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摘  要 

外泌体是一类由细胞分泌的细胞外囊泡，近年来在生物医学领域引起广泛关注，尤其是在血管生成和组

织再生方面的潜力。本文旨在探讨外泌体介导的内皮细胞血管生成调控机制及其在牙髓血运重建中的应

用。研究表明，外泌体通过携带生物活性分子如血管内皮生长因子(VEGF)等，能够显著促进内皮细胞的

增殖、迁移和管状结构形成，进而加强血管生成。此外，外泌体在牙髓再生中的重要性也逐渐被认识，

其通过调节牙髓干细胞与周围微环境的相互作用，促进血管化和神经再生，从而为牙髓组织的功能恢复

提供支持。国内外相关研究逐渐增多，涉及外泌体的来源、特性以及在牙周、牙髓等组织再生中的具体

作用，进一步证实外泌体在促进血管生成和组织修复中的关键角色。综上所述，外泌体作为一种新型的

生物治疗工具，展现出良好的临床应用前景，有望为牙髓再生及其他组织损伤的修复提供新的解决方案。 
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Abstract 
Exosomes are a class of extracellular vesicles secreted by cells. In recent years, they have attracted 
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extensive attention in the biomedical field, particularly for their potential in angiogenesis and tis-
sue regeneration. This article aims to explore the regulatory mechanism of exosome-mediated an-
giogenesis in endothelial cells and its application in dental pulp revascularization. Studies have 
shown that exosomes, by carrying bioactive molecules such as vascular endothelial growth factor 
(VEGF), can significantly promote the proliferation, migration, and tube-like structure formation of 
endothelial cells, thereby enhancing angiogenesis. Furthermore, the importance of exosomes in 
dental pulp regeneration is gradually being recognized. By modulating the interaction between 
dental pulp stem cells and the surrounding microenvironment, exosomes facilitate vascularization 
and neural regeneration, thus supporting the functional recovery of dental pulp tissue. Related re-
search has been increasing both domestically and internationally, covering the sources, character-
istics, and specific roles of exosomes in periodontal and pulpal tissue regeneration, further confirm-
ing their key role in promoting angiogenesis and tissue repair. In summary, as a novel biotherapeu-
tic tool, exosomes demonstrate promising clinical application prospects and are expected to pro-
vide new solutions for dental pulp regeneration and the repair of other tissue injuries. 
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1. 引言 

血管生成(angiogenesis)是新生毛细血管从已有血管中萌芽的过程，广泛参与生理性创伤修复、月经

周期以及病理性肿瘤发展、糖尿病视网膜病变等多种疾病的发生发展[1]。近年来，细胞外囊泡(extracellular 
vesicles, EVs)特别是外泌体(exosomes)因其在细胞间通讯中的关键作用而受到广泛关注。外泌体通过携带

蛋白质、miRNA、lncRNA 等活性因子，调控内皮细胞功能，成为研究血管生成机制的重要切入点[2]。 
传统认为，细胞间通讯依赖细胞因子或接触依赖性信号传递。然而，近年来的大量研究表明，外泌

体在缺氧、炎症等刺激条件下的大量释放，作为携带遗传信息与调控信号的“信使”，参与多种信号通

路的激活，尤其在肿瘤相关血管生成(tumor angiogenesis)中发挥显著作用[3]。例如，肿瘤细胞来源的外泌

体可显著促进内皮细胞增殖、迁移及管腔形成，进而诱导新生血管生成[4]。 
与传统介导因子相比，外泌体具有膜结构包裹、体积小、靶向性强、穿透血脑屏障的能力，使其在

血管靶向治疗及组织工程中也被视作潜在的治疗工具[5]。2020 年后，国内外关于外泌体调控血管生成的

研究持续升温。中国学者从干细胞来源外泌体、肿瘤微环境调控、血管内皮修复等方面开展了大量研究

[6]-[10]，而国外则更侧重于其在靶向治疗、纳米药物递送中的应用[11]-[13]。 
在血管生成这一复杂网络调控过程中，内皮细胞(endothelial cells)是最核心的效应细胞，其功能状态

直接影响血管的形态建成与生物学特性[14]。研究发现，外泌体通过调控 VEGF/VEGFR、Notch、PI3K-
Akt、Wnt/β-catenin 等信号通路，作用于内皮细胞的迁移、增殖及应激反应，从而对血管新生发挥调控效

应[15]-[17]。 
此外，外泌体所携带的非编码 RNA (如 miR-126、miR-21、lncRNA-MALAT1 等)在调控内皮细胞基

因表达、促进内皮间相互作用方面也展现出高度特异性[18]。这些内容为我们深入理解外泌体介导的血管

生成提供了新的方向。 
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因此，本文拟系统综述外泌体的基本特性、其与内皮细胞的互作机制，以及其在调控血管生成中的

作用，结合最新研究进展和实验数据，分析其潜在机制与应用前景，为后续靶向性治疗策略及组织再生

医学研究提供理论依据与技术支持。 

2. 外泌体的基本特性及其与内皮细胞的互作机制 

2.1. 外泌体的来源与组成特征 

外泌体(Exosomes)是一类由多种细胞通过胞内内涵体–溶酶体途径形成并分泌的小型细胞外囊泡，

直径范围约为 30~150 nm，其主要形成机制包括初级内体(early endosomes)经多泡体(multivesicular bodies, 
MVBs)发育形成并与细胞膜融合后将其内容物释放至胞外[19]。目前研究已证实包括肿瘤细胞、免疫细胞、

干细胞、内皮细胞及神经元等均可分泌外泌体[20]。 
外泌体的膜结构与细胞膜类似，由磷脂双分子层包裹，其表面常携带 CD63、CD81、CD9、Tsg101、

Alix 等标志性蛋白质，内部则富含 mRNA、miRNA、lncRNA、circRNA、蛋白质及脂质等功能性分子[21]-
[23]。这些生物活性物质的选择性包装受胞内 Rab GTP 酶、ESCRT 复合体及神经酰胺途径等多种机制调

控，从而形成结构稳定、可远距离递送的细胞间通讯载体[24]。 

2.2. 外泌体的生物学功能 

外泌体作为细胞间信号转导的重要载体，其功能取决于其来源细胞与所携带的分子内容。当前研究

已表明，外泌体在多种生理病理过程如免疫调节、组织修复、神经保护、肿瘤转移与血管新生中具有显

著作用[25]。尤其在肿瘤微环境中，肿瘤来源外泌体可通过传递致瘤信号、重塑基质、诱导免疫逃逸等方

式促进癌症进展[26]。而来源于间充质干细胞(MSCs)或内皮祖细胞的外泌体则展现出较强的促血管生成

与组织再生潜能[27]。 
此外，外泌体因其膜结构稳定性、体内分布广、靶向性强，被认为是优越的药物载体与基因递送工

具，在心血管疾病、肿瘤治疗、神经退行性疾病中均展现了广阔前景[28] [29]。 

2.3. 外泌体与内皮细胞的互作机制 

血管内皮细胞(Vascular Endothelial Cells, VECs)是构成血管内壁的单层扁平细胞，在维持血管完整性、

参与血流调控、炎症反应及血管新生等过程中发挥关键作用。外泌体与内皮细胞之间的相互作用主要体

现在以下几个方面： 
1) 靶向摄取机制： 
外泌体可通过胞吞(endocytosis)、膜融合(membrane fusion)或受体介导内吞进入内皮细胞，具体机制

