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摘  要 

糖尿病(DM)是一个重大的公共卫生问题，是世界范围内最具挑战性的医疗条件之一。严重的并发症使DM
更加复杂。糖尿病性伤口就是其中一种并发症。糖尿病患者患糖尿病足溃疡(DFU)的风险较高。由于常

规治疗的无效，截肢的增长、发病率和死亡率已经被认识到。间充质干细胞(MSCs)能显著促进伤口愈合，

但是，干细胞治疗也存在一些风险。外泌体治疗是糖尿病伤口的一种新的治疗选择，已显示出良好的效

果。然而，一种更先进的形式——使用外泌体的无细胞疗法已经出现。这种升级版的干细胞疗法提供了

更好的疗效，并消除了癌症进展的风险。外泌体疗法从多个角度促进伤口愈合，不像传统方法主要依靠

身体的自我修复能力，只提供伤口保护。因此，外泌体疗法有可能有效地取代传统疗法。然而，需要进

一步的研究来区分治疗的最佳干细胞类型，确保其安全性，建立适当的剂量，并确定最佳的管理路径。

本研究的重点是目前关于糖尿病创面溃疡的文献，其治疗方法，以及间充质干细胞和外泌体治疗DFU的
潜力。 
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Abstract 
Diabetes mellitus (DM) is a major public health problem and one of the most challenging medical 
conditions worldwide. DM is further complicated by serious complications. Diabetic wounds are 
one such complication. People with diabetes are at higher risk for diabetic foot ulcers (DFU). The 
increase in amputations, morbidity, and mortality due to the ineffectiveness of conventional treat-
ment has been recognized. Mesenchymal stem cells (MSCs) can significantly promote wound heal-
ing, however, there are some risks associated with stem cell therapy. Exosome therapy is a new 
treatment option for diabetic wounds and has shown good results. However, a more advanced form 
of cell-free therapy using exosomes has emerged. This upgraded version of stem cell therapy offers 
better efficacy and eliminates the risk of cancer progression. Exosome therapy promotes wound 
healing from multiple angles, unlike traditional methods that rely primarily on the body’s ability to 
repair itself and only provide wound protection. Therefore, exosome therapy has the potential to 
effectively replace traditional therapies. However, further research is needed to distinguish the op-
timal stem cell type for treatment, ensure its safety, establish appropriate dosages, and determine 
the best path of administration. This study focused on the current literature on diabetic wound ul-
cers, their therapeutic approaches, and the potential of mesenchymal stem cells and exosomes to 
treat DFU. 
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1. 引言 

近几十年来，经济显著增长，饮食习惯也发生了变化。因此，糖尿病患者的数量有所增加[1] [2]。流

行病学计算预测，到 2045 年，这一数字将达到约 7 亿[3]。此外，糖尿病的治疗和护理给患者和社会带来

了巨大的经济负担[4] [5]。糖尿病主要通过并发症造成很多伤害。最重要的并发症之一是糖尿病伤口，众

所周知，糖尿病患者非常容易发生足部溃疡[6]。据统计，该病每年消耗 20%~40%的医疗资源[7]。约 15%
的糖尿病患者有 DFU 并发症，而这种情况导致约 84%的下肢截肢[8]。糖尿病足溃疡的预后往往较差，死

亡率也不容乐观(其 5 年总生存率降低 60%) [9] [10]。然而，DFU 的愈合可以通过几个因素来预测，其中

一些因素可以修改。例如，更好地控制糖尿病，神经病变的治疗和溃疡的早期处理可以改善愈合过程。

因此，患者的诊断和及时的治疗措施对于提高其愈合机会至关重要[6]。糖尿病引起的足部溃疡有几种传

统治疗方法，如卸掉伤口、伤口敷料以提供湿润的伤口环境、清创、使用抗生素和手术干预。干细胞移

植近年来在包括 DFU 在内的各种疾病的治疗中发挥了重要作用。先前的研究表明，MSCs 可以显著促进

伤口愈合[6]。此外，在多项研究中，外泌体治疗作为 DFUs 的一种新的治疗选择已显示出令人满意的结

果[11]。调节受体细胞和管理巨噬细胞、内皮细胞(ECs)和成纤维细胞之间的细胞串扰是由间充质干细胞

衍生的外泌体通过遗传物质和转录因子运输完成的。更重要的是，与单独的干细胞治疗相比，它具有更

低的癌症风险，使其成为糖尿病伤口治疗的更安全的选择[11]。因此，它已成为糖尿病伤口愈合的热门选
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择。本文综述了间充质干细胞和外泌体治疗 DFU 的研究进展。 

2. 糖尿病足部溃疡的发病机制和特点 

糖尿病足部溃疡的病因和进展是复杂的，受多种内在和外在因素的影响。考虑到这两个方面对于实

现提出这一问题的负责任机制至关重要。神经病变 DFU 病例的神经病变引起感觉和运动神经损伤。同

样，自主神经系统也可能受损。因此，可能会增加下肢皮肤溃疡、肌肉萎缩和运动功能障碍的风险[12] 
[13]。此外，神经病变引起的汗腺分泌异常会导致皮肤过热，增加足部溃疡的危险。感觉和运动神经病变

