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摘 要：肥胖及其相关代谢性疾病的全球发病率持续上升，已成为重大公共卫生问题。肠道菌群在肥胖

的发生发展过程中扮演着关键角色，其组成和功能紊乱与肥胖及其相关并发症直接相关。本文综述了肥

胖的遗传、神经内分泌、慢性炎症以及肠道菌群代谢轴等病理机制，重点梳理了脱硫弧菌、巨单胞菌等

条件致病菌和乳酸杆菌、嗜黏蛋白阿克曼氏菌等益生菌对肥胖的正、负调控机制，总结了肥胖特征性肠

菌在糖尿病、代谢功能障碍相关脂肪性肝病、心血管疾病和高血压发生中的驱动机制，创新性地提出了

肥胖疾病的肠菌演变假说，并展望了未来肥胖特征性肠菌的研究趋势以及疾病早期诊断技术的开发前景。

本文将为肥胖及相关代谢性疾病的早期诊断和精准干预提供新策略，有助于推动个性化诊疗的发展。
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presenting a major challenge to public health. The gut microbiota plays a pivotal role in obesity 
onset and development, and its dysbiosis and dysfunction are closely associated with obesity and 
its complications. This review synthesizes the pathological mechanisms underlying the heredity, 
neuroendocrine, chronic inflammation, and the gut microbiota-metabolism axis of obesity. Then, 
we explore the positive and negative regulatory effects of opportunistic pathogens (e. g., 
Desulfovibrio spp., Megamonas spp.) and putative beneficial bacteria (e. g., Lactobacillus spp., 
Akkermansia muciniphila) on obesity. Furthermore, we summarize the mechanisms by which these 
signature gut microbes drive the development of obesity-related conditions, including type 2 
diabetes mellitus, metabolic dysfunction-associated steatotic liver disease, cardiovascular diseases, 
and hypertension. We firstly propose a gut microbiota trajectory hypothesis to delineate the 
interrelationships between these representative gut microbial signatures and the onset and 
progression of obesity and its complications. Finally, the review discusses future research 
directions and the potential for developing early diagnostic technologies based on these microbial 
signatures. Collectively, this work aims to provide novel strategies for the early diagnosis and 
precision intervention of obesity and related metabolic disorders, thereby advancing the 
development of personalized therapeutics.
Keywords: obesity; gut microbiota; metabolic diseases; early diagnosis