依赖于膜蛋白相互识别、表面糖蛋白配对、以及 pH 环境变化等因素[30]。例如，研究表明 CD63 阳性外

泌体更易被内皮细胞摄取，在缺氧或炎症条件下，摄取效率更高[31]。 
2) miRNA 与 lncRNA 的调控作用： 
外泌体所携带的 miRNA 在调控内皮细胞功能中具有显著作用。以 miR-126 为例，其可通过靶向抑

制 Spred-1，增强 VEGF 信号，进而促进内皮细胞迁移与新生血管形成[32]。另有研究指出 miR-210、miR-
21 等亦可影响内皮细胞存活、应激反应与黏附能力[33]。 

与此同时，外泌体中的 lncRNA 亦参与调控内皮细胞基因表达。例如 lncRNA-MALAT1 通过与 SR 
splicing factor 相互作用，影响内皮细胞增殖速率及管腔形成能力[34]。此外，circRNA 如 circRNA-002682
亦被证实可通过 ceRNA 机制影响血管生成通路[35]。 

3) 信号通路激活： 
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外泌体能够通过激活 Notch、Wnt/β-catenin、PI3K/Akt、MAPK 等多种信号通路，调控内皮细胞的多

种功能[36]。Notch 信号参与内皮细胞命运决定，Wnt 信号调控血管网络形成，而 PI3K/Akt 通路则在调节

内皮细胞增殖与存活中居于核心地位[37]。 
4) 膜蛋白与整合素参与靶向： 
研究发现，不同来源的外泌体在膜表面呈现出特异性的整合素分布，如 αvβ3、α4β1 等，这些整合素

可与内皮细胞特定配体结合，增强其靶向摄取效率并促进局部血管生成[38]。 

2.4. 影响内皮细胞摄取外泌体的因素 

内皮细胞对外泌体的摄取能力受到多种因素影响，主要包括外泌体的来源、表面蛋白修饰、细胞状

态、微环境条件等。例如，LPS 刺激可显著提高内皮细胞摄取外泌体的能力，且与 JMJD6 的表达上调密

切相关[39]。此外，外泌体的大小、电荷分布也会显著影响其内吞效率[40]。 

2.5. 临床应用前景与挑战 

当前外泌体与内皮细胞互作的研究已推动其在组织工程、心肌缺血修复、视网膜再生等领域的应用

尝试。但仍面临诸如分离纯化效率低、来源异质性大、作用机制复杂等技术难点[41]。如何建立标准化的

外泌体制备体系、提升其靶向效率、明确其生物学机制，是未来研究的重要方向。 

3. 外泌体介导的血管生成调控机制 

3.1. 血管生成的基本过程与关键细胞 

血管生成(Angiogenesis)是指在已有血管基础上通过内皮细胞的活化、增殖、迁移及管腔形成等过程

构建新的微血管网络，是机体在创伤修复、胚胎发育、缺血性疾病和肿瘤生长中不可或缺的生理过程[42]。
主要涉及的细胞包括血管内皮细胞、平滑肌细胞、成纤维细胞及内皮祖细胞等，其中内皮细胞在该过程

中处于核心位置。 
该过程的分子机制主要包括内皮细胞对血管内皮生长因子(VEGF)、碱性成纤维生长因子(bFGF)、血

小板源生长因子(PDGF)等的应答，随后激活 PI3K/Akt、MAPK/ERK、Notch 和 STAT3 等多种信号通路

[43]。外泌体作为新近发现的重要介导因子，在血管生成调控中发挥越来越重要的作用。 

3.2. 外泌体促进血管生成的多机制 

1) 通过 miRNA 调控 VEGF 等促血管因子的表达 
外泌体携带的 miRNAs 在血管生成中发挥显著调控作用。例如，肿瘤来源外泌体中的 miR-9、miR-

130a、miR-210 可上调受体细胞中 VEGF 表达，激活 PI3K/Akt 信号通路，从而增强内皮细胞的迁移与血

管形成能力[44] [45]。miR-126 作为一种内皮细胞特异性 miRNA，其通过靶向抑制 PIK3R2，提升 Akt 磷
酸化水平，被认为是经典的促血管生成 miRNA 之一[46]。 

此外，间充质干细胞来源外泌体中的 miR-21、miR-125a-5p 等也被证明可以促进 VEGF 与 bFGF 等

促血管因子的表达，从而增强组织的血管再生能力[47]。而在缺血性疾病模型中，外泌体注射组的微血管

密度、血流重建效率均明显优于对照组[48]。 
2) 调控内皮细胞的表型与功能 
外泌体可以通过携带多种调控分子改变内皮细胞的表型，使其从静止状态向激活状态转变。例如，

肿瘤来源外泌体中的 HIF-1α可在缺氧环境下上调，进而通过激活下游 VEGF 与 Ang-2 等基因，诱导内皮

细胞出芽与管腔形成[49]。此外，一些炎症相关细胞外泌体还可通过调控内皮细胞间黏附分子(如 ICAM-
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1、VCAM-1)的表达，增强其趋化能力与管道延展性[50]。 
3) 激活经典信号通路 
研究发现外泌体介导的血管生成往往依赖于 PI3K/Akt、Wnt/β-catenin、Notch 等通路的激活。例如，

miR-29a 可激活 β-catenin 信号，增强内皮细胞对 bFGF 信号的应答能力；而 miR-210 则通过抑制 Ephrin-
A3 调节 Notch1 信号，促进内皮细胞的迁移与网络形成[51] [52]。此外，在糖尿病创伤模型中，外泌体通

过 Akt/mTOR 信号轴改善血管内皮功能，显著加快伤口愈合[53]。 
4) 递送蛋白质、lncRNA、circRNA 等非编码分子 
除 miRNA 外，外泌体还富含各种蛋白质、lncRNA 与 circRNA，这些分子在血管生成中同样具有调

控作用。例如 lncRNA-MALAT1 可通过结合 SR splicing protein 调节 VEGF-A 剪接异构体比例，进而增强

血管形成效率[54]。部分 circRNA 可通过 ceRNA 机制调控 miRNA 表达，进而影响内皮细胞功能与血管

生成过程[55]。 
此外，外泌体中的蛋白质如 Annexin A2、HSP70、IL-6 等也能直接影响内皮细胞的应激反应、趋化

能力及血管网络结构[56]。 

3.3. 来源不同的外泌体在血管生成中的异同 

不同来源的外泌体对血管生成能力具有差异性。肿瘤细胞来源外泌体多表现为强促血管能力，主要

通过转移促进癌灶处形成“临时供血通路”，加快转移灶生长[57]；干细胞来源外泌体如来自骨髓 MSC
或脂肪干细胞的外泌体，具有较强的促修复功能，被广泛用于心肌梗死、糖尿病足、皮肤创伤等模型中