合并可导致足部压力过大，最终导致溃疡难以愈合[14]。以动脉粥样硬化为主的血管病变血管病变可引起

内皮损伤、炎症和血液高凝。因此，它促进了动脉粥样硬化病变的形成[15] [16]。这种血管病变是 DFU、

截肢和死亡的潜在因素[17]。动脉粥样硬化斑块破裂可导致动脉血栓形成，导致下肢缺血，形成 DFUs [18]。 

伤口感染 

由于血液供应不良和神经损伤，糖尿病患者可发生糖尿病足感染。这些慢性感染可能由多种微生物

引起，如真菌白色念珠菌[19]。此外，持续性疾病与免疫细胞紊乱有关，损害了抗性特征[20]。许多生长

因子也被确定在发展糖尿病及其并发症中起关键作用。在这些升高的因子中，血管内皮生长因子(VEGF)
已被证明是一个更有效的因子。在糖尿病溃疡患者中，丙二醛(MDA)和肿瘤坏死因子 α (TNF-α)水平显著

升高，这可能是可溶性 VEGF1 分泌所必需的。这些因素导致伤口愈合和血管化受损[21] [22]。如上所述，

这些也是糖尿病患者溃疡发展的主要原因。此外，除了这些因素外，其他因素被认为是导致 dfu 预后不

良的主要原因。糖尿病患者与伤口愈合不良相关的其他健康问题被很好地评估如下：高血糖会损害血管，

导致血液流动不畅。糖尿病患者也可能有周围血管疾病和神经病变，这使得发现伤口具有挑战性。糖尿

病伤口的特点是过度炎症，血管生长减少，皮肤细胞运动受损，细胞生长减少。这些变化会使伤口更难

愈合，并增加并发症的风险，如感染、伤口不愈合和慢性伤口不愈合[23]。另一方面，血管生成不足是糖

尿病创面愈合不良的主要因素之一。这是由于缺乏必要的原产因子，这可能是由巨噬细胞引起的[24]。此

外，糖尿病创面抗血管生成因子增加，毛细血管成熟因子减少。这种成熟因素的延迟可能导致愈合过程

不良，增加伤口成为慢性或复发的风险[25]。此外，糖化血红蛋白(HbA1c)衡量糖尿病患者的长期血糖控

制。研究表明，高 HbA1c 水平与伤口愈合不良之间存在很强的相关性。最近的一项回顾性研究发现，糖

化血红蛋白(HbA1c)水平在 7.8%及以上的糖尿病患者发生术后伤口并发症的风险最高，包括愈合不良。

因此，美国糖尿病协会建议糖尿病患者将 HbA1c 水平维持在 7%以下，以降低此类并发症的发生风险[26]。 

3. 溃疡与非溃疡创面愈合的差异 

常规创面愈合过程主要分为四个阶段：止血、炎症、增殖和重塑[14]。当损伤发生时，由于血小板活

化，止血过程被激活。因此，与损伤相关的因素开始释放。释放这些因子后，局部巨噬细胞激活并释放

损伤相关分子模式(DAMPs)。因此，前淋巴细胞中性粒细胞(pmn)开始炎症期[27]。在整个感染过程中，

被称为趋化因子的特定信号蛋白，如 C-X-C 基元趋化因子 12 (CXCL12)被释放，促进巨噬细胞从 M1 (炎
症状态)转化为 M2 (非炎症状态)。然后，M2 巨噬细胞释放非炎性细胞因子，促进组织愈合和重组。随着

愈合的继续，细胞因子刺激角质形成细胞促进上皮组织的更新。最终，这一过程涉及免疫细胞和组织修

复机制，如前所述，导致伤口愈合[28] [29]。高血糖，慢性炎症，微循环，缺氧，感觉神经病变，受损的

血液供应是破坏这四个阶段和途径的影响因素，最终导致愈合延迟。高血糖对晚期糖基化终产物(AGEs)
的形成至关重要，AGEs 通过阻止巨噬细胞从 M1 向 M2 的转变而影响免疫细胞功能和细胞因子水平[30]。
炎症是糖尿病足并发症发生的重要因素。糖尿病患者血糖水平升高会激活促炎途径，释放肿瘤坏死因子-
α 和白细胞介素-6 等细胞因子。这些细胞因子促进炎症并吸引免疫细胞到受影响的组织。慢性炎症状态
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观察到糖尿病足有几个不良后果。它削弱了免疫系统有效抵抗感染的能力，并可能导致免疫细胞反应减

弱，使机体难以控制感染[31]。慢性炎症导致组织损伤，导致纤维化，并进一步阻碍组织修复和再生。与

标准组织愈合不同，糖尿病足溃疡表现出慢性促炎模式，炎症细胞因子水平较高。研究发现，血液中 IL-
1β、单核细胞趋化蛋白-1 (MCP-1)和肿瘤坏死因子-α (TNF-α)等细胞因子的高水平与糖尿病足伤口愈合不

