glutaraldehyde. After 

176 dehydration, saturation, embedding, sectioning, and staining, the cells were observed 

177 by TEM (JEM-1010, JEOL, Japan).

178 2.9. Western blot analysis
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179 After the treatment, cells were lysed with a lysis buffer. The protein concentration in 

180 the lysate was determined with a BCA protein assay kit. Equal amounts of proteins 

181 were separated by sodium dodecyl sulphate-polyacrylamide gel electrophoresis and 

182 subsequently transferred to polyvinylidene fluoride membranes. The membranes were 

183 blocked for 2 h at room temperature in 5% non-fat milk dissolved in Tris-buffered 

184 saline containing 0.05% Tween 20. Subsequently, the membranes were incubated 

185 overnight with the primary antibody (1:1000 dilution) at 4 °C. Thereafter, the 

186 membranes were washed and incubated with the secondary antibody (1:5000 dilution) 

187 for 2 h at room temperature. Finally, the protein bands were detected using an 

188 enhanced chemiluminescence detection system and the images were analysed using 

189 the Image J software.

190 2.10. The protein expression levels of Cyt.c in mitochondria and cytoplasm

191 HUVECs (1 × 105 cells/flask) were seeded in 75 mL cell culture flask and cultured 

192 for 24 h. Thereafter, the cells were co-cultured with HLYTBE (10, 30, 60 μg/mL) or 

193 Met 350 µM in the presence or absence of glucose (33 mM) for 48 h. After digestion 

194 with 0.25% trypsin, cells were collected and centrifuged at 1000 rpm for 5 min for 2 

195 times. Then, the cells were resuspended in the mitochondria isolation reagent. The 

196 isolation and lysis of mitochondria were carried out in strict accordance with the 

197 manufacturers’ instructions. Protein concentration was determined with a BCA 

198 protein assay kit. The Cyt.c protein expression levels in mitochondria and cytoplasm 

199 were detected using western blot analysis as described above.
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200 2.11. Cell apoptosis assay by Hoechst staining

201 After the treatment, HUVECs were washed twice with PBS and stained with 

202 Hoechst 33258. The morphology of apoptotic cells was detected using a fluorescence 

203 microscope 15. The fluorescence intensity was quantified by densitometry using the 

204 Image J software.

205 2.12. Animals

206 Male C57BL/6J mice (17–19 g) were purchased from Comparative Medical Center of 

207 Yangzhou University (Yangzhou, China). The animals were maintained with free 

208 access to laboratory chow and tap water in plastic cages at a controlled temperature 

209 (23 ± 2 °C), under a 12 h light/dark cycle. The experimental process followed the 

210 regulations prescribed by the Animal Ethics Committee of China Pharmaceutical 

211 University.

212 2.13. Type 2 diabetic mice 

213 After acclimatization, the mice were randomly divided into two groups. Mice in the 

214 normal control group (n = 8) had free access to ordinary mouse chow whereas those 

215 in the other group (n = 45) were fed a high sucrose-high fat diet consisting of 10% 

216 lard, 12.5% sucrose, 5% yolk powder, 1% cholesterol, 0.1% cholate, 71.4% basic diet 

217 (w/w, the Laboratory Animal Center of Nanjing Qinglongshan, China). After 10 

218 weeks, the mice were fasted for 6 h and intraperitoneally injected with 45 mg/kg STZ 

219 (in 0.1 M citrate buffer, pH 4.5) once a day for 3 consecutive days to induce T2D, 

220 whereas the normal control mice were given a 0.1 M citrate buffer in equal volume. 

Page 14 of 53Food & Function



11

221 After 1 day, the mice were fasted for 6 h and treated with glucose (2 g/kg, p.o.). The 

222 blood glucose levels at 0 and 2 h after the glucose treatment were determined. Mice 

223 with blood glucose levels of 10.0 mM at 0 min or 13.0 mM at 120 min were 

224 considered to have T2D 16,17.

225 2.14. Experimental groups and drug administration

226 T2D mice were randomly divided into four groups (n = 8) via fasting glucose and 

227 were continually maintained on tap water and high-fat diet. The normal control mice 

228 had free access to ordinary chow. The mice in the normal group and model group 

229 were orally administrated 0.2% carboxymethyl cellulose sodium as a vehicle. The 

230 mice in the drug group were orally administered 60 or 120 mg/kg HLYTBE or 200 

231 mg/kg metformin. The administration continued for 10 weeks. The weight and food 

232 intake of mice were recorded every 2 days.

233 2.15. Oral glucose tolerance test (OGTT) and pyruvate tolerance test (PTT)

234 The OGTT was performed on the ninth week and PTT was performed on the tenth 

235 week. The mice were fasted for 6 h and blood samples were collected from the 

236 postorbital venous plexus veins (0 min). Immediately after blood collection, all the 

237 mice were orally administered glucose at 2.0 g/kg or were intraperitoneally injected 

238 with sodium pyruvate at 2.0 g/kg. Blood samples were successively collected at 30, 60, 

239 and 120 min after the administration of glucose or pyruvate. The glucose levels in the 

240 serum were determined using commercial assay kits according to the manufacturer's 

241 directions, and the glucose area under the curve (AUC) was calculated.
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242 2.16. Biochemical assay

243 In the tenth week after administration, the mice were anaesthetised and blood samples 

244 were collected. The blood samples were centrifuged at 2500 × g for 15 min and sera 

245 were collected. The levels of blood glucose, GSP, TC, triglyceride, SOD, and 

246 GSH-Px in the serum were determined colourimetrically using commercial assay kits 

247 according to the directions of the manufacturer. The concentrations of insulin, NEFA, 

248 and 8-iso-PGF2α in the serum were measured using commercial ELISA kits.

249 2.17. Histopathological analysis

250 The thoracic aorta was dissected, washed with saline, and fixed by immersing in 

251 formalin solution. The aortic arch was dehydrated in an increasing ethanol gradient 

252 and embedded in paraffin. The thickness of the aortic arch was about 4 μm. The 

253 nucleus was stained with haematoxylin and cytoplasm was stained with eosin. After 

254 dehydration and sealing, the cells were examined under an Olympus BX53 

255 microscope.

256 2.18. Detection of apoptosis of aorta tissue 

257 The apoptosis of aorta tissue was detected by terminal 

258 deoxynucleotidyl-transferase-mediated dUTP nick-end labelling (TUNEL) technique. 

259 TUNEL staining was performed with formalin-fixed and paraffin-embedded sections 

260 at 4-μm thickness using the In Situ Cell Death Detection Kit (Roche Molecular 

261 Biochemicals, Mannheim, Germany) according to the manufacture’s instructions. The 

262 apoptosis of aortic endothelial cells was detected under a light microscope. 
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263 2.19. Statistical analysis

264 All the experimental data were expressed as mean ± SEM. One-way analysis of 

265 variance (ANOVA) followed by Tukey’s test or two-tailed Student's t test was used to 

266 compare the differences between the groups. Values of P < 0.05 were considered 

267 statistically significant.