[58] [59]；而来源于外周血或血小板的外泌体则更适合作为“天然载体”用于药物递送和组织再生[60]。 
此外，一些研究指出不同刺激条件(如缺氧、炎症、机械应力)下分泌的外泌体，其血管生成效应也存

在明显差异。例如，缺氧诱导的外泌体中 HIF-1α、VEGF、ANGPTL4 表达显著上调，可显著加速内皮细

胞管腔形成速度[61]。 

3.4. 外泌体在牙髓微环境中的血管化与神经再生调控 

在牙髓组织微环境中，外泌体通过多分子协同、多通路耦合实现血管–神经同步再生，是牙髓血运

重建的核心机制。在促血管化方面，牙髓干细胞、间充质干细胞来源外泌体可递送 VEGF、bFGF、Ang-
1 等蛋白，同时携带 miR-126、miR-21 靶向激活 VEGF/VEGFR2、PI3K/Akt 通路，加速内皮细胞增殖与

管腔形成，提升牙髓组织微血管密度与灌注能力[62] [63]。而在促神经再生机制方面，外泌体可携带NGF、
BDNF、GDNF 等神经营养因子，同时通过 miR-132、miR-21 调控神经元轴突生长与髓鞘化相关基因，促

进牙髓神经纤维再生与感觉功能恢复[62] [63]。此外，外泌体可抑制牙髓局部炎症与氧化应激，调控巨噬

细胞向 M2 型极化，减少基质降解，为血管–神经协同再生提供稳定微环境[63] [64]。 

3.5. 外泌体在疾病相关血管生成中的应用与挑战 

在缺血性疾病(如脑梗死、下肢缺血)、糖尿病并发症(如糖尿病视网膜病变、糖尿病足)及创伤修复中，

外泌体因其可靶向促血管生长，成为极具前景的治疗策略[65]。例如，使用 MSC 外泌体治疗急性心梗模

型小鼠可显著提升心肌灌注与毛细血管密度[62]。此外，将促血管生成相关 RNA 或蛋白富集于外泌体中，

可进一步增强其疗效。 
但需注意的是，外泌体引导的血管生成亦可能造成病理性血管异常，尤其在肿瘤生长、糖尿病病理

环境中，过度活化的血管生成可能导致血管结构异常、功能紊乱[64]。因此，在设计外泌体干预方案时，

应结合微环境状态精准调控其血管生成效应。 
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4. 总结与展望 

随着外泌体研究的不断深入，外泌体在调控血管生成中的作用正逐步显现出其系统性、多层次和高

靶向性的特点。回顾现有文献，外泌体作为一种纳米级别的胞外囊泡，不仅在细胞间信息传递中发挥核

心作用，更在血管新生、损伤修复、组织重建及疾病进程中展现出广泛的生物学功能[66]。在多种疾病环

境下，如缺血、糖尿病、肿瘤等，外泌体通过携带 miRNA、lncRNA、circRNA 以及多种信号蛋白，有效

调控内皮细胞功能与血管生成信号通路，进而实现血管网络的动态重构与微环境重塑[67] [68]。 
在机制层面，外泌体调控血管生成主要依赖于其所携带的 miRNA 对 VEGF、Notch、PI3K/Akt、STAT3

等信号轴的干预，这些信号轴在血管内皮细胞的增殖、迁移、分化及管腔形成中具有决定性作用[69]。此

外，越来越多的研究表明，外泌体中的非编码 RNA 与蛋白质之间可能存在协同调控机制，表明其调控模

式远非“单因子”作用那么简单[70]。 
整合现有研究基础上，构建外泌体介导内皮细胞血管生成的多层级协同调控网络模型，将分子调控、

通路交叉、细胞互作与微环境响应纳入统一框架，该网络模型可概括为三层级协同调控。上游信号装载

层：外泌体选择性包裹 VEGF、bFGF、HIF-1α等功能蛋白，以及 miR-126、miR-210、miR-21、lncRNA-
MALAT1、circRNA-0077930 等调控 RNA，形成稳定的复合信号单元[18] [32] [34] [35] [46]；中游通路耦

合层：上述信号单元靶向激活 VEGF/VEGFR、PI3K/Akt、Wnt/β-catenin、Notch 等核心通路，通过通路间

交叉对话与正向反馈，放大促血管生成效应[15] [17] [36] [51] [52]；下游效应输出层：协同驱动内皮细胞

周期进展、细胞骨架重排、胞外基质重塑与管腔成熟，最终完成功能性血管网络的构建与稳定[14] [42] 
[49]。在牙髓再生场景中，这一网络进一步延伸为血管–神经–微环境协同再生模式：外泌体以

VEGF/AKT 轴促进牙髓血管化，以 NGF/BDNF 及 miR-132 相关通路促进神经再生，同时调控巨噬细胞

极化与炎症消退，为牙髓血运重建提供一体化支持[38] [62] [63] [71] [72]。这一模式不仅印证了上述网络

模型的合理性，也为口腔组织再生提供了全新的理论依据。 
而在临床转化应用层面，外泌体技术已逐步走出实验室，成为治疗缺血性疾病、创伤性疾病乃至肿

瘤血管重塑的重要候选策略。例如，干细胞来源外泌体在糖尿病足、脑缺血、心肌梗死等动物模型中展

现出良好的促血管与组织修复能力[73] [74]。特别是在心血管再生、眼底病治疗与皮肤创伤愈合中，外泌

体介导的微环境重构方案正在进入初步临床试验阶段，显示出潜在的可控性与良好的生物安全性[75]。 
然而，当前的外泌体介导血管生成研究也面临诸多挑战： 

4.1. 外泌体异质性与纯化问题 

首先是外泌体本身的异质性问题。不同细胞来源、不同病理状态、甚至相同细胞在不同诱导条件下

所释放的外泌体，在形态、大小、分子含量上均存在较大差异[76]。目前尚缺乏统一标准的外泌体分离与

鉴定方法，这在一定程度上制约了研究间结果的可比性和数据整合的能力[77]。高纯度、功能稳定的外泌

体分离技术(如超速离心、密度梯度分离、微流控分选等)仍待进一步标准化与优化。 

4.2. 作用机制的系统整合不足 

当前大多数研究集中于某一条信号通路或单一功能分子的研究，而对于外泌体中多种成分的协同作

用、时空调控机制尚缺乏系统性整合。尤其在血管生成过程中，不同分子的互作网络和反馈机制仍处于

初步探索阶段。深入的系统生物学分析与高通量多组学数据挖掘有望揭示更全面的调控图谱[78]。 

4.3. 靶向性控制与剂量依赖效应不明晰 

外泌体在血管生成中的促进作用依赖其被靶细胞有效摄取，但其靶向性并不总是理想，部分外泌体
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可能被巨噬细胞吞噬、或沉积在非靶组织中导致治疗效率降低甚至诱发不良反应[79]。此外，外泌体的“剂

