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Abstract 12 

Aim: During hypertension-induced endothelial dysfunction, periodic mechanical 13 

stretching (MS) activates related inflammatory pathways and leads to endothelial 14 

damage, but the underlying mechanisms remain unknown. The present study aimed to 15 

determine the injury of HUVECs caused by overstretching and the role of HMGB1-16 

RAGE pathway in HUVECs after injury.   17 

Main methods and Key findings: Human umbilical vein endothelial cells (HUVECs) 18 

were cultured and seeded in BioFlexTM plates (six wells). Cells were exposed to 5% 19 

(physiological state) and 20% (pathological state) mechanical stretch at 1 Hz for 12 or 20 

24 h in a Flexcell-5000TM, with unstretched cells serving as controls. It was found that 21 

excessive MS can inhibit cell viability, proliferation, and tube-forming ability 22 

resulting in disordered cell arrangement and orientation, slowing cell migration. All 23 

these changes cause endothelial damage compared to physiological MS.  Endothelial 24 

cells (ECs) promote cell migration and self-repair after injury by increasing the  High-25 

mobility group box 1 (HMGB1) expression. Experiments and protein prediction 26 

networks have shown that HMGB1 can also promote the expression of downstream 27 

protein bFGF by binding to receptor for advanced glycation end products (RAGE). 28 

Interestingly, VEGF protein expression did not change significantly during this repair 29 

process, implying that bFGF replaces the role of VEGF in vascular endothelial repair. 30 

Significance: The present study demonstrates that in the context of endothelial injury 31 

caused by excessive MS, the HMGB1/RAGE/bFGF pathway is activated and 32 

promotes endothelial repair after injury. Therefore, understanding these mechanisms 33 

will help find new therapies for diseases such as hypertension, atherosclerosis, and 34 

aneurysm formation. 35 
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advanced glycation end products. 38 

1 Introduction 39 

Hypertension is a major risk factor for the development of cardiovascular 40 

diseases. Endothelial dysfunction is widely considered one of the primary 41 

mechanisms of hypertensive vascular disease during this process [1, 2]. Vascular 42 

endothelial dysfunction can result in more serious cardiovascular events like coronary 43 

heart disease and atherosclerosis [3]. Increased vascular wall tension is detrimental 44 

during hypertension[4] because it exposes vascular endothelial cells (ECs) to 45 

excessive mechanical loads, leading to inflammation and apoptosis, resulting in 46 

endothelial damage[5]. Vascular ECs injury is closely related to endothelial 47 

dysfunction [6, 7]. ECs-related inflammatory pathways play an important role in 48 

endothelial injury and repair [8].  49 

High mobility group box 1 (HMGB1) is a DNA-binding nuclear protein actively 50 

released due to cytokine stimulation and passively during cell death [9, 10]. It has 51 

been reported that HMGB1 is involved in the process of coronary heart disease (CHF), 52 

heart failure, atherosclerosis, hypertension, and other cardiovascular diseases [11] and 53 

can promote intimal hyperplasia after vascular injury[12]. After balloon injury, high 54 

expression of HMGB1 was detected in neovascularization and neointima restenosis 55 

areas [13]. Several studies have also shown that HMGB1 contributes to promoting 56 

angiogenesis; for example, Mitola et al. found that the adding HMGB1 to the roof of 57 

chick chorion stimulates neovascularization through interaction with the advanced 58 

glycation end product RAGE [14]. Similarly, a recent study found that exosomal 59 

HMGB1 from bone marrow-derived mesenchymal stem cells under hypoxic 60 

conditions increased angiogenesis by activating the JNK/HIF-1α pathway [15]. 61 

Unlike VEGF or bFGF, which are typical angiogenic factors [16], HMGB1 plays 62 

different roles in different physiological and pathological contexts, such as vascular 63 

injury and repair, but its specific mechanism of action and activation of related 64 
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pathways remain unknown and need further investigation. 65 

Many studies have shown that hemodynamics significantly affects the ECs 66 

function and involved in the regulation of vascular homeostasis [17-19]. For example, 67 

high fluid shear stress inhibits the expression of angiogenic factors such as 68 

bFGF/VEGF and promotes ECs apoptosis [20]. In contrast, low shear stress can 69 

induce inflammatory responses via the PECAM-1/PARP-1/HMGB1 pathway 70 

resulting in endothelial damage [21]. However, previous research has focused on 71 

endothelium damage caused by an abnormal mechanical environment and the 72 

activation of related positive feedback pathways [22]. The effects of mechanical 73 

stretch-induced changes in circumferential stress on blood vessels, particularly human 74 

vascular ECs, have received little attention [23]. Especially the conditions under 75 

which abnormal mechanical stress occurred, the related pathways that promote cell or 76 

tissue repair, and the exact repair mechanism of these pathways are still rarely 77 

reported. 78 

In the present study, an in vitro cyclic stretching application system was used to 79 

investigate the role of different degrees of MS in changing cell viability, proliferation, 80 

and migration and the effect of abnormal mechanical environments on the endothelial 81 

injury. The present study aimed to investigate the HMGB1/RAGE axis role in 82 

promoting endothelial repair after excessive stretch, providing more evidence for 83 

understanding endothelial diseases such as atherosclerosis and hypertension. 84 

2 Materials and methods 85 

2.1 Cell cultures 86 

Human umbilical vein endothelial cells (HUVECs) were obtained from Kunming 87 

Cell Bank, Chinese Academy of Sciences (KCB2012087YJ; Kunming, China). The 88 

HUVECs were maintained in DMEM (SH30022.01; Hyclone, USA) containing 10 % 89 

fetal bovine serum (10099141; Gibco, Australia), 1% endothelial growth factor (105-90 