良有关[32]。此外，在 2 型糖尿病中，参与炎症反应的免疫细胞巨噬细胞仍主要是促炎细胞，导致慢性炎

症，随后是更多的组织损伤[33]。最近的研究表明，中性粒细胞，另一种类型的免疫细胞，也可能通过在

愈合过程中产生中性粒细胞胞外陷阱(NETs)，对糖尿病伤口愈合产生不利影响。这些 NETs 是由一个称

为“NETosis”的过程产生的，该过程涉及中性粒细胞分泌去密实的染色质来中和微生物。研究发现糖尿

病患者的 net 相关生物标志物水平升高[34]。此外，高血糖或高血糖可以上调中性粒细胞 PAD4 的表达，

促进 NETs 的产生，从而削弱伤口愈合。在糖尿病中，巨噬细胞表型改变不能促进组织修复，导致慢性伤

口[35]。综上所述，慢性炎症可加重损伤，延长炎症反应，导致组织损伤。这可能导致各种器官和组织的

功能受损和不利的重塑。修复途径的持续或异常激活是慢性炎症的潜在机制，慢性炎症可导致持续炎症

和纤维化。分子研究的重点是慢性炎症的诱导、进展和解决。随着时间的推移，慢性纤维化会导致不良

的组织重塑和功能受损[36]。血管疾病影响肢体血管，导致缺氧、氧化应激和伤口愈合障碍[37]。此外，

糖尿病足神经病变阻碍了对恢复至关重要的神经肽的分泌，从而为糖尿病患者的伤口愈合过程增加了进

一步的并发症。糖尿病患者伤口愈合过程中炎症期的延长会导致活性氧的过量产生，损害附近组织，减

缓愈合过程[15]。糖尿病患者伤口中生长因子和细胞外基质成分的不平衡也会导致愈合受损，导致新鲜血

管的产生和胶原蛋白的产生不足，而胶原蛋白是伤口适当愈合的重要成分。基质肌脂蛋白酶(matrix met-
alloproteinases, MMP)在糖尿病患者创面中的修饰表现可导致组织重构异常和创面愈合延迟[38]。总的来

说，糖尿病创面愈合是一个复杂的过程，受多种因素的影响，对典型愈合级联的每个阶段都有显著影响。 

4. 糖尿病足溃疡(DFU)的治疗 

目前的策略包括几个措施。这些包括手术清创的局部伤口护理，敷料保持伤口湿润，卸载伤口，评

估患者的血管健康状况，控制任何活动性感染，并保持合理的血糖控制。通过遵循 IWGDF 指南，临床医

生可以帮助大多数足部溃疡患者痊愈[39]。清创过程通过帮助肉芽组织形成和再上皮化来促进伤口愈合。

根据 IWGDF 指南，快速清创是最好的护理标准。它优于其他方法，如自溶、生物外科、水外科、化学或

激光清创[40]。抗生素治疗的选择主要取决于微生物测试和抗生素耐药性的结果。建议在开始抗生素治疗

前在清创期间进行深层组织培养。根据 IWGDF/IDSA 感染指南，治疗应首先使用经验性和广谱抗生素，

针对常见的革兰氏阳性和革兰氏阴性细菌。应根据初始治疗的临床反应以及培养和敏感性试验的结果调

整抗生素方案[41]。在糖尿病足溃疡(DFU)的护理过程中，定期进行外周动脉疾病(PAD)的筛查和血管评

估是至关重要的[42]。IWGDF 提供的指南建议，符合以下任何标准的患者应接受紧急血管介入治疗：踝

关节压力小于 50 mmHg，足趾压力小于 30 mmHg，踝关节肱指数小于 0.4，或经皮氧压小于 25 mmHg 
[43]。此外，卸载足部和处理任何畸形对于预防和治疗 DFU 至关重要。减压对于治疗由机械应力增加引

起的足部溃疡是必不可少的。根据 IWGDF 卸载指南，神经性足底溃疡的首选治疗方法是不可拆卸的膝

高卸载装置[44]。在某些情况下，截肢可能是必要的，尽管尽了最大的努力来挽救脚。由于近端截肢会导

致活动过程中更多的能量消耗[45]，因此更可取的截肢是远端截肢。此外，优化血糖控制作为以人为中心

的护理，或在必要时通过临床医生开具胰岛素来控制血糖是必不可少的[46]。为了管理糖尿病足溃疡，临

床医生目前遵循 IWGDF (糖尿病足国际工作组)指南，这是一个基于证据的指南[40]。医学治疗和手术血

流重建(血管内和开放)是 DFUs 的主要传统治疗方法[47]。然而，这些标准程序是低效的，特别是对于动

脉狭窄和闭塞造成的足部缺血[48]。此外，在某些患有心脑血管疾病的患者中，进行动脉旁路介入治疗的

https://doi.org/10.12677/jcpm.2024.34217


段嘉琪，杜丽坤 
 

 