量依赖效应”尚不明确，低浓度可能不具生物效应，高浓度则可能激活过度血管生成乃至炎症反应[80]，
这对其药理剂量控制提出了新挑战。 

4.4. 载体工程与临床转化障碍 

外泌体虽被称为“天然纳米载体”，但其药物负载效率、运输稳定性与储存条件仍需改进。如何实

现外泌体的定向修饰、靶向性增强、递送效率提高，是当前合成生物学和药物工程领域的重要研究方向

[81]。此外，外泌体的体外大规模生产与标准化质控体系尚未完善，成为制约其临床转化的又一瓶颈。最

新有研究发现提取牙髓干细胞来源的细胞内囊泡(Intracellular Vesicles, IVs)的新方法，其在皮肤再生方面

与 Exos 等效，且提取效率大大提高，为目前口腔组织再生领域的热点和创新点，具有较高的研究价值，

未来可能成为研究热点[63]。 

4.5. 潜在的肿瘤促进风险 

虽然外泌体可用于促进缺血性组织的血管再生，但在肿瘤微环境中其同样可能促进异常血管生成，

增加肿瘤营养供应与转移潜能[82]。因此，如何在安全性与有效性之间取得平衡，构建“可控促血管”的

外泌体系统，是未来临床转化过程中需优先解决的课题。 

5. 展望 

未来的研究应聚焦于以下几个方向：第一，开发高效稳定的外泌体分离与标记技术，实现来源追踪

与功能分型；第二，结合多组学与人工智能技术，建立“外泌体–靶细胞–血管网络”的调控图谱；第

三，推动外泌体工程化，通过表面修饰、分子负载等手段，增强其血管靶向性与治疗稳定性；第四，开展

多中心临床前试验与长期随访研究，建立外泌体在缺血治疗、创伤修复与眼科血管病中的治疗规范与评

价体系[83]。 
在精准医学快速发展的当下，外泌体作为信息传递与治疗载体的双重角色，正逐步从基础研究走向

临床应用。其在血管生成调控中的深度机制与应用潜力值得深入挖掘，有望成为新一代生物治疗策略的

核心支撑。 

参考文献 
[1] 付学奇, 曾琳琳, 刘洋. 间充质干细胞外泌体的研究进展与临床应用[J]. 吉林大学学报(理学版), 2025, 63(1): 

207-215. 
[2] 刘宁, 齐保玉, 孙传睿, 等. 不同干细胞来源的外泌体促进血管形成的研究进展[J]. 中国病理生理杂志, 2023, 

39(1): 170-177. 
[3] Sahoo, S. and Losordo, D.W. (2014) Exosomes and Cardiac Repair after Myocardial Infarction. Circulation Research, 

114, 333-344. https://doi.org/10.1161/circresaha.114.300639 
[4] Hood, J.L., San, R.S. and Wickline, S.A. (2011) Exosomes Released by Melanoma Cells Prepare Sentinel Lymph Nodes 

for Tumor Metastasis. Cancer Research, 71, 3792-3801. https://doi.org/10.1158/0008-5472.can-10-4455 
[5] Kalluri, R. and LeBleu, V.S. (2020) The Biology, Function, and Biomedical Applications of Exosomes. Science, 367, 

eaau6977. https://doi.org/10.1126/science.aau6977 
[6] Huang, P., Wang, L., Li, Q., Tian, X., Xu, J., Xu, J., et al. (2020) Atorvastatin Enhances the Therapeutic Efficacy of 

Mesenchymal Stem Cells-Derived Exosomes in Acute Myocardial Infarction via Up-Regulating Long Non-Coding RNA 
H19. Cardiovascular Research, 116, 353-367. https://doi.org/10.1093/cvr/cvz139 

[7] Barile, L. and Vassalli, G. (2017) Exosomes: Therapy Delivery Tools and Biomarkers of Diseases. Pharmacology & 
Therapeutics, 174, 63-78. https://doi.org/10.1016/j.pharmthera.2017.02.020 

[8] Bao, Q., Huang, Q., Chen, Y., Wang, Q., Sang, R., Wang, L., et al. (2022) Tumor-Derived Extracellular Vesicles Regulate 

https://doi.org/10.12677/acm.2026.1652054
https://doi.org/10.1161/circresaha.114.300639
https://doi.org/10.1158/0008-5472.can-10-4455
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1093/cvr/cvz139
https://doi.org/10.1016/j.pharmthera.2017.02.020


刘维扬 等 
 

 

DOI: 10.12677/acm.2026.1652054 2447 临床医学进展 
 

Cancer Progression in the Tumor Microenvironment. Frontiers in Molecular Biosciences, 8, Article ID: 796385.  
https://doi.org/10.3389/fmolb.2021.796385 

[9] Liu, Y. and Chen, X. (2021) Exosome-Mediated miRNA Delivery in Vascular Disease. International Journal of Molec-
ular Sciences, 22, 2513. 

[10] Pan, M.C., Lin, X.Y., Wang, H., Chen, Y.F. and Leng, M. (2020) Research Advances on the Roles of Exosomes Derived 
from Vascular Endothelial Progenitor Cells in Wound Repair. Chinese Journal of Burns, 36, 883-886. 

[11] He, C., Zheng, S., Luo, Y. and Wang, B. (2018) Exosome Theranostics: Biology and Translational Medicine. Theranostics, 
8, 237-255. https://doi.org/10.7150/thno.21945 

[12] Johnsen, K.B., Gudbergsson, J.M., Skov, M.N., Pilgaard, L., Moos, T. and Duroux, M. (2014) A Comprehensive Over-
view of Exosomes as Drug Delivery Vehicles—Endogenous Nanocarriers for Targeted Cancer Therapy. Biochimica et 
Biophysica Acta (BBA)—Reviews on Cancer, 1846, 75-87. https://doi.org/10.1016/j.bbcan.2014.04.005 

[13] Vader, P., Mol, E.A., Pasterkamp, G. and Schiffelers, R.M. (2016) Extracellular Vesicles for Drug Delivery. Advanced 
Drug Delivery Reviews, 106, 148-156. https://doi.org/10.1016/j.addr.2016.02.006 

[14] Carmeliet, P. (2003) Angiogenesis in Health and Disease. Nature Medicine, 9, 653-660.  
https://doi.org/10.1038/nm0603-653 

[15] Umezu, T., Tadokoro, H., Azuma, K., Yoshizawa, S., Ohyashiki, K. and Ohyashiki, J.H. (2014) Exosomal miR-135b 
Shed from Hypoxic Multiple Myeloma Cells Enhances Angiogenesis by Targeting Factor-Inhibiting HIF-1. Blood, 124, 
3748-3757. https://doi.org/10.1182/blood-2014-05-576116 

[16] Liang, X., Zhang, L., Wang, S., Han, Q. and Zhao, R.C. (2016) Exosomes Secreted by Mesenchymal Stem Cells Promote 
Endothelial Cell Angiogenesis by Transferring miR-125a. Journal of Cell Science, 129, 2182-2189.  
https://doi.org/10.1242/jcs.170373 