05; ScienCell, USA), and 1% penicillin (P1400; Solarbio, Beijing, China). Cells were 91 

grown at 37°C in a 5% CO2 incubator (ThermoFisher Scientific, USA) and used 92 
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between passages 5 and 20.  93 

2.2 Exposure of HUVECs to mechanical stretch 94 

The ECs have a unique position among biomechanically responsive cells. When 95 

endothelial cells are affected by mechanical stretching (MS), there is a rapid cascade 96 

of responses. To understand the effect of continuous mechanical stretching on 97 

HUVECs, different degrees of stretching were used on HUVECs: 5% MS and 20% 98 

MS were used to mimic physiological and pathological stretching[23]. The HUVECs 99 

were seeded at 2 × 105/ml on 6-well flexible silicone basement membranes coated 100 

with collagen type I (Bioflex®, Flexcell International Corporation, Borough Hills, 101 

NC). As reported[24], a flexible silicone bottom plate with ECs was embedded in the 102 

FX-5000TM strain unit system(Flexcell International, Borough Hills, NC) to stretch 103 

the cells at different strains mechanically. In general, loading of 5% MS represented 104 

mechanical stretching of HUVECs under physiological conditions, loading of 20% 105 

MS represented mechanical stretching of HUVECs under pathological conditions, and 106 

the static culture group served as a control. Finally, the stretching frequency was 1 Hz 107 

for both, and the stretching time was 12 h and 24 h, respectively. 108 

2.3 Cell viability Assays 109 

Live and dead cells were then detected using the Calcein AM Cell Viability 110 

Assay Kit (C2015M; Beyotime, Shanghai, China) according to the manufacturer's 111 

instructions. Cells were observed under Cytation 5 (Biotek, USA).  112 

2.4 Detection of HUVEC proliferation by CCK-8  113 

Cells were washed twice with PBS solution at the above time points, 10 ul cck-8 114 

reagent (E1008-1; APPLYGEN, Beijing, China) and 90 ul of DMEM complete 115 

medium were mixed and added to the wells, and this procedure was repeated until all 116 

groups were treated. After incubating the cells for 1.5 h, the OD value was measured 117 

at a wavelength of 450 nm. Calculate the cell proliferation rate using the cell 118 
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proliferation calculation formular (according to reagent instructions):  119 

 cell proliferation rate (PR) = (1 −
OD value of exposure group−OD value of blank group

OD value of control group−OD value of blank group
) ∗ 100% 120 

2.5 Matrigel Tube Formation Assay 121 

In vitro tube formation assays were performed as previously described [25]. 122 

Briefly, 50ul per well of Matrigel (356234; BioScience, USA) was added to a 96-well 123 

plate and placed in a 37°C incubator for 30min. After coagulation, 5 × 103 HUVECs 124 

of different groups after treatment for 24 h were seeded on Matrigel gel and incubated 125 

with DMEM medium at 37 °C, 5% CO2, and the tube formation of HUVECs was 126 

evaluated by microscopy. The number and total length of formed tubes were 127 

calculated using analytical imaging software (ImageJ 1.53; USA). 128 

2.6 Wound scratch assay and Transwell chamber assay to assess cell migration 129 

ability 130 

Scrape the HUVECs using a pipette tip perpendicular to the plate so that a 131 

vertical line of cell-free areas appears in the field of view. The DMEM medium 132 

containing 1% fetal bovine serum and 100U/ml penicillin-streptomycin was used for 133 

culture, and the degree of scratch healing after incubation for 24 h and 48 h was 134 

observed respectively.  135 

Cells were fixed with 4% paraformaldehyde (SI101-01; Sevenbio, Beijing, China) 136 

solution for 20 min, stained with 0.1% crystal violet staining solution (G1063; 137 

Solarbio, Beijing, China), and the cells on the upper surface of the chamber 138 

membrane were wiped off with cotton swabs. Migrating cells were observed under 139 

the microscope and counted from 3 random fields using Image J software, and the 140 

experiment was repeated three times.  141 

2.7 Western blotting 142 

The mixed cells lysate was centrifuged at 12000 rpm for 5 min in a refrigerated 143 

centrifuge. The BCA method was used to measure the resulting total protein 144 

Jo
urn

al 
Pre-

pro
of

Administrator
高亮



concentration. After SDS-PAGE, the protein was transferred to PVDF basement 145 

membrane (Millipore, USA). Subsequently, the membrane was incubated with the 146 

following primary antibodies overnight at 4 ℃: Including anti-HMGB1,anti-bFGF, 147 

anti-VEGF, anti-RAGE, anti-AAMP (Abcam, UK). In addition, anti-GAPDH (AG019; 148 

Beyotime, Shanghai, China,) was included as a negative control. Incubate the 149 

membrane with secondary antibodies including goat anti-rabbit IgG H&L (HRP) 150 

(Abcam, UK) and goat anti-mouse monoclonal antibody IgG H&L(HRP) (A0216; 151 

Beyotime, Shanghai, China). Incubate for 1 h at room temperature. Solution A and 152 

solution B from the ultrasensitive ECL chemiluminescence kit (SW134-01; Sevenbio, 153 