DOI: 10.12677/jcpm.2024.34217 1520 临床个性化医学 
 

可能性变得不太可能，因此导致截肢的可能性大幅增加。一些先进和有效的治疗方法，包括基于细胞的

治疗，已经建立了修复慢性伤口。干细胞改善了微环境，导致创面组织再生。因此，尽管两种治疗方法

在 DFU 愈合中都存在一些缺陷，但干细胞治疗仍然更有益[1]。再生医学是一门以修复和替代受损组织和

器官为中心的科学领域，利用干细胞的潜力或其他创新方法来实现其目标，称为再生医学。干细胞治疗

已显示出积极的治疗效果，主要是由于旁分泌作用，而不是移植细胞的长期存活[49]。MSCs 具有独特的

特性，可以改变免疫反应并促进再生，这使其成为增强糖尿病伤口组织修复和血管生成的一个有吸引力

的选择[50]。利用间充质干细胞的旁分泌作用，可以调节伤口微环境中的炎症反应，加速愈合，降低慢性

风险。此外，多种组织类型的再生，包括皮肤、血管和神经，是 MSCs 的分化潜能，促进全面的伤口修

复[51]。两种类型的干细胞用于 DFU 治疗，包括自体和异体细胞[52]。 

5. 外泌体在 DFU 中的作用机制 

外泌体在细胞间转移各种颗粒(包括蛋白质、脂质和核酸)中起着至关重要的作用。此外，它们还参与

多种生物过程，如免疫系统、纤维化和癌症进展[53] [54]。外泌体由不同类型的细胞分泌，如免疫细胞、

血小板、癌细胞、上皮细胞和间充质细胞[55] [56]。研究表明外泌体可以通过多种机制促进慢性皮肤伤口

的愈合过程。这些机制包括减少炎症反应，加速新组织和血管的发展，修复和替代受损细胞，以及减少

疤痕形成。此外，先前的研究表明，外泌体表现出天然的物质运输特性，使它们能够在细胞之间转移各

种重要的生物分子。此外，由于外泌体可以被分泌它们的细胞重新吸收并释放，它们的作用将被延长。

它们的低免疫原性特性使它们能够以最小的副作用运输各种治疗药物[57]。间充质干细胞通过外泌体分

泌的旁分泌机制使这种方法成为一种有价值的治疗方法。这些外泌体可能被功能化以有效治疗各种疾病

[58]。 

参考文献 
[1] Yu, Q., Qiao, G., Wang, M., Yu, L., Sun, Y., Shi, H., et al. (2022) Stem Cell-Based Therapy for Diabetic Foot Ulcers. 

Frontiers in Cell and Developmental Biology, 10, Article 812262. https://doi.org/10.3389/fcell.2022.812262 
[2] Mirzaei, M., Rahmaninan, M., Mirzaei, M., Nadjarzadeh, A. and Dehghani Tafti, A.A. (2020) Epidemiology of Diabetes 

Mellitus, Pre-Diabetes, Undiagnosed and Uncontrolled Diabetes in Central Iran: Results from Yazd Health Study. BMC 
Public Health, 20, Article No. 166. https://doi.org/10.1186/s12889-020-8267-y 

[3] Saeedi, P., Petersohn, I., Salpea, P., Malanda, B., Karuranga, S., Unwin, N., et al. (2019) Global and Regional Diabetes 
Prevalence Estimates for 2019 and Projections for 2030 and 2045: Results from the International Diabetes Federation 
Diabetes Atlas, 9th Edition. Diabetes Research and Clinical Practice, 157, Article ID: 107843.  
https://doi.org/10.1016/j.diabres.2019.107843 

[4] Brod, M., Nikolajsen, A., Weatherall, J. and Pfeiffer, K.M. (2016) Understanding Post-Prandial Hyperglycemia in Pa-
tients with Type 1 and Type 2 Diabetes: A Web-Based Survey in Germany, the UK, and Usa. Diabetes Therapy, 7, 335-
348. https://doi.org/10.1007/s13300-016-0175-x 

[5] Bian, D., Wu, Y., Song, G., Azizi, R. and Zamani, A. (2022) The Application of Mesenchymal Stromal Cells (MSCs) 
and Their Derivative Exosome in Skin Wound Healing: A Comprehensive Review. Stem Cell Research & Therapy, 13, 
Article No. 24. https://doi.org/10.1186/s13287-021-02697-9 

[6] Doğruel, H., Aydemir, M. and Balci, M.K. (2022) Management of Diabetic Foot Ulcers and the Challenging Points: An 
Endocrine View. World Journal of Diabetes, 13, 27-36. https://doi.org/10.4239/wjd.v13.i1.27 

[7] Boulton, A.J., Vileikyte, L., Ragnarson-Tennvall, G. and Apelqvist, J. (2005) The Global Burden of Diabetic Foot Dis-
ease. The Lancet, 366, 1719-1724. https://doi.org/10.1016/s0140-6736(05)67698-2 

[8] Han, Z., Cao, J., Liu, Z., Yang, Z., Qi, R. and Xu, H. (2022) Exosomal lncRNA KLF3-AS1 Derived from Bone Marrow 
Mesenchymal Stem Cells Stimulates Angiogenesis to Promote Diabetic Cutaneous Wound Healing. Diabetes Research 
and Clinical Practice, 183, Article ID: 109126. https://doi.org/10.1016/j.diabres.2021.109126 