[17] Mao, Q., Liang, X., Zhang, C., Pang, Y. and Lu, Y. (2019) LncRNA KLF3-AS1 in Human Mesenchymal Stem Cell-
Derived Exosomes Ameliorates Pyroptosis of Cardiomyocytes and Myocardial Infarction through miR-138-5p/Sirt1 
Axis. Stem Cell Research & Therapy, 10, Article No. 393. https://doi.org/10.1186/s13287-019-1522-4 

[18] Hergenreider, E., Heydt, S., Tréguer, K., Boettger, T., Horrevoets, A.J.G., Zeiher, A.M., et al. (2012) Atheroprotective 
Communication between Endothelial Cells and Smooth Muscle Cells through miRNAs. Nature Cell Biology, 14, 249-
256. https://doi.org/10.1038/ncb2441 

[19] Kowal, J., Tkach, M. and Théry, C. (2014) Biogenesis and Secretion of Exosomes. Current Opinion in Cell Biology, 29, 
116-125. https://doi.org/10.1016/j.ceb.2014.05.004 

[20] Yáñez‐Mó, M., Siljander, P.R., Andreu, Z., Bedina Zavec, A., Borràs, F.E., Buzas, E.I., et al. (2015) Biological Proper-
ties of Extracellular Vesicles and Their Physiological Functions. Journal of Extracellular Vesicles, 4, Article No. 27066.  
https://doi.org/10.3402/jev.v4.27066 

[21] Xie, H., Sun, L., Zhang, L., Liu, T., Chen, L., Zhao, A., et al. (2016) Mesenchymal Stem Cell‐Derived Microvesicles 
Support ex Vivo Expansion of Cord Blood‐Derived CD34+ Cells. Stem Cells International, 2016, Article ID: 6493241.  
https://doi.org/10.1155/2016/6493241 

[22] Théry, C., Zitvogel, L. and Amigorena, S. (2002) Exosomes: Composition, Biogenesis and Function. Nature Reviews 
Immunology, 2, 569-579. https://doi.org/10.1038/nri855 

[23] Valadi, H., Ekström, K., Bossios, A., Sjöstrand, M., Lee, J.J. and Lötvall, J.O. (2007) Exosome-Mediated Transfer of 
mRNAs and microRNAs Is a Novel Mechanism of Genetic Exchange between Cells. Nature Cell Biology, 9, 654-659.  
https://doi.org/10.1038/ncb1596 

[24] Colombo, M., Raposo, G. and Théry, C. (2014) Biogenesis, Secretion, and Intercellular Interactions of Exosomes and 
Other Extracellular Vesicles. Annual Review of Cell and Developmental Biology, 30, 255-289.  
https://doi.org/10.1146/annurev-cellbio-101512-122326 

[25] Raposo, G. and Stoorvogel, W. (2013) Extracellular Vesicles: Exosomes, Microvesicles, and Friends. Journal of Cell 
Biology, 200, 373-383. https://doi.org/10.1083/jcb.201211138 

[26] Whiteside, T.L. (2018) Exosome and Mesenchymal Stem Cell Cross-Talk in the Tumor Microenvironment. Seminars in 
Immunology, 35, 69-79. https://doi.org/10.1016/j.smim.2017.12.003 

[27] Pan, B. and Johnstone, R.M. (1983) Fate of the Transferrin Receptor during Maturation of Sheep Reticulocytes in Vitro: 
Selective Externalization of the Receptor. Cell, 33, 967-978. https://doi.org/10.1016/0092-8674(83)90040-5 

[28] Alvarez-Erviti, L., Seow, Y., Yin, H., Betts, C., Lakhal, S. and Wood, M.J.A. (2011) Delivery of siRNA to the Mouse 
Brain by Systemic Injection of Targeted Exosomes. Nature Biotechnology, 29, 341-345. https://doi.org/10.1038/nbt.1807 

[29] EL Andaloussi, S., Mäger, I., Breakefield, X.O. and Wood, M.J.A. (2013) Extracellular Vesicles: Biology and Emerging 
Therapeutic Opportunities. Nature Reviews Drug Discovery, 12, 347-357. https://doi.org/10.1038/nrd3978 

[30] Mulcahy, L.A., Pink, R.C. and Carter, D.R.F. (2014) Routes and Mechanisms of Extracellular Vesicle Uptake. Journal 

https://doi.org/10.12677/acm.2026.1652054
https://doi.org/10.3389/fmolb.2021.796385
https://doi.org/10.7150/thno.21945
https://doi.org/10.1016/j.bbcan.2014.04.005
https://doi.org/10.1016/j.addr.2016.02.006
https://doi.org/10.1038/nm0603-653
https://doi.org/10.1182/blood-2014-05-576116
https://doi.org/10.1242/jcs.170373
https://doi.org/10.1186/s13287-019-1522-4
https://doi.org/10.1038/ncb2441
https://doi.org/10.1016/j.ceb.2014.05.004
https://doi.org/10.3402/jev.v4.27066
https://doi.org/10.1155/2016/6493241
https://doi.org/10.1038/nri855
https://doi.org/10.1038/ncb1596
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1016/j.smim.2017.12.003
https://doi.org/10.1016/0092-8674(83)90040-5
https://doi.org/10.1038/nbt.1807
https://doi.org/10.1038/nrd3978


刘维扬 等 
 

 

DOI: 10.12677/acm.2026.1652054 2448 临床医学进展 
 

of Extracellular Vesicles, 3. https://doi.org/10.3402/jev.v3.24641 
[31] Kaur, S., Elkahloun, A.G., Petersen, J.D., Arakelyan, A., Livak, F., Singh, S.P., et al. (2021) CD63+ and MHC Class I+ 

Subsets of Extracellular Vesicles Produced by Wild-Type and CD47-Deficient Jurkat T Cells Have Divergent Functional 
Effects on Endothelial Cell Gene Expression. Biomedicines, 9, Article No. 1705.  
https://doi.org/10.3390/biomedicines9111705 

[32] Fish, J.E., Santoro, M.M., Morton, S.U., Yu, S., Yeh, R., Wythe, J.D., et al. (2008) miR-126 Regulates Angiogenic Signaling 
and Vascular Integrity. Developmental Cell, 15, 272-284. https://doi.org/10.1016/j.devcel.2008.07.008 

[33] Barile, L., Lionetti, V., Cervio, E., Matteucci, M., Gherghiceanu, M., Popescu, L.M., et al. (2014) Extracellular Vesicles 
from Human Cardiac Progenitor Cells Inhibit Cardiomyocyte Apoptosis and Improve Cardiac Function after Myocardial 
Infarction. Cardiovascular Research, 103, 530-541. https://doi.org/10.1093/cvr/cvu167 

[34] Michalik, K.M., You, X., Manavski, Y., Doddaballapur, A., Zörnig, M., Braun, T., et al. (2014) Long Noncoding RNA 
MALAT1 Regulates Endothelial Cell Function and Vessel Growth. Circulation Research, 114, 1389-1397.  
https://doi.org/10.1161/circresaha.114.303265 

[35] Jiang, S., Fu, R., Shi, J., Wu, H., Mai, J., Hua, X., et al. (2021) CircRNA-Mediated Regulation of Angiogenesis: A New 
Chapter in Cancer Biology. Frontiers in Oncology, 11, Article ID: 553706. https://doi.org/10.3389/fonc.2021.553706 

[36] Shen, H., Yao, X., Li, H. and Zhang, Q. (2020) Exosome-Mediated Transfer of lncRNA H19 Promotes Angiogenesis in 
Ischemic Stroke. Aging, 12, 1192-1212. 