Beijing, China) were mixed in a dark room, then dropped onto the membrane and 154 

exposed in a gel imager. Images were acquired using an automated 155 

chemiluminescence image analysis system (Tanon 6400; Shanghai, China).  156 

2.8 Immunofluorescence 157 

Primary antibodies were used to incubate overnight at 4 ℃, anti-VEGF, anti-158 

HMGB1, and anti-bFGF (Abcam, UK), respectively. The secondary antibody was 159 

combined with fluorescent label: goat anti-rabbit IgG H&L (FITC) (Abcam, UK) and 160 

incubated in the dark for 30 min. The nuclei were stained with DAPI for 30 min in the 161 

dark. The results were observed on Cytation 5, and the image j software was 162 

processed to analyze the images. 163 

2.9 Quantitative real-time polymerase chain reaction (qRT-PCR)  164 

Total RNA was extracted using Eaststep Super total RNA extraction kit. 165 

Genomic DNA was removed and cDNA was synthesized using the PrimeScript™ RT 166 

Kit with gDNA removal. Cellular RNA was amplified by real-time quantitative 167 

polymerase chain reaction (RT-qPCR) in the StepOnePlus™ Real-Time PCR System 168 

using TB Green Premix Ex Taq II. The results were analyzed using the 2-∆∆CT method. 169 

  170 
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Table.1 Real-time quantitative PCR primer sequences 171 

Gene Forward primer（F）Reverse primer（R） 

GAPDH F: CAAGGGCATCCTGGGCTACACT 

R: CTCTCTCTTCCTCTTGTGCTCTTGC 

HMGB1 F：ATGCTTCAGTCAACTTCTCAGA 

R：CATTTCTCTTTCATAACGGGCC 

VEGF F: ATCGAGTACATCTTCAAGCCAT 

R: GTGAGGTTTGATCCGCATAATC 

bFGF F: CATCAAGCTACAACTTCAAGCA 

R: CCGTAACACATTTAGAAGCCAG 

AAMP F: CTTTGCATTGCACTCAGCAT 

R: GCTGAAACCAGCACAAGTCA 

RAGE F: CGAGCTCGCTCAAAACATCACAGCCCG 

R: GGGTACCCCGGCCAGGGCTAGAGTTCCCAG 

 172 

2.10 Statistical analysis 173 

The data in the experiments were processed and statistically analyzed by 174 

GraphPad Prism 8.0 (La Jolla, CA). The data were expressed as the means ± Standard 175 

Deviation (SD) for the indicated number of experiments (n=3). The statistical 176 

methods mainly used ANOVA and Student's t-test. Each type of experiment was 177 

repeated 3 times independently. Ns = nonsignificant, *p < 0.05, **p < 0.01, ***p < 178 

0.001. 179 

3 Results 180 

3.1. Sustained mechanical stretching affects the viability, proliferation, and tube-181 

forming ability of HUVECs 182 

Excessive mechanical stretching has an effect on cell viability.It was found that 183 

the 20% MS (p < 0.05) damage to HUVECs cell viability was time-dependent (Figs. 184 

1A, B, C and D). 185 

Excessive mechanical stretching(MS) significantly reduced the cellular viability 186 

of HUVECs. However, whether this effect is long-lasting remains to be further 187 

explored. The CCK-8 cell proliferation experiment was performed for seven days 188 

without external force. The results (Figs. 1J) displayed that the 5% MS group 189 

promoted cell proliferation significantly higher than the control group (p < 0.001), 190 

while the 20% MS group had a significantly higher inhibitory effect on cell 191 

proliferation than the control group (p < 0.001).  192 

Finally, we investigated the effect of MS on the angiogenic capacity of HUVECs. 193 
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The results showed (Figs. 1E, F, and G) that MS within the normal range could 194 

enhance the angiogenesis ability of HUVECs to some extent (p > 0.05). In contrast, 195 

excessive pathological MS (p < 0.001) significantly weakened the angiogenesis 196 

ability of HUVECs (Figs. 1H, and I). 197 

  198 
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 199 

Fig. 1. Excessive mechanical stretching leads to a decrease in cell viability, proliferation, and tube-200 

forming capacity. (A) The viability of HUVECs in each group was observed by cell live and dead 201 

staining at 12 h. (B) The viability of HUVECs in each group was observed by cell live and dead 202 

staining at 24 h. (C) Quantification and analysis of cell viability at 12 h. (D)Quantification and analysis 203 

of cell viability at 24 h. (E, F, and G) Tube formation of cells in the each group seeded on Matrigel. (H, 204 

and I) Statistics and analysis of the number and length of tube formation in three groups of HUVECs. 205 

(J) Statistics and analysis of the proliferation ability of HUVECs in three groups. Scale bar: 50 μm. 206 

Control = Control Group, 5% MS = 5% Mechanical Stretching Group (1 Hz), 20% MS = 20% 207 

Mechanical Stretching Group (1 Hz). 208 
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3.2 Evaluation of the effect of mechanical stretching on HUVEC migration 209 

Excessive mechanical stretching significantly impairs the migration ability of 210 

HUVECs. At 24 h, the migration rate of 20% MS group (p < 0.001) and 5% MS 211 

group (p < 0.01) were significantly higher as compared to the control group. At 48 h, 212 

the migration rate of 20% MS group was significantly decreased (p < 0.001), and the 213 

migration rate of 5% MS group was significantly increased (p < 0.01) as compared to 214 

the control group (Figs. 2A, and C).  215 

An interesting phenomenon emerged after 48 h of observing the cell morphology 216 

of each group. The orientation of cells in the other groups was relatively consistent 217 

near the scratch injury area, in contrast to the disordered arrangement of cells in the 218 