[9] Rubio, J.A., Jiménez, S. and Lázaro-Martínez, J.L. (2020) Mortality in Patients with Diabetic Foot Ulcers: Causes, Risk 
Factors, and Their Association with Evolution and Severity of Ulcer. Journal of Clinical Medicine, 9, Article 3009.  
https://doi.org/10.3390/jcm9093009 

https://doi.org/10.12677/jcpm.2024.34217
https://doi.org/10.3389/fcell.2022.812262
https://doi.org/10.1186/s12889-020-8267-y
https://doi.org/10.1016/j.diabres.2019.107843
https://doi.org/10.1007/s13300-016-0175-x
https://doi.org/10.1186/s13287-021-02697-9
https://doi.org/10.4239/wjd.v13.i1.27
https://doi.org/10.1016/s0140-6736(05)67698-2
https://doi.org/10.1016/j.diabres.2021.109126
https://doi.org/10.3390/jcm9093009


段嘉琪，杜丽坤 
 

 

DOI: 10.12677/jcpm.2024.34217 1521 临床个性化医学 
 

[10] Marzoq, A., Shiaa, N., Zaboon, R., Baghlany, Q. and Alabbood, M.H. (2019) Assessment of the Outcome of Diabetic 
Foot Ulcers in Basrah, Southern Iraq: A Cohort Study. Dubai Diabetes and Endocrinology Journal, 25, 33-38.  
https://doi.org/10.1159/000500911 

[11] An, Y., Lin, S., Tan, X., Zhu, S., Nie, F., Zhen, Y., et al. (2021) Exosomes from Adipose‐Derived Stem Cells and 
Application to Skin Wound Healing. Cell Proliferation, 54, e12993. https://doi.org/10.1111/cpr.12993 

[12] Bandyk, D.F. (2018) The Diabetic Foot: Pathophysiology, Evaluation, and Treatment. Seminars in Vascular Surgery, 31, 
43-48. https://doi.org/10.1053/j.semvascsurg.2019.02.001 

[13] Wang, X., Yuan, C., Xu, B. and Yu, Z. (2022) Diabetic Foot Ulcers: Classification, Risk Factors and Management. World 
Journal of Diabetes, 13, 1049-1065. https://doi.org/10.4239/wjd.v13.i12.1049 

[14] Deng, H., Li, B., Shen, Q., Zhang, C., Kuang, L., Chen, R., et al. (2023) Mechanisms of Diabetic Foot Ulceration: A 
Review. Journal of Diabetes, 15, 299-312. https://doi.org/10.1111/1753-0407.13372 

[15] Callaghan, B.C., Price, R.S., Chen, K.S. and Feldman, E.L. (2015) The Importance of Rare Subtypes in Diagnosis and 
Treatment of Peripheral Neuropathy. JAMA Neurology, 72, 1510-1518. https://doi.org/10.1001/jamaneurol.2015.2347 

[16] Peltier, A., Goutman, S.A. and Callaghan, B.C. (2014) Painful Diabetic Neuropathy. BMJ, 348, g1799.  
https://doi.org/10.1136/bmj.g1799 

[17] Yang, P., Feng, J., Peng, Q., Liu, X. and Fan, Z. (2019) Advanced Glycation End Products: Potential Mechanism and 
Therapeutic Target in Cardiovascular Complications under Diabetes. Oxidative Medicine and Cellular Longevity, 2019, 
Article ID: 9570616. https://doi.org/10.1155/2019/9570616 

[18] Volmer-Thole, M. and Lobmann, R. (2016) Neuropathy and Diabetic Foot Syndrome. International Journal of Molecu-
lar Sciences, 17, Article 917. https://doi.org/10.3390/ijms17060917 

[19] Pouget, C., Dunyach-Remy, C., Pantel, A., Schuldiner, S., Sotto, A. and Lavigne, J. (2020) Biofilms in Diabetic Foot 
Ulcers: Significance and Clinical Relevance. Microorganisms, 8, Article 1580.  
https://doi.org/10.3390/microorganisms8101580 

[20] Wynn, T.A. and Vannella, K.M. (2016) Macrophages in Tissue Repair, Regeneration, and Fibrosis. Immunity, 44, 450-
462. https://doi.org/10.1016/j.immuni.2016.02.015 

[21] Li, X., Lu, Y. and Wei, P. (2018) Association between VEGF Genetic Variants and Diabetic Foot Ulcer in Chinese Han 
Population: A Case-Control Study. Medicine, 97, e10672. https://doi.org/10.1097/md.0000000000010672 

[22] Schönborn, M., Łączak, P., Pasieka, P., Borys, S., Płotek, A. and Maga, P. (2021) Pro- and Anti-Angiogenic Factors: 
Their Relevance in Diabetic Foot Syndrome—A Review. Angiology, 73, 299-311.  
https://doi.org/10.1177/00033197211042684 