[37] Potente, M., Gerhardt, H. and Carmeliet, P. (2011) Basic and Therapeutic Aspects of Angiogenesis. Cell, 146, 873-887.  
https://doi.org/10.1016/j.cell.2011.08.039 

[38] Hoshino, A., Costa-Silva, B., Shen, T., Rodrigues, G., Hashimoto, A., Tesic Mark, M., et al. (2015) Tumour Exosome Integ-
rins Determine Organotropic Metastasis. Nature, 527, 329-335. https://doi.org/10.1038/nature15756 

[39] Sun, Q., Xu, J., Zhao, Y., Yang, L. and Cui, Y. (2025) Lipopolysaccharide Amplifies the Endocytosis of Circulating 
Exosomes Derived from Aortic Dissection Patients by the Endothelial Cells via a JMJD6 Dependent Manner. Life Sci-
ences, 372, Article ID: 123641. https://doi.org/10.1016/j.lfs.2025.123641 

[40] Caponnetto, F., Manini, I., Skrap, M., Palmai-Pallag, T., Di Loreto, C., Beltrami, A.P., et al. (2017) Size-Dependent Cellular 
Uptake of Exosomes. Nanomedicine: Nanotechnology, Biology and Medicine, 13, 1011-1020.  
https://doi.org/10.1016/j.nano.2016.12.009 

[41] Lener, T., Gimona, M., Aigner, L., Börger, V., Buzas, E., Camussi, G., et al. (2015) Applying Extracellular Vesicles Based 
Therapeutics in Clinical Trials—An ISEV Position Paper. Journal of Extracellular Vesicles, 4, Article No. 30087.  
https://doi.org/10.3402/jev.v4.30087 

[42] Risau, W. (1997) Mechanisms of Angiogenesis. Nature, 386, 671-674. https://doi.org/10.1038/386671a0 
[43] Ferrara, N., Gerber, H. and LeCouter, J. (2003) The Biology of VEGF and Its Receptors. Nature Medicine, 9, 669-676.  

https://doi.org/10.1038/nm0603-669 
[44] Ludwig, N., Whiteside, T.L. and Reichert, T.E. (2019) Challenges in Exosome Isolation and Analysis in Health and 

Disease. International Journal of Molecular Sciences, 20, Article No. 4684. https://doi.org/10.3390/ijms20194684 
[45] Zhuang, G., Wu, X., Jiang, Z., Kasman, I., Yao, J., Guan, Y., et al. (2012) Tumour‐Secreted miR-9 Promotes Endothelial 

Cell Migration and Angiogenesis by Activating the JAK‐STAT Pathway. The EMBO Journal, 31, 3513-3523.  
https://doi.org/10.1038/emboj.2012.183 

[46] Wang, S., Aurora, A.B., Johnson, B.A., Qi, X., McAnally, J., Hill, J.A., et al. (2008) The Endothelial-Specific microRNA 
miR-126 Governs Vascular Integrity and Angiogenesis. Developmental Cell, 15, 261-271.  
https://doi.org/10.1016/j.devcel.2008.07.002 

[47] Hu, H., Hu, X., Li, L., Fang, Y., Yang, Y., Gu, J., et al. (2022) Exosomes Derived from Bone Marrow Mesenchymal 
Stem Cells Promote Angiogenesis in Ischemic Stroke Mice via Upregulation of MiR-21-5p. Biomolecules, 12, Article 
No. 883. https://doi.org/10.3390/biom12070883 

[48] Liu, X., Li, Q., Niu, X., Hu, B., Chen, S., Song, W., et al. (2017) Exosomes Secreted from Human-Induced Pluripotent 
Stem Cell-Derived Mesenchymal Stem Cells Prevent Osteonecrosis of the Femoral Head by Promoting Angiogenesis. 
International Journal of Biological Sciences, 13, 232-244. https://doi.org/10.7150/ijbs.16951 

[49] King, H.W., Michael, M.Z. and Gleadle, J.M. (2012) Hypoxic Enhancement of Exosome Release by Breast Cancer Cells. 
BMC Cancer, 12, Article No. 421. https://doi.org/10.1186/1471-2407-12-421 

[50] Lee, T.H., D’Asti, E., Magnus, N., Al-Nedawi, K., Meehan, B. and Rak, J. (2011) Microvesicles as Mediators of Inter-
cellular Communication in Cancer—The Emerging Science of Cellular “Debris”. Seminars in Immunopathology, 33, 
455-467. https://doi.org/10.1007/s00281-011-0250-3 

[51] Fasanaro, P., D’Alessandra, Y., Di Stefano, V., Melchionna, R., Romani, S., Pompilio, G., et al. (2008) MicroRNA-210 
Modulates Endothelial Cell Response to Hypoxia and Inhibits the Receptor Tyrosine Kinase Ligand Ephrin-A3. Journal 

https://doi.org/10.12677/acm.2026.1652054
https://doi.org/10.3402/jev.v3.24641
https://doi.org/10.3390/biomedicines9111705
https://doi.org/10.1016/j.devcel.2008.07.008
https://doi.org/10.1093/cvr/cvu167
https://doi.org/10.1161/circresaha.114.303265
https://doi.org/10.3389/fonc.2021.553706
https://doi.org/10.1016/j.cell.2011.08.039
https://doi.org/10.1038/nature15756
https://doi.org/10.1016/j.lfs.2025.123641
https://doi.org/10.1016/j.nano.2016.12.009
https://doi.org/10.3402/jev.v4.30087
https://doi.org/10.1038/386671a0
https://doi.org/10.1038/nm0603-669
https://doi.org/10.3390/ijms20194684
https://doi.org/10.1038/emboj.2012.183
https://doi.org/10.1016/j.devcel.2008.07.002
https://doi.org/10.3390/biom12070883
https://doi.org/10.7150/ijbs.16951
https://doi.org/10.1186/1471-2407-12-421
https://doi.org/10.1007/s00281-011-0250-3


刘维扬 等 
 

 

DOI: 10.12677/acm.2026.1652054 2449 临床医学进展 
 

of Biological Chemistry, 283, 15878-15883. https://doi.org/10.1074/jbc.m800731200 
[52] Yang, Z., Wu, L., Zhu, X., Xu, J., Jin, R., Li, G., et al. (2013) MiR-29a Modulates the Angiogenic Properties of Human 

Endothelial Cells. Biochemical and Biophysical Research Communications, 434, 143-149.  
https://doi.org/10.1016/j.bbrc.2013.03.054 