近年来，肥胖(obesity)及其相关代谢性疾病

的全球发病率持续攀升[1]，已成为不容忽视的全

球性公共卫生挑战。Turnbaugh 等[2]的研究揭示

了肠道菌群在肥胖及其相关代谢性疾病发生、

发展中的关键作用。本课题组前期已深入探讨

了肠道菌群与宿主间的互作机制，并阐释了多

种药物经肠道菌群代谢后防治疾病的分子调控

机制[3-5]。然而，肥胖特征性肠道菌群与肥胖诱

发其他疾病之间的相关性尚未得到系统总结，

且基于靶向特征肠菌开发疾病早期诊断技术的

理论依据尚不成熟。本文分析了肠道菌群在肥

胖及相关代谢性疾病中的作用机制，探讨肥胖

特征肠菌与重大代谢性疾病进展的相互关系，

并提出通过监测肥胖特征肠菌来预测重大疾病

风险的新思路，以期为肥胖及相关代谢性疾病

的早期筛查和治疗提供新的策略。

1　肥胖及其相关重大疾病现状　肥胖及其相关重大疾病现状

1.1　肥胖的发病趋势

肥胖表现为脂肪组织的过度积累，世界卫

生组织采用体重指数(body mass index, BMI)进行

定义，其中 BMI≥25 kg/m2为超重，BMI≥30 kg/m2

为肥胖[6]。据 2025 年 Lancet 发布的流行病学研

究，全球约 50% 的成年人超重，17%−22% 处于

肥胖状态，且女性肥胖率通常高于男性。美国

目前肥胖率最高，近 42% 的成人肥胖，其中严

重肥胖(BMI≥40)人群占比达 9%[7]。我国肥胖发

病趋势也不容乐观，成人超重率达 51%，肥胖

人群年均增长率 4%，远超全球平均水平(1.8%)，

预计到 2030 年中国成人超重和肥胖人数将超过

5 亿[8]。为此，2024 年 6 月，国家卫生健康委等

16 个部门联合开展了为期 3 年的“体重管理年”
活动，标志着我国防治肥胖工作已上升至国家

战略层面。

1.2　肥胖病理机制研究

肥胖是一种因能量摄入超过消耗导致的慢

性代谢性疾病，其发生是多因素共同作用的结

果，与遗传背景、生活习惯、自然环境等密切

相关。基于进化论，研究者提出了节俭基因假

说、遗传漂变假说、产热能力假说和元炎症假

说等，从不同角度解释了肥胖的进化起源[9]。具
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体而言，肥胖的发病机制主要包括遗传表型异