268 3. Results

269 3.1. UPLC analysis of flavonoid glycosides, caffeine, and 10 major catechins in 

270 HLYTBE

271 Both HLYT and Lu’an GuaPian tea are special local products in Lu’an city. Thus, we 

272 quantified the nine flavonoid glycosides, reported to be present in the Lu’an GuaPian 

273 tea, in HLYTBE 12. Based on the comparison of the retention times of the peaks 

274 obtained with those of the reference peaks, we determined the content of the nine 

275 flavonoid glycosides in HLYTBE (Supplementary Table 1). The major flavonoid 

276 glycosides detected were quercetin-O-Glc-Rha-Glc (9.02 mg/g), kaempferol 

277 3-O-Glc-Rha-Glc (23.30 mg/g), kaempferol 3-O-Glc-Rha (5.64 mg/g), quercetin 

278 3-O-p-Cou-Glc-Ara-Rha-Glc (2.31 mg/g), and kaempferol 3-O-p-Cou-Glc-Ara-Rha 

279 -Glc (1.17 mg/g). Our results suggest that flavonoid glycosides can be easily 

280 concentrated through n-butanol extraction.

281 To quantify the characteristic compounds present in tea, caffeine and 10 major 

282 catechins were analysed. Supplementary Table 2 presents the content of the 11 

283 compounds in HLYTBE. Comparing the retention times obtained for the samples with 

284 those of the reference peaks, and performing quantitative analysis, we determined the 
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285 content of gallocatechin (9.32 mg/g), caffeine (43.06 mg/g), epigallocatechin (35.76 

286 mg/g), catechin (11.58 mg/g), epicatechin (12.38 mg/g), epigallocatechin gallate 

287 (EGCG, 20.80 mg/g), gallocatechin gallate (3.86 mg/g), epigallocatechin gallate 

288 3′′-O-methyl (4.29 mg/g), epicatechin gallate (11.72 mg/g), catechin gallate (1.53 

289 mg/g), epicatechin gallate 3′′-O-methyl (0.31 mg/g) in HLYTBE.

290 3.2. Effect of HLYTBE on oxidative stress in HUVECs induced by HG

291 ROS production in endothelial cells was observed using the specific fluorescent dye, 

292 DCFH-DA. The ROS production in HG-treated HUVECs was significantly increased, 

293 when compared to that in the untreated group. Treatment with HLYTBE remarkably 

294 suppressed the ROS production by 21.7%, 46.5%, and 62.4% at 10, 30, and 60 g/mL, 

295 respectively (Fig. 1A, B). SOD can catalyse the disproportionation of superoxide 

296 anion radicals to produce oxygen and hydrogen peroxide and remove excess free 

297 radicals. The protein expression of SOD2 in HLYTBE 60 g/mL group was 

298 remarkably increased (Fig. 1C). The SOD and GSH-Px activities in HG-treated 

299 HUVECs are significantly decreased by 0.63- and 0.48-fold, respectively, when 

300 compared to that in the untreated group. HLYTBE (30 and 60 g/mL) treatment could 

301 remarkably increase the SOD and GSH-Px activity with 1.36- and 1.49-fold, and 1.64 

302 and 1.86-fold of the respective activities in the HG only treated group (Fig. 1D, E). In 

303 addition, the effects of HLYTBE on the changes in the GSH/GSSG content were also 

304 determined in HG-treated HUVECs (Fig. 1F, G, H). The results showed that the GSH 

305 content and the ratio of GSH/GSSG were decreased, whereas the GSSG content was 

306 increased in the presence of HG. However, treatment of HUVECs with HLYTBE 
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307 could attenuate the decrease in the GSH content and increase in the GSSG level, 

308 thereby, elevating the GSH/GSSG ratio. These results suggested that HLYTBE could 

309 inhibit oxidative stress in HUVECs induced by HG. 

310

311 Fig. 1 Effect of HLYTBE on oxidative stress in HG-treated HUVECs. The cells were 
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312 treated with HLYTBE (10, 30, 60 μg/mL) or Metformin (Met, 350 μM) in the 

313 presence or absence of glucose (33 mM) for 48 h. (A) The ROS levels were measured 

314 by fluorescence of DCFH-DA using a Olympus fluorescence microscope (200×). (I) 

315 untreated group; (II) HG only treated group; (III) HLYTBE 10 μg/mL; (IV) HLYTBE 

316 30 μg/mL; (V) HLYTBE 60 μg/mL; (VI) Met 350 μM. (B) The fluorescence intensity 

317 was quantified by densitometry using the Image J software. (C) Expression of SOD2 

318 protein was determined by western blot analysis. Total SOD (D) activity, GSH-Px (E) 

319 activity, and the level of GSH (F) and GSSG (G) were determined using a microplate 

320 reader. The ratio of GSH/GSSG (H) was measured. The results are presented as 

321 means ± SEM (n = 3~4). ## P < 0.01 vs. untreated group, *P < 0.05, ** P < 0.01 vs. HG 

322 only treated group.

323 3.3. Effect of HLYTBE on autophagy in HUVECs induced by HG

324 The effect of HLYTBE on autophagy-related protein expression in HG-treated 

325 HUVECs was evaluated. The LC3II/LC3I ratio (Fig. 2A) and the protein expression 

326 of Beclin1 (Fig. 2B) and Atg5 (Fig. 2C) were significantly decreased, whereas the 

327 expression of p62 (Sequestosome-1) (Fig. 2D) was remarkably increased in HUVECs 

328 exposed to HG. HLYTBE (10, 30, 60 g/mL) treatment could significantly increase 

329 the LC3II/LC3I ratio with 1.16-, 1.35-, and 1.52-fold of the ratio in the HG only 

330 treated group, respectively. At the same time, HLYTBE (30 and 60 g/mL) treatment 

331 could significantly reduce the expression of p62 and the inhibition was about 30.3% 

332 and 77.1%, respectively. In addition, HLYTBE (30 and 60 g/mL) treatment could 

333 significantly up-regulate the expression of Beclin1, whereas HLYTBE 60 g/mL 
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334 treatment could remarkably increase the expression of Atg5. These results 

335 demonstrated that HLYTBE could enhance the autophagy related protein expression 

336 in HUVECs treated with HG. Furthermore, TEM was performed to visualize the 

337 autophagosomes in HUVECs. Consistent results showing fewer autophagosomes in 

338 the HG only treated group than that in the untreated group were obtained. On the 

339 contrary, there were more autophagosomes in the HLYTBE group (Fig. 2E). These 

340 results showed that HLYTBE could improve the autophagy in HG-treated HUVECs.

341

342 Fig. 2 Effect of HLYTBE on autophagy in HG-treated HUVECs. The cells were 

343 treated with HLYTBE (10, 30, 60 μg/mL) or Met (350 μM) in the presence or absence 

344 of glucose (33 mM) for 48 h. The protein expression levels of LC3 (A), p62 (B), 

345 Beclin1 (C), and Atg5 (D) were determined by western blot analysis. (E) 
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346 Autophagosomes in HUVECs were observed by TEM (30000×). Red arrows 

347 represent autophagosomes. (I) untreated group; (II) HG only treated group; (III) 

348 HLYTBE 60 μg/mL; (IV) Met 350 μM. The results are presented as means ± SEM (n 

349 = 3~4). ## P < 0.01 vs. untreated group, *P < 0.05, ** P < 0.01 vs. HG only treated 

350 group. 