[53] Zhang, J., Guan, J., Niu, X., Hu, G., Guo, S., Li, Q., et al. (2015) Exosomes Released from Human Induced Pluripotent 
Stem Cells-Derived MSCs Facilitate Cutaneous Wound Healing by Promoting Collagen Synthesis and Angiogenesis. 
Journal of Translational Medicine, 13, Article No. 49. https://doi.org/10.1186/s12967-015-0417-0 

[54] Tripathi, V., Ellis, J.D., Shen, Z., Song, D.Y., Pan, Q., Watt, A.T., et al. (2010) The Nuclear-Retained Noncoding RNA 
MALAT1 Regulates Alternative Splicing by Modulating SR Splicing Factor Phosphorylation. Molecular Cell, 39, 925-
938. https://doi.org/10.1016/j.molcel.2010.08.011 

[55] Hansen, T.B., Jensen, T.I., Clausen, B.H., Bramsen, J.B., Finsen, B., Damgaard, C.K., et al. (2013) Natural RNA Circles 
Function as Efficient microRNA Sponges. Nature, 495, 384-388. https://doi.org/10.1038/nature11993 

[56] Maji, S., Chaudhary, P., Akopova, I., Nguyen, P.M., Hare, R.J., Gryczynski, I., et al. (2017) Exosomal Annexin II Pro-
motes Angiogenesis and Breast Cancer Metastasis. Molecular Cancer Research, 15, 93-105.  
https://doi.org/10.1158/1541-7786.mcr-16-0163 

[57] Teng, X., Chen, L., Chen, W., Yang, J., Yang, Z. and Shen, Z. (2015) Mesenchymal Stem Cell-Derived Exosomes 
Improve the Microenvironment of Infarcted Myocardium Contributing to Angiogenesis and Anti-Inflammation. Cellular 
Physiology and Biochemistry, 37, 2415-2424. https://doi.org/10.1159/000438594 

[58] Hu, L., Wang, J., Zhou, X., Xiong, Z., Zhao, J., Yu, R., et al. (2016) Exosomes Derived from Human Adipose Mensen-
chymal Stem Cells Accelerates Cutaneous Wound Healing via Optimizing the Characteristics of Fibroblasts. Scientific 
Reports, 6, Article No. 32993. https://doi.org/10.1038/srep32993 

[59] Torreggiani, E., Perut, F., Roncuzzi, L., Zini, N., Baglìo, S. and Baldini, N. (2014) Exosomes: Novel Effectors of Human 
Platelet Lysate Activity. European Cells and Materials, 28, 137-151. https://doi.org/10.22203/ecm.v028a11 

[60] Peinado, H., Alečković, M., Lavotshkin, S., Matei, I., Costa-Silva, B., Moreno-Bueno, G., et al. (2012) Melanoma Exo-
somes Educate Bone Marrow Progenitor Cells toward a Pro-Metastatic Phenotype through MET. Nature Medicine, 18, 
883-891. https://doi.org/10.1038/nm.2753 

[61] Park, J.E., Tan, H.S., Datta, A., Lai, R.C., Zhang, H., Meng, W., et al. (2010) Hypoxic Tumor Cell Modulates Its Micro-
environment to Enhance Angiogenic and Metastatic Potential by Secretion of Proteins and Exosomes. Molecular & Cellular 
Proteomics, 9, 1085-1099. https://doi.org/10.1074/mcp.m900381-mcp200 

[62] Huang, C.C., Narayanan, R., Alapati, S. and Ravindran, S. (2016) Exosomes as Biomimetic Tools for Stem Cell Differ-
entiation: Applications in Dental Pulp Tissue Regeneration. Biomaterials, 111, 103-115.  
https://doi.org/10.1016/j.biomaterials.2016.09.029 

[63] Duan, X., Zhang, R., Feng, H., Zhou, H., Luo, Y., Xiong, W., et al. (2024) A New Subtype of Artificial Cell‐Derived 
Vesicles from Dental Pulp Stem Cells with the Bioequivalence and Higher Acquisition Efficiency Compared to Extra-
cellular Vesicles. Journal of Extracellular Vesicles, 13, e12473. https://doi.org/10.1002/jev2.12473 

[64] Ti, D., Hao, H., Tong, C., Liu, J., Dong, L., Zheng, J., et al. (2015) LPS-Preconditioned Mesenchymal Stromal Cells 
Modify Macrophage Polarization for Resolution of Chronic Inflammation via Exosome-Shuttled Let-7b. Journal of 
Translational Medicine, 13, Article No. 308. https://doi.org/10.1186/s12967-015-0642-6 

[65] Doeppner, T.R., Herz, J., Görgens, A., Schlechter, J., Ludwig, A., Radtke, S., et al. (2015) Extracellular Vesicles Improve 
Post-Stroke Neuroregeneration and Prevent Postischemic Immunosuppression. Stem Cells Translational Medicine, 4, 
1131-1143. https://doi.org/10.5966/sctm.2015-0078 

[66] Bian, S., Zhang, L., Duan, L., Wang, X., Min, Y. and Yu, H. (2014) Extracellular Vesicles Derived from Human Bone 
Marrow Mesenchymal Stem Cells Promote Angiogenesis in a Rat Myocardial Infarction Model. Journal of Molecular 
Medicine, 92, 387-397. https://doi.org/10.1007/s00109-013-1110-5 

[67] Becker, A., Thakur, B.K., Weiss, J.M., Kim, H.S., Peinado, H. and Lyden, D. (2016) Extracellular Vesicles in Cancer: 
Cell-to-Cell Mediators of Metastasis. Cancer Cell, 30, 836-848. https://doi.org/10.1016/j.ccell.2016.10.009 

[68] van Niel, G., D’Angelo, G. and Raposo, G. (2018) Shedding Light on the Cell Biology of Extracellular Vesicles. Nature 
Reviews Molecular Cell Biology, 19, 213-228. https://doi.org/10.1038/nrm.2017.125 

[69] Zhang, Y., Liu, Y., Liu, H. and Tang, W.H. (2019) Exosomes: Biogenesis, Biologic Function and Clinical Potential. Cell 
& Bioscience, 9, Article No. 19. https://doi.org/10.1186/s13578-019-0282-2 

[70] Mathieu, M., Martin-Jaular, L., Lavieu, G. and Théry, C. (2019) Specificities of Secretion and Uptake of Exosomes and 
Other Extracellular Vesicles for Cell-to-Cell Communication. Nature Cell Biology, 21, 9-17.  
https://doi.org/10.1038/s41556-018-0250-9 

[71] Zhou, Z., Zheng, J., Lin, D., Xu, R., Chen, Y. and Hu, X. (2022) Exosomes Derived from Dental Pulp Stem Cells 

https://doi.org/10.12677/acm.2026.1652054
https://doi.org/10.1074/jbc.m800731200
https://doi.org/10.1016/j.bbrc.2013.03.054
https://doi.org/10.1186/s12967-015-0417-0
https://doi.org/10.1016/j.molcel.2010.08.011
https://doi.org/10.1038/nature11993
https://doi.org/10.1158/1541-7786.mcr-16-0163
https://doi.org/10.1159/000438594
https://doi.org/10.1038/srep32993
https://doi.org/10.22203/ecm.v028a11
https://doi.org/10.1038/nm.2753
https://doi.org/10.1074/mcp.m900381-mcp200
https://doi.org/10.1016/j.biomaterials.2016.09.029
https://doi.org/10.1002/jev2.12473
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.5966/sctm.2015-0078
https://doi.org/10.1007/s00109-013-1110-5
https://doi.org/10.1016/j.ccell.2016.10.009
https://doi.org/10.1038/nrm.2017.125
https://doi.org/10.1186/s13578-019-0282-2
https://doi.org/10.1038/s41556-018-0250-9