质性机制[10]、神经内分泌紊乱机制[11-12]、慢性

炎症刺激机制[13]和肠道菌群代谢轴机制[14]等。

1.2.1　肥胖的遗传背景和代谢表型异质性

肥胖具有高度异质性的遗传基础，包括单

基因和多基因突变。目前已发现超过 20 个可导

致严重早发性肥胖的单基因突变，以及约 1 000 个

与常见多基因肥胖相关的单核苷酸多态性[15]。

代谢健康型肥胖 (metabolically healthy obesity, 

MHO) 与 代 谢 不 健 康 型 肥 胖 (metabolically 

unhealthy obesity, MUO)患者因脂肪组织分布和

脂质代谢的差异，其心血管代谢表型也存在显

著不同。MHO 个体皮下脂肪组织扩展性更好，

脂肪组织炎症更低，脂肪生成基因表达更高[16]。

此外，肥胖表型还呈现性别差异，女性倾向于

女性型肥胖(gynoid-type obesity)，而男性更多表

现为男性型肥胖(android-type obesity)[17]。在同

一 BMI 水平下，女性体脂率一般高于男性[18]，

这与性激素调控有关，雌激素促进皮下脂肪储

存，而睾酮促进内脏脂肪积累[17]。雌激素通过

增 加 抗 脂 解 的 α2A- 肾 上 腺 素 受 体 (α2A-

adrenergic receptors)的数量降低脂解反应、促进

皮下脂肪的积累[19]。睾酮则通过诱导肝激酶 B1/

AMP 活 化 蛋 白 激 酶 (liver kinase B1/AMP-

activated protein kinase, LKB1/AMPK)信号通路

促 进 葡 萄 糖 的 摄 取 并 抑 制 肝 脏 糖 异 生[20]。

Moldovan 等[21]的转录组学研究表明，女性肥胖

与 Wnt 信号传递(Wnt signaling)通路异常显著相

关，而男性肥胖更多与线粒体损伤和游离脂肪

酸代谢紊乱相关。在疾病发展方面，女性肥胖

更易伴随心血管-肾脏-代谢综合征风险，而男性

肥 胖 与 2 型 糖 尿 病 (diabetes mellitus type 2, 

T2DM)关联更强[22]。

1.2.2　神经内分泌异常引发肥胖

神经内分泌异常可通过影响神经元功能和

代谢相关激素平衡等途径引发肥胖；除胰岛素

信号通路外，瘦素(leptin)、饥饿素(ghrelin)和抵

抗素(resistin)等激素分泌紊乱也直接影响食欲和

糖稳态[23]。遗传性和获得性下丘脑损伤、能量

稳态的神经调控失衡易导致“下丘脑性肥胖”[24]，

表 现 为 下 丘 脑 弓 状 核 (arcuate nucleus of 

hypothalamus)的摄食神经元刺鼠相关肽(agouti-

related peptide, AgRP)和抑食神经元阿黑皮素原

(proopiomelanocortin, POMC)功能失衡，进而引

发能量代谢失调[25]。此外，神经免疫内分泌网

络也通过调控炎症反应参与肥胖进展[26]。

1.2.3　慢性低丰度炎症导致代谢紊乱

Ajoolabady 等[27]研究发现，内质网应激诱

导的“终端未折叠蛋白反应”可激活炎症通路，

与炎症的交互作用形成了肥胖发生的正反馈循

环。脂肪细胞肥大和增生导致脂肪组织缺氧和

应激，游离脂肪酸刺激免疫细胞上的 Toll 样受

体 4 (Toll-like receptor 4, TLR4)激活炎症信号通

路[28]，致使 M2 型巨噬细胞向 M1 型转变，

TLR4 敲除小鼠可抵抗高脂饮食诱导的肥胖[29]。

此外，肿瘤坏死因子 α (tumor necrosis factor α, 

TNF-α)上调后阻断脂肪细胞的胰岛素信号传导，

将加剧代谢紊乱[30-31]。

1.2.4　肠道微生态影响肥胖进程

Gasmi 等[32]的研究证实，高脂饮食可导致

肠道微生物群失调，显著增加肠道通透性，促

使脂多糖(lipopolysaccharide, LPS)进入循环系统

引发代谢性内毒素血症，进而加剧全身炎症反

应和胰岛素抵抗[33]。肠道菌群代谢产物通过 G

蛋白偶联受体 43 (G protein-coupled receptor 43, 

GPR43)、Takeda G 蛋白偶联受体 5 (Takeda G 

protein-coupled receptor 5, TGR5)受体激动剂、过

氧 化 物 酶 体 增 殖 物 激 活 受 体 (peroxisome 

proliferator-activated receptor, PPARγ)等信号通路

调节糖脂代谢，是肠道菌群串联宿主代谢轴的

主要途径[34]。

1.3　肥胖诱发的重大疾病

1.3.1　肥胖诱发重大疾病的临床数据

流行病学证据表明，肥胖是多种代谢性疾

病的关键风险因素。Yao 等[35]纳入 27 万成年人
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的大规模前瞻性队列研究证实，BMI 升高与代