[23] Dasari, N., Jiang, A., Skochdopole, A., Chung, J., Reece, E.M., Vorstenbosch, J., et al. (2021) Updates in Diabetic 
Wound Healing, Inflammation, and Scarring. Seminars in Plastic Surgery, 35, 153-158.  
https://doi.org/10.1055/s-0041-1731460 

[24] Okonkwo, U. and DiPietro, L. (2017) Diabetes and Wound Angiogenesis. International Journal of Molecular Sciences, 
18, Article 1419. https://doi.org/10.3390/ijms18071419 

[25] Patel, S., Srivastava, S., Singh, M.R. and Singh, D. (2019) Mechanistic Insight into Diabetic Wounds: Pathogenesis, 
Molecular Targets and Treatment Strategies to Pace Wound Healing. Biomedicine & Pharmacotherapy, 112, Article ID: 
108615. https://doi.org/10.1016/j.biopha.2019.108615 

[26] Cunningham, D.J., Baumgartner, R.E., Federer, A.E., Richard, M.J. and Mithani, S.K. (2019) Elevated Preoperative 
Hemoglobin A1c Associated with Increased Wound Complications in Diabetic Patients Undergoing Primary, Open Car-
pal Tunnel Release. Plastic & Reconstructive Surgery, 144, 632e-638e. https://doi.org/10.1097/prs.0000000000006023 

[27] Rani, M., Nicholson, S.E., Zhang, Q. and Schwacha, M.G. (2017) Damage-associated Molecular Patterns (DAMPs) 
Released after Burn Are Associated with Inflammation and Monocyte Activation. Burns, 43, 297-303.  
https://doi.org/10.1016/j.burns.2016.10.001 

[28] Yunna, C., Mengru, H., Lei, W. and Weidong, C. (2020) Macrophage M1/M2 Polarization. European Journal of Phar-
macology, 877, Article ID: 173090. https://doi.org/10.1016/j.ejphar.2020.173090 

[29] den Dekker, A., Davis, F.M., Kunkel, S.L. and Gallagher, K.A. (2019) Targeting Epigenetic Mechanisms in Diabetic 
Wound Healing. Translational Research, 204, 39-50. https://doi.org/10.1016/j.trsl.2018.10.001 

[30] Aitcheson, S.M., Frentiu, F.D., Hurn, S.E., Edwards, K. and Murray, R.Z. (2021) Skin Wound Healing: Normal Macro-
phage Function and Macrophage Dysfunction in Diabetic Wounds. Molecules, 26, Article 4917.  
https://doi.org/10.3390/molecules26164917 

[31] Nirenjen, S., Narayanan, J., Tamilanban, T., Subramaniyan, V., Chitra, V., Fuloria, N.K., et al. (2023) Exploring the 
Contribution of Pro-Inflammatory Cytokines to Impaired Wound Healing in Diabetes. Frontiers in Immunology, 14, 
Article 1216321. https://doi.org/10.3389/fimmu.2023.1216321 

https://doi.org/10.12677/jcpm.2024.34217
https://doi.org/10.1159/000500911
https://doi.org/10.1111/cpr.12993
https://doi.org/10.1053/j.semvascsurg.2019.02.001
https://doi.org/10.4239/wjd.v13.i12.1049
https://doi.org/10.1111/1753-0407.13372
https://doi.org/10.1001/jamaneurol.2015.2347
https://doi.org/10.1136/bmj.g1799
https://doi.org/10.1155/2019/9570616
https://doi.org/10.3390/ijms17060917
https://doi.org/10.3390/microorganisms8101580
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.1097/md.0000000000010672
https://doi.org/10.1177/00033197211042684
https://doi.org/10.1055/s-0041-1731460
https://doi.org/10.3390/ijms18071419
https://doi.org/10.1016/j.biopha.2019.108615
https://doi.org/10.1097/prs.0000000000006023
https://doi.org/10.1016/j.burns.2016.10.001
https://doi.org/10.1016/j.ejphar.2020.173090
https://doi.org/10.1016/j.trsl.2018.10.001
https://doi.org/10.3390/molecules26164917
https://doi.org/10.3389/fimmu.2023.1216321


段嘉琪，杜丽坤 
 

 

DOI: 10.12677/jcpm.2024.34217 1522 临床个性化医学 
 

[32] Schilrreff, P. and Alexiev, U. (2022) Chronic Inflammation in Non-Healing Skin Wounds and Promising Natural Bioac-
tive Compounds Treatment. International Journal of Molecular Sciences, 23, Article 4928.  
https://doi.org/10.3390/ijms23094928 

[33] Li, H., Meng, Y., He, S., Tan, X., Zhang, Y., Zhang, X., et al. (2022) Macrophages, Chronic Inflammation, and Insulin 
Resistance. Cells, 11, Article 3001. https://doi.org/10.3390/cells11193001 

[34] Davis, F.M., Kimball, A., Boniakowski, A. and Gallagher, K. (2018) Dysfunctional Wound Healing in Diabetic Foot 
Ulcers: New Crossroads. Current Diabetes Reports, 18, Article No. 2. https://doi.org/10.1007/s11892-018-0970-z 