351 3.4. Effect of HLYTBE on AMPK/mTOR signalling pathway in HG-treated 

352 HUVECs 

353 The AMPK/mTOR pathway plays an important role in regulating autophagy and 

354 serves as an upstream signal for autophagy. As shown in Fig. 3A, HLYTBE (10, 30, 

355 60 g/mL) treatment could significantly increase the p-AMPK levels by 1.25-, 1.63-, 

356 and 1.81-fold of the levels in the HG only treated group, respectively. The 

357 phosphorylation of mTOR was dramatically increased compared with that in the 

358 untreated group. As expected, HLYTBE (30 and 60 μg/mL) significantly suppressed 

359 the phosphorylation of mTOR by 33.7% and 77.5%, respectively (Fig. 3B). 

360 Furthermore, cells co-treated with HLYTBE and Compound C (an AMPK inhibitor) 

361 showed a significant increase in the expression of p-mTOR (Fig. 3C) and p62 (Fig. 

362 3D) compared with that in the cells treated with HLYTBE. These results suggested 

363 that HLYTBE significantly up-regulated the AMPK/mTOR signalling pathway and 

364 enhanced the autophagy via the AMPK-dependent pathway in vascular endothelial 

365 cells evoked by HG. 
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366

367 Fig. 3 Effect of HLYTBE on the AMPK/mTOR signalling pathway in HG-treated 

368 HUVECs. The cells were treated with HLYTBE (10, 30, 60 μg/mL) or Met (350 μM) 

369 in the presence or absence of glucose (33 mM) for 48 h. The levels of p-AMPK (A) 

370 and p-mTOR (B) were determined by western blot analysis. The cells were treated 

371 with HLYTBE (60 μg/mL) or an AMPK inhibitor, Compound C (5 mM) in the 

372 presence or absence of glucose (33 mM) for 48 h. The expression levels of p-mTOR 

373 (C) and p62 (D) were determined by western blot analysis. The results are presented 

374 as means ± SEM (n = 3~4). ## P < 0.01 untreated group, *P < 0.05, ** P < 0.01 vs. 

375 HG only treated group; && P < 0.01 vs. HLYTBE (60 μg/mL) group.

376 3.5. Protective effects of HLYTBE on apoptosis of HUVECs induced by HG

377 To determine whether HLYTBE reduced the apoptosis in HG-treated HUVECs, we 

378 performed Hoechest 33342 staining. As illustrated in Fig. 4A, following HG treatment, 

379 HUVECs exhibited apoptotic characteristics—condensation or fragmentation of 
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380 chromatin—which were evident by emission of strong fluorescence. The apoptotic 

381 rate of cells in the HG only treated group was significantly higher than of those in the 

382 untreated group (Fig. 4B). When the cells were treated with HLYTBE, the apoptotic 

383 rate was reduced, and the inhibition was about 29.7%, 44.9%, and 87.0 % at 10, 30, 

384 and 60 g/mL, respectively. The release of Cyt.c from mitochondria into the 

385 cytoplasm is a key initial step in apoptosis. We found that treatment with HLYTBE 

386 (10, 30, 60 g/mL) could increase mitochondrial Cyt.c protein expression and 

387 decrease cytoplasmic protein expression in a dose-dependent manner in HUVECs 

388 treated with HG (Fig. 4C, D). Cleaved caspase-3 is involved in the execution of 

389 apoptosis and regulates the entire process. Consistently, treatment with HLYTBE (10, 

390 30, 60 g/mL) could remarkably decrease the expression of cleaved caspase-3 in a 

391 dose-dependent manner and the inhibition was about 32.9%, 67.4%, and 94.8%, 

392 respectively (Fig. 4E). The results suggested that HLYTBE could inhibit 

393 mitochondria-mediated apoptosis in HG-treated vascular endothelial cells. 

394 To further demonstrate that the anti-apoptotic effect of HLYTBE contributed to 

395 the promotion of autophagy, we examined its effect on the expression of Cyt.c and 

396 cleaved caspase-3, by incubating HUVECs with HG and an autophagy inhibitor, 

397 3-methyladenine (3-MA). The results showed that cells co-treated with HLYTBE and 

398 3-MA significantly increased the expression of Cyt.c (Fig. 4F) and partially increased 

399 the expression of cleaved caspase-3 (Fig. 4G) compared with that in the cells treated 

400 with HLYTBE. Taken together, these results suggested that HLYTBE protected 

401 endothelial cells from HG-induced apoptosis by increasing the autophagy level.
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402

403 Fig. 4 Effect of HLYTBE on apoptosis in HG-treated HUVECs. The cells were 

404 treated with HLYTBE (10, 30, 60 μg/mL) or Met (350 μM) in the presence or 

405 absence of glucose (33 mM) for 48 h. (A) Cell apoptosis was detected by Hoechst 

406 staining using a Olympus fluorescence microscope (400×). (I) untreated group; (II) 

407 HG only treated group; (III) HLYTBE 10 μg/mL; (IV) HLYTBE 30 μg/mL; (V) 

408 HLYTBE 60 μg/mL; (VI) Met 350 μM. (B) The fluorescence intensity was 

409 quantified by densitometry using the Image J software. The expression levels of 

410 Cyt.c in mitochondria (C) and cytoplasm (D) and cleaved caspase-3 (E) were 

411 investigated by western blot analysis. The cells were treated with HLYTBE (60 

412 μg/mL) or with 3-MA (1 mM), in the presence or absence of glucose (33 mM) for 48 
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413 h. The expression levels of Cyt.c (F) and cleaved caspase-3 (G) were determined by 

414 western blot analysis. The results are presented as means ± SEM (n = 3). ## P < 0.01 

415 vs. untreated group, ** P < 0.01 vs. HG only treated group. & P < 0.05 vs. HLYTBE 

416 (60 μg/mL) group.

417 3.6. Effect of HLYTBE on OGTT, PTT, and IR index in diabetic mice

418 The glucose tolerance and pyruvate tolerance in the diabetic control group were 

419 significantly impaired compared with those in the normal group. Compared with the 

420 diabetic control group, HLYTBE (60 and 120 mg/kg) groups significantly improved 

421 the glucose and pyruvate tolerance, and the inhibition ratios of AUC were 30.1% and 

422 28.3% (Fig. 5A), and 49.7% and 52.0%, respectively (Fig. 5B). Furthermore, 

423 HLYTBE (60 and 120 mg/kg) treatment significantly decreased the IR index 

424 compared with that in the diabetic control group, and the inhibition was 76.5% and 

425 65.8%, respectively (Fig. 5C). These results suggested that HLYTBE could 

426 remarkably ameliorate IR in diabetic mice.
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427

428 Fig. 5 Effects of HLYTBE on OGTT, PTT, and IRI in diabetic mice. Diabetic mice 

429 were administrated HLYTBE (60 and 120 mg/kg) or Met (200 mg/kg) for 10 weeks 

430 (n = 6–8). (A) OGTT. (B) PTT. (C) IRI = fasting blood glucose × fasting serum 

431 insulin/22.5. ##P < 0.01 vs. Normal control group, *P < 0.05, **P < 0.01, vs. Diabetic 

432 control group.