20% MS group (Figs.2B). In addition, thirty cells were selected at random from 219 

different scratch areas. We measured the included angle between the long axis of cell 220 

and the horizontal direction (it was always less than 90°). The angle between cells and 221 

the horizontal direction increased gradually as the degree of MS (p < 0.05) increased 222 

(Figs.2D). In conclusion, MS influences the collective arrangement of cells and, thus, 223 

the rate of cell migration. 224 

The Transwell chamber assay was performed as described previously to assess 225 

the migratory capacity, and the results are shown in Figs. 2E and 2F. Compared with 226 

the control group, the number of cells passing through the membrane in the 5% MS 227 

group significantly increased (p < 0.001) while significantly decreased (p < 0.001) in 228 

the 20% MS group. Therefore, the Transwell assay was consistent with the wound 229 

healing assay, demonstrating that excessive cyclic MS impairs the migration ability of 230 

HUVECs. 231 
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 232 

Fig. 2. Excessive mechanical stretching of 20% resulted in the weakening of cell migration ability. (A) 233 

After 24 h of culture in different groups, a cell scratch assay was performed.The migration of cells in 234 

each group was observed. (B) The arrangement of HUVECs in different groups after 48 h. (C) 235 

Statistics on the scratch healing rate of HUVECs at 24 and 48 h. (D) Statistics and analysis of the angle 236 

between cells in each group and the horizontal direction. (E)Transwell chamber experiment was used to 237 

test the cell migration ability of each group. (F) Statistics and analysis of the number of HUVECs 238 

penetrating the membrane at 24 h. Scale bar: 50 μm. Control = Control Group, 5% MS = 5% 239 

Mechanical Stretching Group (1 Hz), 20% MS = 20% Mechanical Stretching Group (1 Hz). 240 

3.3 Effects of mechanical stretching on AAMP, bFGF, and VEGF protein and gene 241 

expression in HUVECs. 242 

3.3.1 Expression of AAMP is related to cell migration ability 243 

Angio associated migratory cell protein (AAMP) promotes the migration of 244 

vascular ECs [26], whether AAMP plays a role in the MS process is unclear. The 245 

results showed that there was no significant change in the expression levels of AAMP 246 

in the three groups of HUVECs. (Figs. 3B, and K). Real-time quantitative 247 

polymerase chain reaction (RT-qPCR) analysis revealed that compared with the other 248 
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groups, AAMP gene expression was significantly increased in 5% MS group (p < 249 

0.05). (Figs. 3A, and K).  Overall, mechanical stretching did not significantly affect 250 

the level of AAMP protein expression, suggesting that AAMP might play a little role 251 

in the changing migration ability caused by stretching. 252 

 253 

 254 

Fig. 3. Mechanical stretching affects the HMGB1/RAGE/BFGF axis and the expression of proliferative 255 

migration-related proteins and genes. (A-J) Gene expression analysis of related gene quantitative 256 

polymerase chain reaction. Western blotting Quantified levels of related proteins. (AAMP, bFGF, 257 

VEGF,HMGB1,RAGE) (K) Band results of western blot for AAMP, VEGF, bFGF, HMGB1, RAGE. 258 

Control = Control Group, 5% MS = 5% Mechanical Stretching Group (1 Hz), 20% MS = 20% 259 

Mechanical Stretching Group (1 Hz).  260 

Jo
urn

al 
Pre-

pro
of



3.3.2 Expression of VEGF and bFGF protein and gene 261 

Vascular endothelial growth factor (VEGF) can promote tube-formation and 262 

damage repair as an angiogenic factor[27], its involvement in these processes in the 263 

presence of excessive MS is uncertain. The results showed that there was no 264 

significant change except that the level of VEGF protein in the 5% MS group was 265 

significantly higher than that in the control group (p < 0.05) at 12 h. (Figs 3C, and K). 266 

Furthermore,RT-qPCR analysis revealed that the expression of VEGF gene was 267 

significantly increased in the 20% MS group (p < 0.05) compared with the other two 268 

groups. In conclusion, MS had little effect on the VEGF protein expression in 269 

HUVECs, suggesting that VEGF may not play a significant role in these processes. 270 

Basic fibroblast growth factor (bFGF) also plays a role in vascular repair and 271 

angiogenesis. The results showed that  the expression of bFGF protein was 272 

significantly increased in the 20% MS group (p < 0.05) compared with the other two 273 

groups. (Figs. 3F, and K). Similar to changes at the protein level, RT-qPCR analysis 274 

indicated that the expression of  bFGF gene was significantly increased in the 20% 275 

MS group (p < 0.05) compared with the other two groups. (p < 0.05, Fig. 3E). These 276 

findings illustrate that MS can influence the bFGF gene expression and its higher 277 

Expression in HUVECs acts as a regulator that promotes the cellular repair may imply 278 

that it plays an important role in MS. 279 

3.4 Expression changes of protein on HMGB1/RAGE axis  280 

Studies have shown that HMGB1 can enhance the inflammatory cascade as a late 281 

inflammatory factor [28]. However, it is unclear whether HMGB1 is involved or plays 282 

a positive or negative role in the process by which cells maintain their homeostasis 283 

under MS. The results showed that the expression of HMGB1 increased significantly 284 