[35] Zhu, Y., Xia, X., He, Q., Xiao, Q., Wang, D., Huang, M., et al. (2023) Diabetes-associated Neutrophil NETosis: Patho-
genesis and Interventional Target of Diabetic Complications. Frontiers in Endocrinology, 14, Article 1202463.  
https://doi.org/10.3389/fendo.2023.1202463 

[36] Chimenti, I., Sattler, S., del Monte-Nieto, G. and Forte, E. (2022) Editorial: Fibrosis and Inflammation in Tissue Patho-
physiology. Frontiers in Physiology, 12, Article 830683. https://doi.org/10.3389/fphys.2021.830683 

[37] Evans, C.J.F., Glastras, S.J., Tang, O. and Figtree, G.A. (2023) Therapeutic Potential for β-3 Adrenoreceptor Agonists 
in Peripheral Arterial Disease and Diabetic Foot Ulcers. Biomedicines, 11, Article 3187.  
https://doi.org/10.3390/biomedicines11123187 

[38] Fu, K., Zheng, X., Chen, Y., Wu, L., Yang, Z., Chen, X., et al. (2022) Role of Matrix Metalloproteinases in Diabetic 
Foot Ulcers: Potential Therapeutic Targets. Frontiers in Pharmacology, 13, Article 1050630.  
https://doi.org/10.3389/fphar.2022.1050630 

[39] Kim, J., Nomkhondorj, O., An, C.Y., Choi, Y.C. and Cho, J. (2023) Management of Diabetic Foot Ulcers: A Narrative 
Review. Journal of Yeungnam Medical Science, 40, 335-342. https://doi.org/10.12701/jyms.2023.00682 

[40] Schaper, N.C., van Netten, J.J., Apelqvist, J., Bus, S.A., Fitridge, R., Game, F., Monteiro-Soares, M., Senneville, E. and 
IWGDF Editorial Board (2024) Practical Guidelines on the Prevention and Management of Diabetes-Related Foot Dis-
ease (IWGDF 2023 Update). Diabetes/Metabolism Research and Reviews, 40, e3657.  

[41] Vas, P.R.J., Edmonds, M., Kavarthapu, V., Rashid, H., Ahluwalia, R., Pankhurst, C., et al. (2018) The Diabetic Foot 
Attack: “Tis Too Late to Retreat!”. The International Journal of Lower Extremity Wounds, 17, 7-13.  
https://doi.org/10.1177/1534734618755582 

[42] Kim, J., Chun, D., Kim, S., Yang, H., Kim, J.H., Cho, J., et al. (2019) Trends in Lower Limb Amputation in Patients 
with Diabetic Foot Based on Vascular Intervention of Peripheral Arterial Disease in Korea: A Population-Based Nation-
wide Study. Journal of Korean Medical Science, 34, e178. https://doi.org/10.3346/jkms.2019.34.e178 

[43] Fitridge, R., Chuter, V., Mills, J., Hinchliffe, R., Azuma, N., Behrendt, C., et al. (2023) The Intersocietal IWGDF, ESVS, 
SVS Guidelines on Peripheral Artery Disease in People with Diabetes and a Foot Ulcer. Diabetes/Metabolism Research 
and Reviews, 40, e3686. https://doi.org/10.1002/dmrr.3686 

[44] Bus, S.A., Armstrong, D.G., Crews, R.T., Gooday, C., Jarl, G., Kirketerp‐Moller, K., et al. (2023) Guidelines on Of-
floading Foot Ulcers in Persons with Diabetes (IWGDF 2023 Update). Diabetes/Metabolism Research and Reviews, 40, 
e3647. https://doi.org/10.1002/dmrr.3647 

[45] Chun, D., Kim, S., Kim, J., Yang, H., Kim, J.H., Cho, J., et al. (2019) Epidemiology and Burden of Diabetic Foot Ulcer 
and Peripheral Arterial Disease in Korea. Journal of Clinical Medicine, 8, Article 748.  
https://doi.org/10.3390/jcm8050748 

[46] Moret, C.S., Schöni, M., Waibel, F.W.A., Winkler, E., Grest, A., Liechti, B.S., et al. (2022) Correction of Hyperglycemia 
after Surgery for Diabetic Foot Infection and Its Association with Clinical Outcomes. BMC Research Notes, 15, Article 
No. 264. https://doi.org/10.1186/s13104-022-06150-9 

[47] Perez-Favila, A., Martinez-Fierro, M.L., Rodriguez-Lazalde, J.G., Cid-Baez, M.A., Zamudio-Osuna, M.D.J., Martinez-
Blanco, M.D.R., et al. (2019) Current Therapeutic Strategies in Diabetic Foot Ulcers. Medicina, 55, Article 714.  
https://doi.org/10.3390/medicina55110714 

[48] Uccioli, L., Meloni, M., Izzo, V., Giurato, L., Merolla, S. and Gandini, R. (2018) Critical Limb Ischemia: Current Chal-
lenges and Future Prospects. Vascular Health and Risk Management, 14, 63-74. https://doi.org/10.2147/vhrm.s125065 