433 3.7. Effect of HLYTBE on glycolipid metabolism and oxidative stress in diabetic 

434 mice

435 To assess the effect of HLYTBE on the glucose metabolism in diabetic mice, we 

436 evaluated the levels of serum FBG and GSP in each group. As shown in table 1, 

437 compared with the diabetic control group, HLYTBE (60 and 120 mg/kg) significantly 

438 decreased the serum FBG and GSP levels by 66.1% and 80.6%, and 59.7% and 72.7%, 
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439 respectively. Additionally, diabetic mice showed an abnormal lipid metabolism. 

440 Compared with the diabetic control group, HLYTBE (60 and 120 mg/kg) significantly 

441 decreased the levels of TC, triglycerides, and NEFA, and their inhibition ratios were 

442 46.1% and 41.3%, 50.2% and 51.7%, and 74.9% and 86.7%, respectively. Oxidative 

443 stress is involved in the development and progression of diabetic vascular disease 18. 

444 HLYTBE (60 and 120 mg/kg) could increase the SOD activity by 1.89- and 1.94-fold 

445 compared with that in the diabetic control group, respectively. Moreover, HLYTBE 

446 (60 and 120 mg/kg) could increase the GSH-Px activity by 1.43- and 1.58-fold 

447 compared with that in the diabetic control group, respectively. Furthermore, compared 

448 with the diabetic control group, HLYTBE (60 and 120 mg/kg) significantly decreased 

449 the levels of 8-iso-PGF2α in the serum by 93.4% and 75.7%, respectively. These 

450 results suggested that HLYTBE could regulate the abnormal lipid metabolism and 

451 exhibit potent antioxidant activity to reduce oxidative damage.
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453 TABLE 1 Effect of HLYTBE on glycolipid metabolism and oxidative stress in 

454 diabetic mice 

Parameter Normal 

control      

 Diabetic

 control    

HLYTBE 

60 mg/kg

HLYTBE 

120 mg/kg

Met 

200 mg/kg

FBG (mM) 6.93±1.65 12.98±3.94## 8.70±2.76** 7.74±2.13** 6.78±2.90*

GSP (mM) 4.46±0.43 5.24±0.23## 4.78±0.51** 4.68±0.53** 4.42±0.58*

TG (mM) 2.08±0.43 2.83±0.16## 2.45±0.40* 2.44±0.28* 2.03±0.89*

TC (mM) 1.80±0.31 5.02±0.73## 3.53±0.79** 3.69±0.82** 3.26±0.66**

NEFA（μM） 305.39±99.87 697.47±269.30## 403.24±260.11* 357.25±107.02** 359.19±99.95**

SOD(U/mL) 219.84±50.79 111.36±56.89## 209.96±26.34** 215.73±67.75** 225.01±42.42**

 GSH-Px(U/ml) 235.34±26.39 141.00±33.47## 202.68±25.00** 223.87±17.79** 185.15±26.19**

8-iso-PGF2α(pg/mL) 133.61±20.44 175.52±23.46## 143.80±21.17* 136.37±25.71** 146.39±25.59*

455 Diabetic mice were administrated HLYTBE (60 and 120 mg/kg) or Met (200 mg/kg) 

456 for 10 weeks (n = 6–8). The levels of fasting blood glucose, GSP, TC, TG, NEFA, 

457 total SOD, GSH-Px and 8-iso prostaglandin F2 in the serum were measured. ##P < 

458 0.01 vs. Normal control group, *P < 0.05, **P < 0.01, vs. Diabetic control group.

459 3.8. Effect of HLYTBE on the apoptosis and histopathological damage of 

460 thoracic aorta arch in diabetic mice

461 As shown in Fig. 6A, the number of TUNEL-positive nuclei in aortic sections of the 

462 diabetic control group was remarkably increased compared with that in the normal 

463 control group. Treatment with HLYTBE or Met significantly decreased the number of 

464 TUNEL-positive nuclei compared with that in the diabetic control group. These 
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465 results suggest that HLYTBE could alleviate the apoptosis of cells in the aorta of 

466 diabetic mice. We next assessed the effect of HLYTBE on the histopathological 

467 changes in the thoracic aorta arch in diabetic mice. As shown in Fig. 6B, the intima of 

468 thoracic aortic arch in normal mice was smooth and clear. In diabetic control group, 

469 the intima of thoracic artery arch was damaged, the intima was thickened, the texture 

470 was not clear, and there was fat deposition under the intima, and the cell swelling was 

471 obvious. These results suggested that HLYTBE could significantly attenuate the aortic 

472 arch vascular lesions in type 2 diabetic mice.

473

474 Fig. 6 Effect of HLYTBE on the apoptosis, and histopathological changes in the 

475 thoracic aorta arch in diabetic mice. Diabetic mice were administrated HLYTBE (60 

476 and 120 mg/kg) or Met (200 mg/kg) for 10 weeks. (A) The samples were sectioned 

477 and processed using the TUNEL Staining Kit and DAB. The apoptotic nuclei stained 

478 with DAB were brownish-yellow (Black arrow). (B) The histopathological changes in 

479 the thoracic aorta were observed by optical microscopy: HE (400×). (I) Normal 

480 control group; (II) Diabetic control group; (III) HLYTBE 60 mg/kg group; (IV) 

481 HLYTBE 120 mg/kg group; (V) Met 200 mg/kg group.

482 4. Discussion 
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483 Macro-vascular diabetic complications mainly represented by atherosclerotic disease 

484 are principally caused by prolonged exposure to hyperglycaemic conditions. A high 

485 glucose environment results in vascular endothelial dysfunction, mainly related to 

486 oxidative stress and apoptotic cascade, but the details are still unclear 19.

487 Oxidative stress plays a key role in vascular endothelial injury and is considered 

488 as an early mechanism in many cardiovascular diseases 20,21. Studies have shown that 

489 hyperglycaemia-induced ROS production plays a critical role in the apoptosis of 

490 endothelial cells 22. ROS can increase the level of hydrogen peroxide. GSH-Px 

491 pdetoxifies hydrogen peroxide by converting two GSH molecules to the oxidized 

492 form, GSSG, which in turn is reduced back to GSH by glutathione reductase to 

493 constitute a redox cycle 23. GSH is an important antioxidant and free radical scavenger 

494 in vivo. In addition, GSH-Px can scavenge ROS to protect the structure and function 

495 of cell membrane 24. It has been shown in previous studies that yellow tea leaves are 

496 rich in phenolic compounds with antioxidant activity 25. Consistently, in this study, we 

497 demonstrate that HLYTBE could reduce HG-induced oxidative stress in vascular 

498 endothelial cells by reducing ROS production and GSSG content, enhancing the 

499 expression of SOD2 and SOD activity, increasing the GSH-Px activity, and elevating 

500 the GSH level and GSH/GSSG ratio (Fig. 1). These results indicate that HLYTBE 

501 could be helpful in treating endothelial oxidative stress associated vascular endothelial 

502 injury.