(p < 0.05) in the 20% MS group (Fig. 3H, and K). RT-qPCR results demonstrated 285 

that the expression of HMGB1 gene in HUVECs in the 5% MS group was 286 

significantly reduced at 12 h (p < 0.01). In comparison, the expression of HMGB1 in 287 

the 20% MS group was not significantly different from that in the control group (p > 288 

0.05). At 24 h, HMGB1 gene expression was significantly increased (p < 0.001) in 289 

both groups compared with the control group (Fig. 3G). When HUVECs are stretched 290 
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mechanically, HMGB1 in cells participates in the regulatory process to adapt to 291 

different mechanical environments. 292 

RAGE  is one of the primary HMGB1 receptors. However, it is unclear whether 293 

the same effect produces in the presence of excessive MS. Similar to changes in 294 

HMGB1 protein levels, the protein results of immunoblotting that the expression of 295 

RAGE increased significantly (p < 0.05) in the 20% MS group (Fig. 3J, and K). RT-296 

qPCR results revealed that RAGE gene expression was similar to HMGB1.At 24 h, 297 

the expression of RAGE gene in the 5% MS group was higher (p > 0.05). In the 20% 298 

MS group, it was significantly increased (p < 0.001) as compared to the control group 299 

(Fig. 3I). In conclusion, when HUVECs are exposed to mechanical tensile tension, 300 

RAGE may exert similar inflammatory or healing effects by binding to HMGB1. 301 

  302 
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 303 

Fig. 4. Expression and localization of HMGB1, bFGF, and VEGF. (A) Immunofluorescence 304 

localization of HMGB1 in control, 5% MS, and 20% MS groups. (B) Immunofluorescence localization 305 

of bFGF in control, 5% MS, and 20% MS groups. (C) Immunofluorescence localization of VEGF in 306 

the control group, 5% MS, and 20% MS groups. Control = Control Group, 5% MS = 5% Mechanical 307 

Stretching Group (1 Hz), 20% MS = 20% Mechanical Stretching Group (1 Hz). 308 

3.5. Immunofluorescence results 309 

Cytation 5 fluorescence analysis was used to observe the expression and 310 

localization of HMGB1, bFGF, and VEGF in different groups. The findings revealed 311 

that the expression of these two proteins in the nucleus increased with time and the 312 

intensity of MS. At 12 h, HMGB1 in MS group increased (p > 0.05). At 24 h, the 313 
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fluorescence intensity of HMGB1 in the 20% MS group was significantly higher (p < 314 

0.01) than in the other two groups (Figs. 4A, B, and C). The fluorescence expression 315 

of bFGF in the MS group was higher than in the control group (p < 0.05) at 12 h. At 316 

24 h, the fluorescence expression of bFGF in the 5% MS group was higher (p > 0.05) 317 

than in the control group, and it was significantly higher (p < 0.001) in the 20% MS 318 

group (Figs. 4D, E, and F). The fluorescence results revealed that VEGF was 319 

primarily expressed in the cytoplasm, VEGF expression decreased as MS increased. 320 

At 12 h, the expression of VEGF decreased with time in the 5% MS group (p < 0.05) 321 

as well as in the 20% MS group (p<0.001, Figs. 4G, H, and I). At 24 h, the 322 

expression of VEGF decreased slightly in the 5% MS group (p > 0.05) and in the 20% 323 

MS group (p < 0.01) over time (Figs. 4G, H, and I). Overall, similar to the results of 324 

western blotting, HMGB1 and bFGF may play a key role in the overstretching process. 325 

. 326 

 327 

Fig. 5. Schematic illustration of the role of the HMGB1/RAGE axis after hypertensive-induced 328 

excessive mechanical stretching leads to cellular injury (By Figdraw). 329 
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4 Discussion 330 

Pathological excessive mechanical stretching(MS) in cardiovascular disease 331 

cause abnormal proliferation or functional changes of vascular cells [29]. The present 332 

study investigated the effects of excessive MS on the viability, proliferation, and tube-333 

forming ability of HUVECs. First, excessive MS significantly reduces cell viability 334 

and impairs the angiogenic capacity of HUVECs, implying a reduction in cellular 335 

repair capacity. Furthermore, the HUVECs were subjected to 20% MS for 24 h after 336 

unloading the force, and cell proliferation was measured within seven days. The 337 

finding revealed that the negative effects of excessive MS on the cells persisted and 338 

persisted for a considerable period, even after the force was removed. MS frequently 339 

affects the elastic blood vessels of hypertensive patients, particularly those with early 340 

hypertension [30]. Compared with the excessive mechanical stretch 24 h in the 341 

present study, the mechanical stretch of the patient's blood vessels was more durable, 342 

accelerating the damage to the vascular endothelium. Collectively, the above results 343 

suggest that endothelial damage caused by excessive mechanical stretching may be 344 

essential in the development of early hypertension. 345 

It was found that excessive MS impairs the migratory ability of endothelium. In 346 

addition, an interesting phenomenon emerged when scratch experiments were 347 

performed. At 48 h, we observed cells in control and 5% MS groups near the 348 

scratched area - 'tip cells' that had become highly aligned [31]. This is in stark contrast 349 

to the disordered arrangement of front-end cells during pathological stretching. 350 