谢 功 能 障 碍 相 关 脂 肪 性 肝 病 (metabolic 

dysfunction-associated steatotic liver disease, 

MASLD)、2 型糖尿病、高脂血症/脂代谢紊乱、

痛风等疾病的发生风险呈显著正相关。

肥胖可解释高达 36% 的 T2DM 病例[35]。最

新全球数据显示，高 BMI 值贡献了超过 55% 的

T2DM 已知死亡风险[36]。同时，超过 80% 的

T2DM 患者伴有肥胖，而代谢健康的肥胖患者

仅占肥胖者的 10%−30%，Magkos 等[37]临床随

机对照试验表明，体重减轻 5% 可大幅改善肝脏

和脂肪组织胰岛素抵抗。

肥胖人群中的 MASLD 患病率高达 75%，

肥胖是其最重要的危险因素之一[38]。中国北方

成年人的横断面研究数据表明，肥胖也是血脂

异常的重要驱动因素之一，肥胖人群高甘油三

酯血症的患病率是体重正常人群的 1.8 倍[39]。

肥胖也是心力衰竭(heart failure, HF)的重要

独立危险因素[40-42]。内脏脂肪堆积促进心力衰

竭的发生和发展[43-44]。BMI 与 HF 风险呈剂量依

赖性，BMI 每增加一个单位，男性和女性的 HF

风险分别增加 5% 和 7%[45]。

肥胖与高血压的相互关联已被广泛证

实[46-47]。Hall 等[48]在权威研究中指出，以内脏

脂肪堆积为特征的超重是原发性高血压的主要

危险因素，肥胖对其风险贡献率高达 65%−75%。

虽然肥胖与多种疾病发生发展存在高度关

联性，但目前肥胖诱发其他疾病的风险预测模

型尚不成熟，缺乏前瞻性评估的潜在靶标。

1.3.2　肥胖诱发重大疾病的机制研究

胰岛素抵抗是导致代谢紊乱的核心驱动力，

直接扰乱葡萄糖和脂质代谢，导致血脂异常与

MASLD，表现为脂解与脂氧化失衡[49]。其次，

脂肪组织巨噬细胞暴露于过量脂质，激活核因

子 κB (nuclear factor kappa B, NF-κB)等炎症通

路，加剧胰岛素抵抗与脂代谢紊乱[50]。此外，

脂肪细胞肥大导致脂联素等脂肪因子分泌失调，

破坏脂质稳态[51]。脂肪过度累积引发的脂肪转

运感知紊乱和糖脂代谢调控失衡，如分化抗原

36 (cluster of differentiation 36, CD36)、AMPK、

PPARγ 等表达异常，导致循环系统中游离脂肪

酸增加和脂肪异位堆积[52-53]。肥大的脂肪细胞

释放过量游离脂肪酸，抑制胰岛素信号通路，

脂肪组织分泌促炎因子加重胰岛素抵抗[54]。

肥胖患者脂代谢紊乱后，高密度脂蛋白胆

固醇水平降低，小而密低密度脂蛋白生成增加，

导致高甘油三酯血症，从而显著增加动脉粥样

硬化的风险[55]。

内脏脂肪组织(visceral adipose tissue, VAT)和

心外膜脂肪组织(epicardial adipose tissue, EAT)通

过旁分泌作用释放炎症因子、脂质介质和细胞

外囊泡，直接导致心肌炎症和氧化应激[41]。此

外，肥胖引发高血压的病理机制关键在于肾素-

血管紧张素-醛固酮系统过度激活[56]，肾脏的钠

重吸收和钾排泄增加，终致血压升高[48,56-57]。

2　肠道菌群与肥胖发生相互　肠道菌群与肥胖发生相互

关系关系

2.1　肠道菌群简介

肠道菌群是宿主胃肠道内由细菌、真菌等

构成的极其复杂的数百万亿微生物群落，其组

成多样性由饮食、宿主遗传和环境因素等多种

因素共同塑造[58]。肠道菌群(本文特指肠道细菌)

并非静态存在，其组成处于波动状态，人类健

康肠道菌群中芽孢杆菌门 (Bacillota，曾用名

Firmicutes)、 拟 杆 菌 门 (Bacteroidota， 曾 用 名

Bacteroidetes)、放线菌门(Actinomycetota，曾用

名 Actinobacteria) 和 假 单 胞 菌 门

(Pseudomonadota，曾用名 Proteobacteria)占 98%

以上。不同物种之间的肠菌丰度存在一定差异。

在健康成年人中，Bacillota 通常占 30%−70%，

具有分解复杂碳水化合物能力[59]；Bacteroidota

占 20%−60%，参与宿主碳水化合物的发酵、含

氮物质的利用及胆汁酸和其他类固醇的生物转

化，也是多糖水解酶的重要来源[59]。肠道菌群
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通过代谢调节、免疫调控、神经干预、生态位