503 Autophagy plays an important role in vascular complications of diabetes, and it is 

504 closely related to oxidative stress and apoptosis 26. Aging or damaged organelles are 
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505 absorbed by autophages and lysosomes are degraded into macromolecules in response 

506 to nutritional deficiency or other stress-related signals. In the process of autophagy, 

507 Atg5 is involved in the formation of the Atg5–Atg12 complex, which is essential for 

508 the generation of autophagosomes 27. Beclin1 is also a molecule that is essential for 

509 the formation of autophagosomes. As a multifunctional ubiquitin-binding protein, p62 

510 is involved in the degradation of proteins in the ubiquitin–proteasome and 

511 autophagy–lysosomal system. Studies have shown that HG can directly inhibit the 

512 autophagic flux of vascular endothelial cells 28. We found that LC3-II/LC3-I, Atg5, 

513 and Beclin1 levels were weakened and p62 expression was increased by HG treatment. 

514 Moreover, we observed that HLYTBE enhanced the LC3-II/LC3-I ratio, the 

515 expression of Atg5 and Beclin1, and decreased the expression of p62 in HG-treated 

516 HUVECs (Fig. 2). Next, by TEM analysis, we found that treatment with HLYTBE 

517 (60 μg/mL) significantly increased the number of autophagosomes in HUVECs. 

518 These results suggest that HLYTBE can up-regulate autophagy in HUVECs induced 

519 by HG and HLYTBE may be an autophagy agonist.

520 The AMPK/mTOR pathway is important for regulating autophagy and serves as 

521 an upstream target of autophagy 29, 30. AMPK is stimulated by changes in cellular 

522 energy and responds to energy stress. AMPK can inhibit the activity of the mTOR 

523 complex (mTORC1) by directly phosphorylating Raptor 31. Several studies have 

524 shown that AMPK is a positive regulator of autophagy and inhibits the mTOR 

525 pathway 32, 33. In this study, we observed that HLYTBE could remarkably up-regulate 

526 the phosphorylation of AMPK and down-regulated that of mTOR in vascular 
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527 endothelial cells evoked by HG (Fig. 3). To confirm that the effect of HLYTBE in the 

528 enhancing autophagy was mediated by the AMPK/mTOR signalling pathway, we 

529 treated vascular endothelial cells with Compound C. This treatment restored the 

530 expression of p-mTOR and p62 induced by HG, and the expression of these proteins 

531 was remarkably reduced in the Compound C plus HLYTBE group. These results 

532 suggested that the enhancement of autophagy by HLYTBE was through the 

533 up-regulation of the AMPK/mTOR signalling pathway. 

534 The apoptosis of endothelial cells plays an important role in the development and 

535 pathogenesis of many vascular diseases, including atherosclerosis and vascular 

536 remodelling. The caspase family forms the core of the programmed death signal 

537 network, among which caspase-3 is the main executor of apoptosis and plays an 

538 important role in apoptosis. Additionally, studies have shown that a large amount of 

539 Cyt.c is released from mitochondria during the process of apoptosis, and accelerates it. 

540 We show that HLYTBE could reduce the expression of cleaved caspase-3 and Cyt.c 

541 and inhibit the apoptosis in HUVECs induced by HG. For cells with an impaired 

542 function, it is impossible to achieve a balance between autophagy and apoptosis, and 

543 they ultimately undergo apoptosis 34. The autophagy of endothelial cells can resist 

544 apoptosis under certain stress conditions 35. In the presence of the autophagy inhibitor, 

545 3-MA, autophagy was significantly inhibited and the levels of cleaved caspase-3 and 

546 Cyt.c were significantly increased. Moreover, the inhibitory effects of HLYTBE on 

547 the expression of Cyt.c and cleaved caspase-3 were reversed (Fig. 4). These data 

548 suggested that HLYTBE could reduce apoptosis in endothelial cells under HG 
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549 conditions by promoting autophagy.

550 The main characteristics of T2DM are impaired insulin secretion and peripheral 

551 IR, which can lead to disorders in glucose and lipid metabolism 36. There are several 

552 reports on the hypoglycaemic and lipid-lowering effects of flavonoids and catechins 

553 that are ubiquitously present in tea37-40. Green, black, and Pu'er tea have 

554 pharmacological effects related to the regulation of lipid metabolism, as well as 

555 anti-inflammatory and anti-obesity effects 41. Studies have shown that green tea 

556 polyphenols alleviate the inhibition of autophagy induced by HG in endothelial cells 

557 42. Yellow tea has significant hypoglycaemic effect and can alleviate the disorder of 

558 glucose metabolism in ICR mice induced by a high-fat diet 4. In the study by Han, the 

559 effects of tea water infusion could be due to the presence of polar ingredients in tea. 

560 Accordingly, we used HLYTBE, a polar fraction (butanol fraction) of Huoshan 

561 large-leaf yellow tea, in the present study. We found that the flavonoid glycosides, 

562 non-gallated catechins (gallocatechin, epigallocatechin, catechin, epicatechin), and 

563 caffeine were significantly enriched, which may contribute to the effects of HLYTBE. 

564 The decrease in the most abundant compound, EGCG, may lead to hundred-fold 

565 increase in the amount of related 8- or 6- ethylpyrrolidinone substituted EGCG 

566 (flavoalkaloids), which may also contribute to the health benefits of large yellow tea 3. 

567 There is some evidence that EGCG has the capacity toscavenge toxic reactive 

568 metabolic wastes 43. Yellow tea contains (−)-epicatechin, which has beneficial effects 

569 on lipid metabolism and cardiovascular diseases 44.

570 Our results show that HLYTBE could significantly improve impaired IPTT and 
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571 OGTT as well as IR in diabetic mice induced by high sucrose-high fat diet and STZ 

572 (Fig. 5). HLYTBE also reduced fasting blood glucose, GSP, TC, triglyceride, and free 

573 fatty acid levels. These results suggested that HLYTBE could regulate blood glucose 

574 and lipid metabolism, and reduce IR in diabetic mice. Type 2 diabetes mellitus is 

575 associated with increased oxidative stress due to the overproduction of ROS and 

576 decreased efficiency of the antioxidant defences. The antioxidant enzymes, such as 

577 SOD, GSH-Px, and catalase, contribute to eliminate superoxides, hydrogen peroxide, 

578 and hydroxyl radicals. F2-isoprostanes are the end products of free radical attack on 

579 cell membrane phospholipids. 8-Iso-PGF2α is considered to be a reliable biomarker 

580 for evaluating oxidative stress in vivo 45. HLYTBE increased the activities of SOD and 

581 GSH-Px and decreased the level of 8-iso-PGF2α in the serum of diabetic mice (Table 

582 1). These results suggested that HLYTBE could suppress oxidative stress and reduce 

583 oxidative damage in diabetic mice. Vascular endothelial dysfunction is recognized as 

584 the initial step in diabetic vascular complications, which might be caused by 

585 hyperglycaemia-induced apoptosis of vascular endothelial cells 46. HLYTBE could 

586 significantly decrease the apoptosis of endothelial cells in the thoracic aorta (Fig. 6A). 