Therefore, investigating the specific mechanism of collective cell migration behavior 351 

may have potential research value. 352 

VEGF is a molecule that activates angiogenesis and is involved in vascular 353 

physiology and pathology [32].Similar to VEGF, The bFGF expression is increased at 354 

sites of vascular injury, chronic inflammation, and various cardiovascular diseases.In 355 

the present study, abnormal mechanical stretch stimuli increased cell permeability, 356 

decreasing proliferative capacity and cause cell damage. Therefore, we speculated that 357 

these two canonical vascular repair-promoting proteins play a related role.Surprisingly, 358 
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there was little significant difference in the expression of VEGF at the protein level, 359 

suggesting that VEGF may not be a major player in this damage repair 360 

process.However, the expression of bFGF gene increased with time in the 361 

pathological stretch group, which was significantly higher than in the physiological 362 

stretch or control groups. Excessive mechanical stretch increased bFGF expression at 363 

the protein level compared to controls. Immunofluorescence analysis revealed that the 364 

proportion of cells expressing high levels of bFGF in the pathological mechanical 365 

stretch group was significantly higher than in the control group. In a short，The 366 

findings of present study are consistent with previous studies showing that inhibiting 367 

VEGF expression increases the expression of functional angiogenic factors like bFGF 368 

[33]. Although the Expression of VEGF in cells is inhibited under excessive 369 

mechanical stretch stimulation, cells may partially compensate by increasing the 370 

expression of bFGF, thereby promoting tissue repair.  371 

The HMGB1/RAGE axis was significantly upregulated in excessive MS, as was 372 

bFGF expression. In addition, we found the relationship between 373 

HMGB1/RAGE/bFGF through the protein prediction website (https://cn.string-374 

db.org/) (Fig. S1). Interestingly, our previous study found that the expression of bFGF 375 

increased in a concentration-dependent manner with HMGB1 (Fig. S1). Some studies 376 

also found that HMGB1 upregulated the expression of fibrotic angiogenic factors like 377 

bFGF in ARPE-19 cells [34]. It is suggested that the HMGB1/RAGE axis can 378 

promote the expression of bFGF to resist this abnormal mechanical stimulation. 379 

Therefore, we infer the HMGB1/RAGE axis promotes cellular damage repai and 380 

several factors have supported this assertion. On the one hand, the presence of 381 

HMGB1 in HUVECs promotes the expression of bFGF protein, which in turn 382 

promotes damage repair. On the other hand, previous studies have shown that 383 

HMGB1 is highly expressed in diseased tissues that may participate in and promote 384 

angiogenesis through related receptors [35]. Furthermore, studies have shown that 385 

HMGB1 can promote ECs angiogenesis through internalization, partially mediated by 386 

RAGE [14].  387 

In a nutshell, the HMGB1/RAGE axis can promote damage repair by increasing 388 
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bFGF expression. Therefore, this study verified the effects of different stretching 389 

environments on ECs activity, proliferation, and migration, indicating that the 390 

abnormal microenvironment by excessive MS causes ECs injury. Finally, these 391 

findings indicate that the HMGB1/RAGE axis plays an important role in endothelial 392 

repair after pathological overstretching. 393 

5 Conclusion 394 

In the process of cycle mechanical stretching, the cell response also changes 395 

dynamically with the change of time and tension. In this process, cells maintain the 396 

balance of microenvironment through direct contact and indirect secretion of factors. 397 

In this study, we put forward a view that HUVEC can repair itself through molecular 398 

mechanisms such as HMGB1 / RAGE axis and high expression of bFGF factor, to 399 

offset the damage of a mechanical state (Figs. 5). Therefore, understanding these 400 

mechanisms will help to better find new treatments for diseases such as hypertension, 401 

atherosclerosis, restenosis, and aneurysm formation. 402 

Acknowledgments 403 

This study was financially supported by National Natural Science Foundation of 404 

China [grant number 31870934].  405 

  406 Jo
urn

al 
Pre-

pro
of



References 407 

[1] P.A. Van Zwieten, Endothelial dysfunction in hypertension. A critical evaluation, Blood pressure. 408 

Supplement, 2 (1997) 67-70. 409 

[2] X. Wang, W. Han, Y. Zhang, Y. Zong, N. Tan, Y. Zhang, L. Li, C. Liu, L. Liu, Soluble Epoxide Hydrolase 410 

Inhibitor t-AUCB Ameliorates Vascular Endothelial Dysfunction by Influencing the NF-kappa B/miR-411 

155-5p/eNOS/NO/I kappa B Cycle in Hypertensive Rats, Antioxidants, 11 (2022). 412 

[3] X. Pi, L. Xie, C. Patterson, Emerging Roles of Vascular Endothelium in Metabolic Homeostasis, 413 

Circulation Research, 123 (2018) 477-494. 414 

[4] C. Hahn, M.A. Schwartz, Mechanotransduction in vascular physiology and atherogenesis, Nature 415 

Reviews Molecular Cell Biology, 10 (2009) 53-62. 416 

[5] A. Leake, K. Salem, M.C. Madigan, G.R. Lee, A. Shukla, G. Hong, B.S. Zuckerbraun, E. Tzeng, 417 

Systemic vasoprotection by inhaled carbon monoxide is mediated through prolonged alterations in 418 

monocyte/macrophage function, Nitric Oxide-Biology and Chemistry, 94 (2020) 36-47. 419 

[6] H. Liew, M.A. Roberts, A. Pope, L.P. McMahon, Endothelial glycocalyx damage in kidney disease 420 

correlates with uraemic toxins and endothelial dysfunction, Bmc Nephrology, 22 (2021). 421 