[49] Jarrige, M., Frank, E., Herardot, E., Martineau, S., Darle, A., Benabides, M., et al. (2021) The Future of Regenerative 
Medicine: Cell Therapy Using Pluripotent Stem Cells and Acellular Therapies Based on Extracellular Vesicles. Cells, 
10, Article 240. https://doi.org/10.3390/cells10020240 

[50] Marofi, F., Alexandrovna, K.I., Margiana, R., Bahramali, M., Suksatan, W., Abdelbasset, W.K., et al. (2021) MSCs and 
Their Exosomes: A Rapidly Evolving Approach in the Context of Cutaneous Wounds Therapy. Stem Cell Research & 
Therapy, 12, Article No. 597. https://doi.org/10.1186/s13287-021-02662-6 

[51] Han, Y., Li, X., Zhang, Y., Han, Y., Chang, F. and Ding, J. (2019) Mesenchymal Stem Cells for Regenerative Medicine. 
Cells, 8, Article 886. https://doi.org/10.3390/cells8080886 

https://doi.org/10.12677/jcpm.2024.34217
https://doi.org/10.3390/ijms23094928
https://doi.org/10.3390/cells11193001
https://doi.org/10.1007/s11892-018-0970-z
https://doi.org/10.3389/fendo.2023.1202463
https://doi.org/10.3389/fphys.2021.830683
https://doi.org/10.3390/biomedicines11123187
https://doi.org/10.3389/fphar.2022.1050630
https://doi.org/10.12701/jyms.2023.00682
https://doi.org/10.1177/1534734618755582
https://doi.org/10.3346/jkms.2019.34.e178
https://doi.org/10.1002/dmrr.3686
https://doi.org/10.1002/dmrr.3647
https://doi.org/10.3390/jcm8050748
https://doi.org/10.1186/s13104-022-06150-9
https://doi.org/10.3390/medicina55110714
https://doi.org/10.2147/vhrm.s125065
https://doi.org/10.3390/cells10020240
https://doi.org/10.1186/s13287-021-02662-6
https://doi.org/10.3390/cells8080886


段嘉琪，杜丽坤 
 

 

DOI: 10.12677/jcpm.2024.34217 1523 临床个性化医学 
 

[52] Yu, X., Liu, P., Li, Z. and Zhang, Z. (2023) Function and Mechanism of Mesenchymal Stem Cells in the Healing of 
Diabetic Foot Wounds. Frontiers in Endocrinology, 14, Article 1099310. https://doi.org/10.3389/fendo.2023.1099310 

[53] Peng, Y., Zhao, M., Hu, Y., Guo, H., Zhang, Y., Huang, Y., et al. (2022) Blockade of Exosome Generation by GW4869 
Inhibits the Education of M2 Macrophages in Prostate Cancer. BMC Immunology, 23, Article No. 37.  
https://doi.org/10.1186/s12865-022-00514-3 

[54] Soltani, S., Mansouri, K., Parvaneh, S., Thakor, A.S., Pociot, F. and Yarani, R. (2021) Diabetes Complications and 
Extracellular Vesicle Therapy. Reviews in Endocrine and Metabolic Disorders, 23, 357-385.  
https://doi.org/10.1007/s11154-021-09680-y 

[55] 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 

[56] Wen, S.W., Lima, L.G., Lobb, R.J., Norris, E.L., Hastie, M.L., Krumeich, S., et al. (2019) Breast Cancer‐Derived Exo-
somes Reflect the Cell‐of‐Origin Phenotype. PROTEOMICS, 19, Article ID: 1800180.  
https://doi.org/10.1002/pmic.201800180 

[57] Xu, J., Bai, S., Cao, Y., Liu, L., Fang, Y., Du, J., et al. (2020) miRNA-221-3p in Endothelial Progenitor Cell-Derived 
Exosomes Accelerates Skin Wound Healing in Diabetic Mice. Diabetes, Metabolic Syndrome and Obesity: Targets and 
Therapy, 13, 1259-1270. https://doi.org/10.2147/dmso.s243549 

[58] He, Q. (2023) Advances in the Treatment of Diabetic Foot with MSC-Derived Exosomes. BIO Web of Conferences, 61, 
Article ID: 01007. https://doi.org/10.1051/bioconf/20236101007 

 

https://doi.org/10.12677/jcpm.2024.34217
https://doi.org/10.3389/fendo.2023.1099310
https://doi.org/10.1186/s12865-022-00514-3
https://doi.org/10.1007/s11154-021-09680-y
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1002/pmic.201800180
https://doi.org/10.2147/dmso.s243549
https://doi.org/10.1051/bioconf/20236101007

	糖尿病伤口愈合的未来：揭示间充质干细胞和外泌体治疗的潜力
	摘  要
	关键词
	The Future of Diabetic Wound Healing: Revealing the Potential of Mesenchymal Stem Cells and Exosome Therapy
	Abstract
	Keywords
	1. 引言
	2. 糖尿病足部溃疡的发病机制和特点
	伤口感染

	3. 溃疡与非溃疡创面愈合的差异
	4. 糖尿病足溃疡(DFU)的治疗
	5. 外泌体在DFU中的作用机制
	参考文献