587 Moreover, HLYTBE could remarkably improve the structure and morphology of 

588 endothelial cells of the thoracic aorta in diabetic mice (Fig. 6B). These results were 

589 consistent with the results obtained in vascular endothelial cells in vitro.

590 5. Conclusion

591 This study demonstrates that HLYTBE could significantly improve autophagy by 

592 increasing the number of autophagosomes, up-regulating the expression of LC3II, 
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593 Beclin1, and Atg5, inhibiting the expression of p62 and oxidative stress, reducing 

594 apoptosis by down-regulation of the expression of Cyt.c and cleaved caspase-3 in 

595 HG-treated HUVECs. In addition, HLYTBE protected vascular endothelial cells 

596 against hyperglycaemia-induced injury via the AMPK/mTOR signalling pathway. 

597 Furthermore, HLYTBE could effectively improve glucose and lipid metabolism and 

598 insulin resistance, enhance antioxidant enzyme activity, and alleviate arterial vascular 

599 injury in diabetic mice. These results provide a theoretical basis for the prevention or 

600 alleviation of diabetic vascular complications by large-leaf yellow tea.

601 Author contributions

602 Pu Wang, Feihua Wu and Guanhu Bao conceived and designed the experiments; Pu 

603 Wang, Yihai Huang, Jiayue Ren, Yuezhao Rong, Lili Fan, Peng Zhang, Xueying 

604 Zhang, Junxiao Xi, Shuying Mao, Min Su and Baobao Zhang performed the 

605 experiments; Pu Wang and Yihai Huang analyzed the data; Pu Wang, Yihai Huang, 

606 Guanhu Bao and Feihua Wu wrote the manuscript. All authors read and approved the 

607 final manuscript.

608 Conflicts of interest

609 The authors declare that there are no conflicts of interest.

610 Acknowledgements

611 This work was supported by the Open Fund of State Key Laboratory of Tea Plant 

612 Biology and Utilization (SKLTOF20170103) and the National Natural Science 

613 Foundation of China (81873061).

Page 36 of 53Food & Function



33

614 Reference

615 [1] W. Wang, B.Y. Zhu, P. Wang, Z. Peng, W.W. Deng, F.H. Wu, C.T.Ho, T.J.Ling, 

616 Z.Z.Zhang, X.C.Wan and G.H.Bao, Enantiomeric  Trimethylallantoin monomers, 

617 dimers, and trimethyltriuret: evidence for an alternative catabolic pathway of 

618 caffeine in tea plant, Org. Lett, 2019, 21, 5147–5151. 

619 [2] H. Jiang, F. Yu, L. Qin, N. Zhang, Q. Cao, W. Schwab, D.X.Liang and C.K.Song, 

620 Dynamic change in amino acids, catechins, alkaloids, and gallic acid in six types of 

621 tea processed from the same batch of fresh tea (Camellia sinensis L.) leaves, J. 

622 Food Compos. Anal,2019,77,28–38.

623 [3] J. Zhou, Y. Wu, P. P. Long, C. T. Ho, Y. J. Wang, Z. P. Kan, L. T. Cao, L.Zhang 

624 and X.C.Wan,LC-MS-based metabolomics reveals the chemical changes of 

625 polyphenols during high-temperature roasting of large yellow tea, J. Agric. Food 

626 Chem,2018,67 ,5405–5412.

627 [4] M.M. Han, G.S. Zhao, Y. J. Wang, D. X. Wang, F. Sun, J. M. Ning, X.C. Wan and 

628 J.S.Zhang，Safety and anti-hyperglycemic efficacy of various tea types in mice, 

629 Sci. Rep，2016，6，31703. 

630 [5] Y. Teng, D.X. Li, P. Guruvaiah, N. Xu and Z.W. Xie, Dietary supplement of large 

631 yellow tea ameliorates metabolic syndrome and attenuates hepatic steatosis in 

632 db/db mice, Nutrients ,2018,10,75. 

633 [6] G. Roglic, WHO Global report on diabetes: a summary, International Journal of 

634 Noncommunicable Diseases,2016, 1 ,3–8. 

Page 37 of 53 Food & Function



34

635 [7] E .Svensson, L.M. Baggesen, S.P. Johnsen, L. Pedersen, H. Nørrelund, E.S. Buhl, 

636 C.L.Haase and R.W. Thomsen, Early glycemic control and magnitude of HbA1c 

637 reduction predict cardiovascular events and mortality: population-based cohort 

638 study of 24,752 metformin initiators, Diabetes Care,2016, 40, 800–807. 

639 [8] R. Ouedraogo, X. Wu, S.Q. Xu, L. Fuchsel, H. Motoshima, K. Mahadev, K. 

640 Hough, R.Scalia and B.J.Goldstein, Adiponectin suppression of 

641 high-glucose-induced reactive oxygen species in vascular endothelial cells: 

642 evidence for involvement of a cAMP signaling pathway, Diabetes,2006, 

643 55,1840–1846. 

644 [9] J. Zhang, Y. Y.Guo, W.Y. Ge, X. Zhou and M.L. Pan, High glucose induces the 

645 apoptosis of HUVECs in mitochondria dependent manner by enhancing VDAC1 

646 expression, Pharmazie,2018,73,725–728. 

647 [10]S.P. Wang, X.C. Sun, L.P. Jiang, X.F. Liu, M. Chen, X.F.Yao, Q.H.Sun and 

648 G.Yang, 6-Gingerol induces  autophagy to protect HUVECs survival from 

649 apoptosis,Chem.-Biol. Interact,2016,256,249–256. 

650 [11]X.Y. Liang, T. Zhang, L.Y. Shi, C. Kang, J. Wan, Y. Zhou, J.D.Zhu and M.T.Mi, 

651 Ampelopsin protects endothelial cells from hyperglycemia-induced oxidative 

652 damage by inducing autophagy via the AMPK signaling pathway, 

653 Biofactors ,2016,41 ,463–475.

654 [12] W.X. Bai, C. Wang, Y.J. Wang, W.J. Zheng, W. Wang, X.C. Wan and G.H.Bao, 

655 Novel acylated flavonol tetraglycoside with inhibitory effect on lipid 

Page 38 of 53Food & Function

https://xueshu.baidu.com/s?wd=author:(K%20Hough)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
https://xueshu.baidu.com/s?wd=author:(K%20Hough)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
https://xueshu.baidu.com/s?wd=author:(R%20Scalia)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person
https://xueshu.baidu.com/s?wd=author:(BJ%20Goldstein)%20&tn=SE_baiduxueshu_c1gjeupa&ie=utf-8&sc_f_para=sc_hilight=person


35

656 accumulation in 3T3-L1 cells from Lu ’an GuaPian tea and quantification of 

657 flavonoid glycosides in six major processing types of tea, J. Agric. Food 

658 Chem,2017,65,2999–3005.

659 [13] X.L.Hou, Q. Tong, W.Q. Wang, W. Xiong, C.Y.Shi and J.G.Fang, 

660 Dihydromyricetin protects endothelial cells from hydrogen peroxide-induced 

661 oxidative stress damage by regulating mitochondrial pathways, Life 

662 Sci,2015,130,38–46. 

663 [14] H.D. Liu, H. Xiang, S.L. Zhao, H.Q. Sang, F.H. Lv, R. F.Chen, Z.H.Shu, 

664 A.F.Chen and H.W.Lu,Vildagliptin improves high glucose-induced endothelial 

665 mitochondrial dysfunction via inhibiting mitochondrial fission, J. Cell. Mol. 