[7] D. Burger, R.M. Touyz, Cellular biomarkers of endothelial health: microparticles, endothelial 422 

progenitor cells, and circulating endothelial cells, Journal of the American Society of Hypertension, 6 423 

(2012) 85-99. 424 

[8] J. Lv, J. Zeng, F. Guo, Y. Li, M. Xu, Y. Cheng, L. Zhang, S. Cai, Y. Chen, Y. Zheng, G. Hu, Endothelial 425 

Cdc42 deficiency impairs endothelial regeneration and vascular repair after inflammatory vascular 426 

injury, Respiratory Research, 19 (2018). 427 

[9] M.E. Bianchi, M. Beltrame, G. Paonessa, Specific recognition of cruciform DNA by nuclear protein 428 

HMG1, Science (New York, N.Y.), 243 (1989) 1056-1059. 429 

[10] M.T. Lotze, K.J. Tracey, High-mobility group box 1 protein (HMGB): Nuclear weapon in the immune 430 

arsenal, Nature Reviews Immunology, 5 (2005) 331-342. 431 

[11] A. Wahid, W. Chen, X. Wang, X. Tang, High-mobility group box 1 serves as an inflammation driver 432 

of cardiovascular disease, Biomedicine & Pharmacotherapy, 139 (2021). 433 

[12] S.E. Baek, S.Y. Park, S.S. Bae, K. Kim, W.S. Lee, C.D. Kim, BLTR1 in Monocytes Emerges as a 434 

Therapeutic Target For Vascular Inflammation With a Subsequent Intimal Hyperplasia in a Murine 435 

Wire-Injured Femoral Artery, Frontiers in Immunology, 9 (2018). 436 

[13] H. Liu, S. Dong, W. Xiong, Q. Liu, B. Liao, Effects of high mobility group box 1 and nuclear factor 437 

kappa B on neointimal hyperplasia after common carotid artery balloon injury, International Journal of 438 

Clinical and Experimental Medicine, 8 (2015) 13323-13328. 439 

[14] S. Mitola, M. Belleri, C. Urbinati, D. Coltrini, B. Sparatore, M. Pedrazzi, E. Melloni, M. Presta, 440 

Cutting edge: Extracellular high mobility group box-1 protein is a proangiogenic cytokine, Journal of 441 

Immunology, 176 (2006) 12-15. 442 

[15] W. Gao, R. He, J. Ren, W. Zhang, K. Wang, L. Zhu, T. Liang, Exosomal HMGB1 derived from hypoxia-443 

conditioned bone marrow mesenchymal stem cells increases angiogenesis via the JNK/HIF-1 alpha 444 

pathway, Febs Open Bio, 11 (2021) 1364-1373. 445 

[16] K. Hosaka, Y. Yang, T. Seki, Q. Du, X. Jing, X. He, J. Wu, Y. Zhang, H. Morikawa, M. Nakamura, M. 446 

Scherzer, X. Sun, Y. Xu, T. Cheng, X. Li, X. Liu, Q. Li, Y. Liu, A. Hong, Y. Chen, Y. Cao, Therapeutic paradigm 447 

of dual targeting VEGF and PDGF for effectively treating FGF-2 off-target tumors, Nature 448 

Communications, 11 (2020). 449 

Jo
urn

al 
Pre-

pro
of



[17] J.B. Lansman, T.J. Hallam, T.J. Rink, Single stretch-activated ion channels in vascular endothelial 450 

cells as mechanotransducers?, Nature, 325 (1987) 811-813. 451 

[18] S.P. Olesen, D.E. Clapham, P.F. Davies, Haemodynamic shear stress activates a K+ current in 452 

vascular endothelial cells, Nature, 331 (1988) 168-170. 453 

[19] B. Palikuqi, T.N. Duc-Huy, G. Li, R. Schreiner, A.F. Pellegata, Y. Liu, D. Redmond, F. Geng, Y. Lin, J.M. 454 

Gomez-Salinero, M. Yokoyama, P. Zumbo, T. Zhang, B. Kunar, M. Witherspoon, T. Han, A.M. Tedeschi, F. 455 

Scottoni, S.M. Lipkin, L. Dow, O. Elemento, J.Z. Xiang, K. Shido, J.R. Spence, Q.J. Zhou, R.E. Schwartz, P. 456 

De Coppi, S.Y. Rabbany, S. Rafii, Adaptable haemodynamic endothelial cells for organogenesis and 457 

tumorigenesis, Nature, 585 (2020) 426-+. 458 

[20] L. Zhao, C. Fan, Y. Zhang, Y. Yang, D. Wang, C. Deng, W. Hu, Z. Ma, S. Jiang, S. Di, Z. Qin, J. Lv, Y. Sun, 459 

W. Yi, Adiponectin enhances bone marrow mesenchymal stem cell resistance to flow shear stress 460 

through AMP-activated protein kinase signaling, Scientific Reports, 6 (2016). 461 

[21] W.-d. Qin, S.-h. Mi, C. Li, G.-x. Wang, J.-n. Zhang, H. Wang, F. Zhang, Y. Ma, D.-w. Wu, M. Zhang, 462 

Low Shear Stress Induced HMGB1 Translocation and Release via PECAM-1/PARP-1 Pathway to Induce 463 