竞争等机制深度参与机体生理病理过程，对人

体健康产生巨大影响[59-62]。

2.2　肠道菌群紊乱与肥胖

肠道菌群在肥胖发生发展中起关键作用，

其组成和多样性在肥胖个体与健康人群间存在

显著差异。菌群通过调节脂质/碳水化合物代谢、

激素水平和营养物质合成影响能量平衡[63-65]。

2006 年，Turnbaugh 等[2]首次发现肥胖(ob/ob)小

鼠 肠 道 中 Bacillota 菌 门 比 例 升 高 50%， 而

Bacteroidota 菌门降低 30%；将肥胖小鼠菌群移

植给无菌小鼠后，受体小鼠脂肪组织在 2 周内

增加 60%，且脂肪酸合成基因表达上调，证明

了肥胖表型可经菌群传递，建立了菌群与肥胖

的因果关联。同年，Ley 等[66]进一步发现肥胖人

群存在菌门水平失衡(Bacteroidota/Bacillota 比例

下降)，而 Bacillota 富集的碳水化合物活性酶可

提高膳食能量提取效率，提出了“菌群代谢基因

补充假说”，目前已被广泛验证。

2012 年 Cho 等[67]在动物模型中证实，幼年

小鼠低剂量的抗生素暴露导致 Bacteroidota/

Bacillota 比例下降，Pseudomonadota 丰度显著

升高，直接驱动脂肪积累和代谢紊乱。肥胖个

体中肠道菌群改变呈现性别差异，肥胖男性中

梭杆菌门(Fusobacteriota)富集，而肥胖女性的

Actinomycetota 菌 门 丰 度 更 高[68]。 2013 年 ，

Cotillard 等[69]在临床研究发现，肠道菌群基因丰

富度低(<48 万微生物基因)的肥胖患者体重反弹

风险增高 51%，而膳食纤维干预可提升肠道菌

群多样性，并降低 0.3 BMI/月，凸显肠道菌群多

样性在肥胖个性化治疗中的价值。近年来，

Wang 等[70]利用孟德尔随机化进一步明确了菌群

与 肥 胖 的 量 化 关 联 ， 即 双 歧 杆 菌 科

(Bifidobacteriaceae)、 双 歧 杆 菌 目

(Bifidobacteriales)、放线菌纲 (Actinomycetes)和

放线菌门在验证数据集中显示与体脂百分比显

著相关。Bacillota 丰度与 BMI 呈正相关[71]。

2023 年 ， Li 等[72] 首 次 锁 定 阿 克 曼 氏 菌 属

(Akkermansia)、肠杆菌属(Enterobacter)和丁酸单

胞菌属(Butyricimonas)为儿童肥胖的关键菌属，

其中 Akkermansia 可抵抗儿童肥胖风险。

更多证据表明，提升肠道菌群多样性、精

准改造肠道菌群微生态均可有效减少肥胖的发

生[73-75]。因此肠道菌群的精准解析为肥胖及相

关疾病诊疗提供决策参考。

2.3　肠道菌群参与能量代谢的机制

肠道菌群通过短链脂肪酸(short-chain fatty 

acids, SCFAs)信号轴、胆汁酸代谢轴、表观遗传

调控、免疫-代谢交叉调控等机制参与能量代谢

过程，具体潜在机制如图 1 所示。

2.3.1　多糖-菌群-短链脂肪酸介导肠分泌

肠道菌群可将小肠难以吸收的多糖发酵转

化为 SCFAs，如乙酸、丙酸和丁酸。SCFAs 不

仅可为肠道细胞提供 5%−10% 的能量供应，还

能激活G 蛋白偶联受体 41 (G protein-coupled 

receptor 41, GPR41)和 GPR43 受体，进而诱导胰

高血糖素样肽-1 (glucagon-like peptide-1, GLP-1)

和酪酪肽(peptide tyrosine-tyrosine, PYY)的分泌，

并抑制下丘脑食欲中枢神经肽 Y (neuropeptide 

Y, NPY)/刺 鼠 相 关 肽 (agouti-related peptide, 

AgRP)神经元的活性[76]。Kimura 等[77]的研究证

实，GPR43 敲除小鼠即使饲喂高纤维饮食仍会

出现脂肪过度积累的情况，这表明 GPR43 介导

的信号通路对维持能量平衡至关重要。丁酸可

通过上调肉碱棕榈酰基转移酶 1A (carnitine 

palmitoyltransferase 1A, CPT1A)的表达水平促进

脂肪酸的氧化代谢[78]。

2.3.2　菌群-胆汁酸代谢轴的双向调控

肝脏合成的胆汁酸经胆囊释放至小肠，胆

汁酸可抑制肠道菌群过度增殖，而肠道菌群则

通过表达 7α-脱羟酶将初级胆汁酸转化为次级胆

汁酸，从而改变胆汁酸组成，最终影响法尼酯

X 受体(farnesoid X receptor, FXR)/TGR5 信号通路。

代表性的次级胆汁酸，如脱氧胆酸(deoxycholic 

acid, DCA)、石胆酸 (lithocholic acid, LCA)，能
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激活肠道 TGR5 受体并增强 GLP-1 分泌，促