666 Med,2019,23,798–810. 

667 [15] W.W. Qin, B. Ren, S.S. Wang, S. Liang, B.Q. He, X.J. Shi, L.Y.Wang, 

668 J.Y.Liang and F.H.Wu,Apigenin and naringenin ameliorate PKCβII-associated 

669 endothelial dysfunction via regulating ROS/caspase-3 and NO pathway in 

670 endothelial cells exposed to high glucose, Vasc. Pharmacol2016, 85,39–49. 

671 [16] A.M. Mahmoud, O.M. Ahmed, M.B. Ashour, A. Abdel-Moneim, In vivo and in 

672 vitro antidiabetic effects of citrus flavonoids: a study on the mechanism of 

673 action, Int. J. Diabetes Dev. Countries,2015,35,250–263. 

674 [17] B. Ren, W.W. Qin, F.H. Wu, S. Wang, C. Pan, L.Y. Wang, B.Zeng, S.P.Ma and 

675 J.Y.Liang,Apigenin and naringenin regulate glucose and lipid metabolism, and 

676 ameliorate vascular dysfunction in type 2 diabetic rats, Eur. J. Pharmacol,2016, 

Page 39 of 53 Food & Function



36

677 773, 13–23. 

678 [18] D. Pitocco, M. Tesauro, R. Alessandro, G. Giovanni, C. Carmine, Oxidative 

679 stress in diabetes: implications for vascular and other complications, Int. J. Mol. 

680 Sci,2013, 14, 21525–21550. 

681 [19] C.H. Lee, Y.S. Shieh, F.C. Hsiao, F.C. Kuo, C.Y. Lin, C.H. Hsieh and Y.J.Hung, 

682 High glucose induces human endothelial dysfunction through an Axl-dependent 

683 mechanism, Cardiovasc. Diabetol,2014,13,53–66.

684 [20] M.A. Hort，M.R. Straliotto, J. De Oliveira, N.D. Amoêdo., J.B.T. Da Rocha, A. 

685 Galina, R.M.Ribeiro-do-Valle, A. Fabro-de-Bem,Diphenyl diselenide protects 

686 endothelial cells against oxidized low density lipoprotein-induced injury: 

687 involvement of mitochondrial function, Biochimie,2014,105,172–181.

688 [21] X.P. Wu, H.L. Dai, L.L. Liu, C. Xu, Y. X.Yin, J.L.Yi, M. Dorota 

689 Bielec,Y.C.Han and S.P.Li, Citrate reduced oxidative damage in stem cells by 

690 regulating cellular redox signaling pathways and represent a potential treatment 

691 for oxidative stress-induced diseases, Redox Biol. 2019,21,101057.   

692 [22] S. Roy, N. Tane, S. Roy, Insulin reduces high glucose-induced apoptosis by 

693 inhibiting ROS production in rat retinal endothelial cells, Invest. Ophthalmol. 

694 Visual Sci,2006,47,2901.  

695 [23] Y. Zhua, Y.J. Zhang, X. Huang, Y. YongXie, Y. Yuan Que, H.Y. Long,N,Gu and 

696 W.M.Jiang, Z-Ligustilide protects vascular endothelial cells from oxidative stress 

697 and rescues high fat diet-induced atherosclerosis by activating multiple NRF2 

Page 40 of 53Food & Function

https://pubmed.ncbi.nlm.nih.gov/?term=Ribeiro-do-Valle+RM&cauthor_id=25038571


37

698 downstream genes,  Atherosclerosis,2019,284,110–120. 

699 [24] Y. Zhuang, H.R. Wu, X.X. Wang, J.Y. He, S.P. He and Y.L.Yin, Resveratrol 

700 attenuates oxidative stress-induced intestinal barrier injury through 

701 PI3K/Akt-mediated Nrf2 signaling pathway, Oxid. Med. Cell. 

702 Longevity,2019,591840. 

703 [25] M. Kujawska, M. Ewertowska, E. Ignatowicz, T. Adamska, H. Szaefer, A, J 

704 Korczak,and J.Jodynis-Liebert,Gramza-Michałowska, et al, Evaluation of safety 

705 and antioxidant activity of yellow tea (Camellia sinensis) extract for application 

706 in food, J. Med. Food,2016,19, 330–336.

707 [26] S. Sifuentes-Franco, F.P. Pacheco-Moisés, A.D. Rodríguez-Carrizalez, A.G. 

708 Miranda –Díaz, The role of oxidative stress, mitochondrial function, and 

709 autophagy in diabetic polyneuropathy, J. Diabetes Res,2017,2017 ,1–15. 

710 [27] M. Noboru, K. Masaaki, Autophagy, Renovation of cells and tissues, 

711 Cell ,2011,147 ,728–741.

712 [28] S. Kobayashi, X.M. Xu, K. Chen, Q.R. Liang, Suppression of autophagy is 

713 protective in high glucose-induced cardiomyocyte injury, Autophagy, 

714 2012,4,577–592. 

715 [29] S. Wang, J. Ren, Role of autophagy and regulatory mechanisms in alcoholic 

716 cardiomyopathy, Biochim. Biophys. Acta, Mol. Basis Dis,2018,1864, 

717 2003–2009. 

718 [30]Z. Yang, D.J. Klionsky, Mammalian autophagy: core molecular machinery and 

Page 41 of 53 Food & Function



38

719 signaling regulation, Curr. Opin. Cell Biol,2010, 22,124–131. 

720 [31] J.Z. Hu, W.D. Cui, W.X. Ding, Y. Q. Gu, Z. Wang and W.M.Fan, Globular 

721 adiponectin attenuated H2O2-induced apoptosis in rat chondrocytes by inducing 

722 autophagy through the AMPK/mTOR pathway, Cell. Physiol. Biochem,2017, 

723 43 ,367–383.

724 [32] X.D.Fan, J. Wang, J.C. Hou, C.R. Lin, A. Bensoussan, D. Chang, J.X.Liu and B 

725 Wang. Berberine alleviates ox-LDL induced inflammatory factors by 

726 up-regulation of autophagy via AMPK/mTOR signaling pathway. J. Transl. 

727 Med,2015,13,92–103. 

728 [33] J. Zhang, P. Zhao, N.H. Quan, L. Wang, X. Chen, C. Cates, T. Rousselle and J Li, 

729 The endotoxemia cardiac dysfunction is attenuated by AMPK/mTOR signaling 

730 pathway regulating autophagy, Biochem. Biophys. Res. Commun,2017,492, 

731 1–14. 

732 [34] G. Marino, M. Niso-Santano, E.H. Baehrecke and G. Kroeme, Self-consumption: 

733 the interplay of autophagy and apoptosis, Nat. Rev. Mol. Cell Biol,2015, 

734 15,81–94. 