Inflammation Response, Plos One, 10 (2015). 464 

[22] N.E. Cabrera-Benitez, F. Valladares, S. Garcia-Hernandez, A. Ramos-Nuez, J.L. Martin-Barrasa, M.-T. 465 

Martinez-Saavedra, C. Rodriguez-Gallego, M. Muros, C. Flores, M. Liu, A.S. Slutsky, J. Villar, Altered 466 

Profile of Circulating Endothelial-Derived Microparticles in Ventilator-Induced Lung Injury, Critical Care 467 

Medicine, 43 (2015) E551-E559. 468 

[23] M.A. Anwar, J. Shalhoub, C.S. Lim, M.S. Gohel, A.H. Davies, The Effect of Pressure-Induced 469 

Mechanical Stretch on Vascular Wall Differential Gene Expression, Journal of Vascular Research, 49 470 

(2012) 463-478. 471 

[24] J. Yan, W.-B. Wang, Y.-J. Fan, H. Bao, N. Li, Q.-P. Yao, Y.-L. Huo, Z.-L. Jiang, Y.-X. Qi, Y. Han, Cyclic 472 

Stretch Induces Vascular Smooth Muscle Cells to Secrete Connective Tissue Growth Factor and 473 

Promote Endothelial Progenitor Cell Differentiation and Angiogenesis, Frontiers in Cell and 474 

Developmental Biology, 8 (2020). 475 

[25] K.M. Malinda, In vivo matrigel migration and angiogenesis assay,  Angiogenesis protocols, 476 

Springer2009, pp. 287-294. 477 

[26] J. Hu, J. Qiu, Y. Zheng, T. Zhang, T. Yin, X. Xie, G. Wang, AAMP Regulates Endothelial Cell Migration 478 

and Angiogenesis Through RhoA/Rho Kinase Signaling (vol 44, pg 1462, 2016), Annals of Biomedical 479 

Engineering, 44 (2016) 830-832. 480 

[27] S. Lee, T.T. Chen, C.L. Barber, M.C. Jordan, J. Murdock, S. Desai, N. Ferrara, A. Nagy, K.P. Roos, M.L. 481 

Iruela-Arispe, Autocrine VEGF signaling is required for vascular homeostasis, Cell, 130 (2007) 691-703. 482 

[28] S. Zhang, Z. Feng, W. Gao, Y. Duan, G. Fan, X. Geng, B. Wu, K. Li, K. Liu, C. Peng, Aucubin 483 

Attenuates Liver Ischemia-Reperfusion Injury by Inhibiting the HMGB1/TLR-4/NF-kappa B Signaling 484 

Pathway, Oxidative Stress, and Apoptosis, Frontiers in Pharmacology, 11 (2020). 485 

[29] Y.-X. Qi, Y. Han, Z.-L. Jiang, Mechanobiology and Vascular Remodeling: From Membrane to 486 

Nucleus, in: B.M. Fu, N.T. Wright (Eds.) Molecular, Cellular, and Tissue Engineering of the Vascular 487 

System2018, pp. 69-82. 488 

[30] J. Wang, K. Liu, H. Wang, Z. Li, Y. Li, S. Ping, A.S.A. Bardeesi, Y. Guo, Y. Zhou, T. Pei, L. Deng, P. 489 

Sheng, S. Liu, C. Li, Role of nifedipine and hydrochlorothiazide in MAPK activation and vascular smooth 490 

muscle cell proliferation and apoptosis, Herz, 42 (2017) 573-584. 491 

Jo
urn

al 
Pre-

pro
of



[31] F. De Smet, I. Segura, K. De Bock, P.J. Hohensinner, P. Carmeliet, Mechanisms of Vessel Branching 492 

Filopodia on Endothelial Tip Cells Lead the Way, Arteriosclerosis Thrombosis and Vascular Biology, 29 493 

(2009) 639-649. 494 

[32] C. Frelin, A. Ladoux, G. D'Angelo, Vascular endothelial growth factors and angiogenesis, Annales 495 

d'endocrinologie, 61 (2000) 70-74. 496 

[33] P. Holvoet, P. Sinnaeve, Angio-associated migratory cell protein and smooth muscle cell migration 497 

in development of Restenosis and atherosclerosis, Journal of the American College of Cardiology, 52 498 

(2008) 312-314. 499 

[34] Y.-C. Chang, C.-W. Lin, M.-C. Hsieh, H.-J. Wu, W.-S. Wu, W.-C. Wu, Y.-H. Kao, High mobility group B1 500 

up-regulates angiogenic and fibrogenic factors in human retinal pigment epithelial ARPE-19 cells, 501 

Cellular Signalling, 40 (2017) 248-257. 502 

[35] J. Lan, H. Luo, R. Wu, J. Wang, B. Zhou, Y. Zhang, Y. Jiang, J. Xu, Internalization of HMGB1 (high 503 

mobility group box 1) promotes angiogenesis in endothelial cells, Arteriosclerosis, Thrombosis, and 504 

Vascular Biology, 40 (2020) 2922-2940. 505 

 506 

 507 

Jo
urn

al 
Pre-

pro
of



Highlights 

∙ Excessive mechanical stretching of blood vessels during hypertension 

causes endothelial damage. 

∙ 20% mechanical stretch impairs cell proliferation and affects the 

alignment of migrating cells. 

∙ The HMGB1/RAGE axis promotes repair after endothelial injury by 

promoting bFGF expression. 

∙ The protein prediction network verified that HMGB1 had a certain 

relationship with bFGF. 
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