进白色脂肪褐变，增强褐色脂肪产热[79]。此

外，DCA 还可激活 FXR，抑制固醇调节元件

结 合 蛋 白 -1c (sterol regulatory element binding 

protein-1c, SREBP-1c)的表达，减少肝脏脂质新

生。Mudaliar 等[80]的临床研究证实，奥贝胆酸

作为 FXR 激动剂可使 MASLD 患者甘油三酯

水平降低，改善胰岛素敏感性，减少脂肪

堆积。

2.3.3　表观遗传调控代谢相关基因

肠道菌群通过代谢产物介导的多维度表观

遗传调控，影响宿主糖脂代谢基因[81]。在短链

脂肪酸中，丁酸盐可通过抑制组蛋白脱乙酰酶

(histone deacetylase, HDAC)增加组蛋白乙酰化水

平，激活 PPARγ 等基因的表达以调节脂质代谢

与 能 量 平 衡[82]； SCFAs、 α - 酮 戊 二 酸 (α - 

ketoglutaric acid, αKG)等可通过调节 DNA 甲基

化和去甲基化直接调控基因启动子区的甲基化

图1　肠道菌群的跨器官调控机制示意图

Figure 1　Schematic diagram of the cross-organ regulatory mechanism of gut microbiota.
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状态，改变细胞色素 P450 (cytochrome P450, 

CYP450)基因及糖代谢基因的转录[83]。除经典的

乙酰化修饰外，SCFAs 可诱导组蛋白丁酰化

(H3K9bu)、丙酰化(H3K23pr)等新型修饰，通过

改变染色质状态调控脂质吸收相关基因的表

达[84]。6-甲基腺嘌呤(N6-methyladenosine, m6A) 

RNA 修饰受肠道菌群调节，其异常会通过影

响细胞色素 P450 等代谢酶的翻译效率干扰葡萄

糖代谢稳态和胰岛素信号通路[85-86]。在跨器官网

络中，肠-脑轴内的色氨酸衍生物经 DNA 甲基化

调控下丘脑 POMC 基因，进而影响食欲[87]。

2.3.4　免疫-代谢交叉调控

肠道菌群可调控 TLR4/MyD88 信号通路，

从而影响代谢炎症。高脂饮食会导致革兰氏阴

性菌增殖，大量 LPS 会透过破损的肠黏膜进入

血液循环，激活 NF-κB 信号通路，促进多种促

炎因子的释放，引发肝脏慢性炎症反应，诱发

胰岛素抵抗[88]。菌群还可调节 Th17/Treg 平衡，

进而影响代谢，其中分段丝状菌可诱导 Th17 细

胞分化，加剧炎症及代谢紊乱[89]。

3　肥胖特征肠菌研究进展　肥胖特征肠菌研究进展

越来越多的证据表明，人体中存在与肥胖

紧密关联的特征肠道细菌(简称肥胖特征肠菌)，

脆弱拟杆菌 (Bacteroides fragilis)、丹毒丝菌科

(Erysipelotrichaceae)、脱硫弧菌属(Desulfovibrio)、

巨单胞菌属(Megamonas)等条件致病肠道细菌可

通过代谢调控、炎症激活及肠-脑轴干扰等途径

促 进 脂 肪 积 累 和 肥 胖 生 成 ， 而 乳 杆 菌 属

(Lactobacillus)、双歧杆菌属 (Bifidobacterium)、

嗜黏蛋白阿克曼氏菌(Akkermansia muciniphila)、

多形拟杆菌(Bacteroides thetaiotaomicron)等肠道

细菌则是抑制肥胖的重要力量，其与肥胖的关

系如表 1 所示[90-99]

表1　肥胖特征肠菌及相关机制

Table 1　Obesity-associated gut microbiota and related mechanisms

拉丁名称
Bacterium name

Bacteroides fragilis

Erysipelotrichaceae

Desulfovibrio
(Desulfovibrio 
desulfuricans)

Megamonas
(Megamonas 
rupellensis)

Lactobacillus
(Lactobacillus 
rhamnosus)

Bifidobacterium
(Bifidobacterium 
longum)

Akkermansia 
muciniphila

Bacteroides 
thetaiotaomicron

氧气依赖度
Oxygen dependence

Anaerobe

Facultative 
anaerobe

Anaerobe

Anaerobe

Facultative 
anaerobe

Anaerobe

Anaerobe

Obligate anaerobe

肥胖相关性
Obesity-dependency

Positive correlation

Positive correlation

Positive correlation

Positive correlation

Negative correlation

Negative correlation

Negative correlation

Negative correlation

作用机制
Action mechanism

Expressing bile salt hydrolase to promote lipid absorption[90-91]