735 [35] D. Denton, T. Xu and S. Kumar, Autophagy as a pro-death pathway, Immunol. 

736 Cell Biol,2015, 93,35–42. 

737 [36] A.V. Hartstra, K.E. Bouter, F. Bäckhed and M. Nieuwdorp, Insights into the role 

738 of the microbiome in obesity and type 2 diabetes, Diabetes 

739 Care,2015,38,159–165. 

Page 42 of 53Food & Function



39

740 [37] F. Hua, P. Zhou, H.Y. Wu, G.X. Chu, Z.W. Xie and G.H. Bao, Inhibition of 

741 α-glucosidase and α-amylase by flavonoid glycosides from Lu’an GuaPian tea: 

742 molecular docking and interaction mechanism, Food Funct,2018, 9,4173–4183. 

743 [38] S.Q. Li, H.X. Chen, J. Wang, X.M. Wang, B. Hu and F.N. Lv, Involvement of 

744 the PI3K/Akt signal pathway in the hypoglycemic effects of tea polysaccharides 

745 on diabetic mice,Int. J. Biol. Macromol,2015, 81,967–974. 

746 [39] N. Orsolic, D. Sirovina, G. Gajski, V. Garaj-Vrhovac, M. Jazvinšćak Jembrek 

747 and  I. Kosalec, Assessment of DNA damage and lipid peroxidation in diabetic 

748 mice: Effects of propolis and epigallocatechin gallate (EGCG), Mutat. Res., 

749 Genet. Toxicol. Environ. Mutagen,2015,757,36–44. 

750 [40] N.M. Pathak, P.J.B. Millar, V. Pathak, P.R. Flatt and V.A. Gault, Beneficial 

751 metabolic effects of dietary epigallocatechin gallate alone and in combination 

752 with exendin-4 in high fat diabetic mice, Mol. Cell. Endocrinol,2018, 

753 460 ,200–208.

754 [41] Y. Yamashita, L. Wang, L. Wang, Y. Tanaka, T. Zhang and H. Ashida, Oolong, 

755 black and pu-erh tea suppresses adiposity in mice via activation of 

756 AMP-activated protein kinase, Food Funct,2014,5 ,2420–2429. 

757 [42] P.W. Zhang, C. Tian, F.Y. Xu, Z. Chen, B. Raynard, W.J. Yi, S.Y.Xiang, 

758 X.Xie,N.N.Wu,H.Yang,N.N.Zhao,X.L.Ye and C.J.Ying,Green tea polyphenols 

759 alleviate autophagy inhibition induced by high glucose in endothelial cells, 

760 Biomed,Environ. Sci, 2016 29 ,524–528. 

Page 43 of 53 Food & Function



40

761 [43] S.W. Zhang ， Y.T. Zhao, C. Ohland, C. Jobin and S.M. Sang. Microbiota 

762 facilitates the formation of the aminated metabolite of green tea polyphenol 

763 (-)-epigallocatechin-3-gallate which trap deleterious reactive endogenous 

764 metabolites, Free. Radical. Bio. Med,2019, 131,332–344. 

765 [44] H. Isabel, N. Nayelli, M. Eduardo, P.D. Javier, V.V. Yolotzin, V. Francisco and 

766 C.Guillermo, Effects of (-) - epicatechin on the time course of the expression of 

767 perilipins in a diet-induced model of non-alcoholic steatohepatitis, J. Nutr. 

768 Biochem,2020,77 ,108296. 

769 [45] J. Frijhoff, P.G. Winyard, N. Zarkovic, S.S. Davies, R. Stocker, D. Cheng, A. 

770 Knight, E.L.Taylor, J.Oettrich, T.Ruskovska, A.C.Gašparović, A. Cuadrado, D. 

771 Weber, H.Poulsen, T.Grune, H.H.H.W. Schmidt and P.Ghezzi,Clinical relevance 

772 of biomarkers of oxidative stress, Antioxid. Redox Signaling, 2015, 23, 

773 1144–1170.    

774 [46] O. Nada, S. Damir, G. Goran, G.V. Vera, J.J. Maja and K. Ivan, Assessment of 

775 DNA damage and lipid peroxidation in diabetic mice: effects of propolis and 

776 epigallocatechin gallate (EGCG), Mutat. Res., Genet. Toxicol. Environ. 

777 Mutagen,2013,757, 36–44. 

Page 44 of 53Food & Function

https://www.researchgate.net/profile/Annie-Knight
https://www.researchgate.net/profile/Annie-Knight
https://www.researchgate.net/profile/Emma-Taylor-24
https://www.researchgate.net/profile/Jeannette-Oettrich
https://www.researchgate.net/profile/Tatjana-Ruskovska
https://www.researchgate.net/profile/Ana-Cipak-Gasparovic
https://www.researchgate.net/profile/Antonio-Cuadrado
https://www.researchgate.net/profile/Daniela-Weber-10
https://www.researchgate.net/profile/Daniela-Weber-10
https://www.researchgate.net/profile/Henrik-Poulsen
https://www.researchgate.net/scientific-contributions/Tilman-Grune-39698344
https://www.researchgate.net/profile/Harald-Schmidt
https://www.researchgate.net/profile/Pietro-Ghezzi
https://www.onacademic.com/search/list.html?q=Frijhoff,%20Jeroen&search_type=Author


Supplementary Table 1. Content of nine flavonoid glycosides in HLYTBE

Flavonoid glycosides HLYTBE (mg/g)

vitexin 4”-O-Glc 0.14 ± 0.002

Q 3-O-Glc-Rha-Glc 9.02 ± 0.074

K 3-O-Glc-Rha-Glc 23.30 ± 0.691

K 3-O-Glc-Rha 5.64 ± 0.144

K 3-O-Glc 0.42 ± 0.006

Q 3-O-p-Cou-Glc-Ara-Rha-Glc 2.31 ± 0.059

K 3-O-p-Cou-Glc-Ara-Rha-Glc 1.17 ± 0.054

Q 3-O-p-Cou-Glc-Rha-Glc 0.94 ± 0.010

K 3-O-p-Cou-Glc-Rha-Glc 0.25 ± 0.004

HLYTBE, n-butanol fraction of Huoshan large-leaf yellow tea extract; Q, quercetin; 

K, kaempferol. Results of three experiments are presented as mean ± SD. 
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Supplementary Table 2. Content of ten major tea polyphenols and caffeine in 

HLYTBE

Tea polyphenols HLYTBE (mg/g)

gallocatechin 9.32 ± 0.934

caffeine 43.06 ± 0.874

epigallocatechin 35.76 ± 0.162

catechin 11.58 ± 0.500

epicatechin 12.38 ± 0.567

epigallocatechin gallate 20.80 ± 0.615

gallocatechin gallate 3.86 ± 0.156

epigallocatechin gallate 3”-O-methyl 4.29 ± 0.266

epicatechin gallate 11.72 ± 0.700

catechin gallate 1.53 ± 0.025

epicatechin gallate 3”-O-methyl 0.31 ± 0.002

HLYTBE, n-butanol fraction of Huoshan large-leaf yellow tea extract. Results of 

three experiments are presented as mean ± SD. 
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