刘维扬 等 
 

 

DOI: 10.12677/acm.2026.1652054 2450 临床医学进展 
 

Accelerate Cutaneous Wound Healing by Enhancing Angiogenesis via the Cdc42/p38 MAPK Pathway. International 
Journal of Molecular Medicine, 50, Article No. 143. https://doi.org/10.3892/ijmm.2022.5199 

[72] Mead, B. and Tomarev, S. (2017) Bone Marrow-Derived Mesenchymal Stem Cells-Derived Exosomes Promote Survival 
of Retinal Ganglion Cells through miRNA-Dependent Mechanisms. Stem Cells Translational Medicine, 6, 1273-1285.  
https://doi.org/10.1002/sctm.16-0428 

[73] Zhang, B., Wang, M., Gong, A., Zhang, X., Wu, X., Zhu, Y., et al. (2015) HucMSC-Exosome Mediated-Wnt4 Signaling 
Is Required for Cutaneous Wound Healing. Stem Cells, 33, 2158-2168. https://doi.org/10.1002/stem.1771 

[74] Xin, H., Li, Y., Cui, Y., Yang, J.J., Zhang, Z.G. and Chopp, M. (2013) Systemic Administration of Exosomes Released 
from Mesenchymal Stromal Cells Promote Functional Recovery and Neurovascular Plasticity after Stroke in Rats. Jour-
nal of Cerebral Blood Flow & Metabolism, 33, 1711-1715. https://doi.org/10.1038/jcbfm.2013.152 

[75] Mendt, M., Kamerkar, S., Sugimoto, H., McAndrews, K.M., Wu, C., Gagea, M., et al. (2018) Generation and Testing of 
Clinical-Grade Exosomes for Pancreatic Cancer. JCI Insight, 3, e99263. https://doi.org/10.1172/jci.insight.99263 

[76] Willms, E., Johansson, H.J., Mäger, I., Lee, Y., Blomberg, K.E.M., Sadik, M., et al. (2016) Cells Release Subpopulations 
of Exosomes with Distinct Molecular and Biological Properties. Scientific Reports, 6, Article No. 22519.  
https://doi.org/10.1038/srep22519 

[77] Théry, C., Witwer, K.W., Aikawa, E., Alcaraz, M.J., Anderson, J.D., Andriantsitohaina, R., et al. (2018) Minimal Infor-
mation for Studies of Extracellular Vesicles 2018 (MISEV2018): A Position Statement of the International Society for Ex-
tracellular Vesicles and Update of the MISEV2014 Guidelines. Journal of Extracellular Vesicles, 7, Article ID: 1535750.  
https://doi.org/10.1080/20013078.2018.1535750 

[78] Shao, H., Im, H., Castro, C.M., Breakefield, X., Weissleder, R. and Lee, H. (2018) New Technologies for Analysis of 
Extracellular Vesicles. Chemical Reviews, 118, 1917-1950. https://doi.org/10.1021/acs.chemrev.7b00534 

[79] Wiklander, O.P.B., Brennan, M.Á., Lötvall, J., Breakefield, X.O. and EL Andaloussi, S. (2019) Advances in Therapeutic 
Applications of Extracellular Vesicles. Science Translational Medicine, 11, eaav8521.  
https://doi.org/10.1126/scitranslmed.aav8521 

[80] Herrmann, I.K., Wood, M.J.A. and Fuhrmann, G. (2021) Extracellular Vesicles as a Next-Generation Drug Delivery 
Platform. Nature Nanotechnology, 16, 748-759. https://doi.org/10.1038/s41565-021-00931-2 

[81] Schiffelers, R., Kooijmans, S., et al. (2012) Exosome Mimetics: A Novel Class of Drug Delivery Systems. International 
Journal of Nanomedicine, 7, 1525-1541. https://doi.org/10.2147/ijn.s29661 

[82] Skog, J., Würdinger, T., van Rijn, S., Meijer, D.H., Gainche, L., Curry, W.T., et al. (2008) Glioblastoma Microvesicles 
Transport RNA and Proteins That Promote Tumour Growth and Provide Diagnostic Biomarkers. Nature Cell Biology, 
10, 1470-1476. https://doi.org/10.1038/ncb1800 

[83] Murphy, D.E., de Jong, O.G., Brouwer, M., Wood, M.J., Lavieu, G., Schiffelers, R.M., et al. (2019) Extracellular Vesi-
cle-Based Therapeutics: Natural versus Engineered Targeting and Trafficking. Experimental & Molecular Medicine, 51, 
1-12. https://doi.org/10.1038/s12276-019-0223-5 

 

https://doi.org/10.12677/acm.2026.1652054
https://doi.org/10.3892/ijmm.2022.5199
https://doi.org/10.1002/sctm.16-0428
https://doi.org/10.1002/stem.1771
https://doi.org/10.1038/jcbfm.2013.152
https://doi.org/10.1172/jci.insight.99263
https://doi.org/10.1038/srep22519
https://doi.org/10.1080/20013078.2018.1535750
https://doi.org/10.1021/acs.chemrev.7b00534
https://doi.org/10.1126/scitranslmed.aav8521
https://doi.org/10.1038/s41565-021-00931-2
https://doi.org/10.2147/ijn.s29661
https://doi.org/10.1038/ncb1800
https://doi.org/10.1038/s12276-019-0223-5

	外泌体介导的内皮细胞血管生成调控机制探讨
	摘  要
	关键词
	An Investigation into the Mechanisms of Exosome-Mediated Regulation of Angiogenesis in Endothelial Cells
	Abstract
	Keywords
	1. 引言
	2. 外泌体的基本特性及其与内皮细胞的互作机制
	2.1. 外泌体的来源与组成特征
	2.2. 外泌体的生物学功能
	2.3. 外泌体与内皮细胞的互作机制
	2.4. 影响内皮细胞摄取外泌体的因素
	2.5. 临床应用前景与挑战

	3. 外泌体介导的血管生成调控机制
	3.1. 血管生成的基本过程与关键细胞
	3.2. 外泌体促进血管生成的多机制
	3.3. 来源不同的外泌体在血管生成中的异同
	3.4. 外泌体在牙髓微环境中的血管化与神经再生调控
	3.5. 外泌体在疾病相关血管生成中的应用与挑战

	4. 总结与展望
	4.1. 外泌体异质性与纯化问题
	4.2. 作用机制的系统整合不足
	4.3. 靶向性控制与剂量依赖效应不明晰
	4.4. 载体工程与临床转化障碍
	4.5. 潜在的肿瘤促进风险

	5. 展望
	参考文献