Disrupting intestinal barrier integrity and triggering systemic 
inflammation[92]

Producing H2S to interfere the mitochondrial respiratory chain 
and promote hepatic lipid deposition[93]

Expressing hydrolase (ioIG) to reduce inositol levels, and 
further promoting intestinal lipid absorption[94]

Generating short-chain fatty acids to activate intestinal GPR41/
43 receptors[95]

Improving intestinal barrier and inflammation[96]

Producing outer membrane protein Amuc-1100 or extracellular 
vesicles for repairing intestinal barrier and inhibiting 
inflammation[97-98]

Metabolite regulation, microbial interactions[99]
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3.1　潜在致胖肠菌

3.1.1　脆弱拟杆菌

脆弱拟杆菌(Bacteroides fragilis)是人类肠道

核心共生菌之一，主要大量定殖于结肠，

Bacteroides fragilis 与肥胖的关系具有菌株特异

性和环境依赖性，它既可通过某些代谢途径促

进肥胖发展，也可通过调节菌群组成和宿主代

谢产生保护作用。一方面，Bacteroides fragilis

可通过调节胆汁酸代谢诱发肥胖相关代谢疾病，

其表达的胆盐水解酶(bile salt hydrolase, BSH)已

被证实是肥胖相关代谢疾病的潜在药物靶点[100]。

另一方面，一株 Bacteroides fragilis 被证实可通

过产生 SCFAs 和调节白介素-10 (interleukin 10, 

IL-10)等细胞因子改善糖代谢[101]。脆弱拟杆菌

对肥胖的摇摆作用可能与肠道营养状态相关，

具体机制仍有待进一步挖掘。

3.1.2　丹毒丝菌科

丹毒丝菌科(Erysipelotrichaceae)是肠道常见

细菌。Wang 等[102]的临床研究证实，肥胖受试

者的肠道菌群中 Erysipelotrichaceae 的丰度增加

与腰围增大等肥胖表型呈正相关。高脂饮食干

预 可 显 著 增 加 Erysipelotrichaceae 的 相 对 丰

度[93]。 从 微 生 物 代 谢 层 面 研 究 发 现 ，

Erysipelotrichaceae 表达丰富的胆汁酸水解酶

BSH，能将结合型胆汁酸转化为游离型胆汁酸，

从而增强膳食脂肪的乳化与吸收[103]。此外，

Erysipelotrichaceae 丰度上调可增加肠道通透性，

促进 LPS 入血，激活炎症通路，导致肥胖和胰

岛 素 抵 抗[104-105]。 因 此 Erysipelotrichaceae 的

BSH 过量表达或可作为肥胖的干预靶点。

3.1.3　脱硫弧菌

脱硫弧菌属(Desulfovibrio)是硫酸盐还原菌

的代表菌属，其在肥胖个体肠道中的丰度显著

升高，且与体重呈正相关[106-107]。该菌可通过多

种途径促进肥胖。首先，Desulfovibrio 具有产生

硫化氢(hydrogen sulfide, H2S)的能力，可抑制细

胞色素 C 氧化酶活性，降低线粒体能量代谢效

率，导致脂质积累，过量的 H2S 靶向肠道 L 细

胞，抑制其线粒体呼吸链复合物 IV 功能并诱发

内质网应激，减少 GLP-1 分泌，引发糖代谢紊

乱[94]。其次，该菌属增加肠道通透性，加速

LPS 易位，引发慢性炎症并加剧胰岛素抵抗[108]。

Qi 等[93] 的研究证实，代谢综合征患者肠道

Desulfovibrio 的丰度显著升高，且与血清 GLP-1

水平呈负相关。限制含硫氨基酸摄入可降低

Desulfovibrio 的丰度，从而逆转肝脏脂肪变

性[109]。综上所述，Desulfovibrio 的丰度可作为

肥胖干预的潜在靶点。

3.1.4　罗谢尔巨单胞菌

罗谢尔巨单胞菌(Megamonas rupellensis)属

于 Bacillota 菌门，在肥胖人群中显著富集，与

多基因风险协同促进肥胖发生[110]。Wu 等[94]最

新的中国人群队列研究表明，在肥胖受试者的

肠道微生物组中发现了以巨单胞菌为主导的肠

型样聚类，其丰度显著高于正常体重对照组，

该结果在以色列、英国/美国、丹麦和荷兰的 4 个

外部宏基因组数据集中得到了验证，表明

Megamonas 属与肥胖表型显著关联；研究还发

现多基因易感性和 Megamonas 属对肥胖的易感

性具有累加效应，表明 Megamonas 可能与遗传

因素共同促进肥胖；Megamonas rupellensis 或

异源表达肌醇降解基因(iolG)的大肠杆菌，均

通过降解肌醇解除宿主肠道内源性肌醇对脂

质吸收的抑制作用，导致肥胖率大幅增加。

Megamonas 有望作为肥胖精准干预的靶点，具

有巨大的临床应用潜力。

3.2　对肥胖有抑制作用的肠道细菌

3.2.1　传统益生菌

乳 杆 菌 属 (Lactobacillus) 和 双 歧 杆 菌 属

(Bifidobacterium)是传统益生菌，可调节肠道菌

群、代谢产物、免疫系统和肠道屏障功能，发

挥促进能量平衡的作用。肥胖个体中长双歧杆

菌 (Bifidobacterium longum) 和 两 歧 双 歧 杆 菌

(Bifidobacterium bifidum)的丰度显著降低，口服
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上述 2 种菌株后，肥胖个体的内脏脂肪组织指

数、BMI 及血清甘油三酯水平均明显改善[111]。

类似地，Lactobacillus 可通过抑制肠道脂质吸收

减 少 脂 肪 积 累[112]， 灌 胃 约 翰 逊 氏 乳 杆 菌

(Lactobacillus johnsonii)可预防高脂饮食诱导的

肥 胖 和 高 脂 血 症[113]。 补 充 Bifidobacterium 

longum APC1472 可显著降低饮食诱导肥胖小鼠

的体重，还可降低超重/肥胖患者的 BMI[114]。此

外，Bifidobacterium 与 Lactobacillus 等有益菌可

促进肠道巨噬细胞向抗炎 M2 型极化，减轻肠道

炎症反应，调节肠道上皮细胞功能，改善葡萄

糖 耐 受 性 和 脂 肪 堆 积[115]。 发 酵 乳 杆 菌

(Lactobacillus fermentum)通过增强脂肪组织线粒

体氧化磷酸化能力增加能量消耗，从而改善葡

萄糖代谢[116]。补充益生菌防治肥胖具有广阔的

应用市场。

3.2.2　嗜黏蛋白阿克曼氏菌

嗜 黏 蛋 白 阿 克 曼 氏 菌 (Akkermansia 

muciniphila)是一种定殖于肠道黏液层的革兰氏

阴性菌，于 2004 年首次从人类粪便中分离并命

名[117]。早期研究主要关注其与肠道屏障功能的

关联。2013 年，研究者首次揭示了该菌在代谢

疾病中的作用，补充活体 Akkermansia muciniphila

可逆转高脂饮食诱导的小鼠代谢紊乱，改善脂

肪堆积和胰岛素抵抗，并增强肠道屏障完整

性[118]。后续研究进一步阐明了其改善代谢综合

征的机制，发现该菌属可通过调节内源性大麻

素 系 统 减 轻 炎 症 和 促 进 肠 道 分 泌 抗 菌 肽

Reg3γ[119]。值得注意的是，在动物模型中巴氏

灭活的 Akkermansia muciniphila 比活菌展现出更

显著的代谢改善效果[120]，其作用机制部分归因

于外膜蛋白 Amuc-1100，该蛋白可通过调控 Toll

样受体 2 (Toll-like receptor 2, TLR2)信号通路，

直接改善脂肪组织炎症和糖代谢[121-122]。此外，

Akkermansia muciniphila 显著增加棕色脂肪组织

中线粒体解偶联蛋白 1 (uncoupling protein 1,

UCP1)的表达，并调节肠道激素(如 GLP-1)分泌，

增加能量消耗[123-124]。与甜菜碱联用可增强其定

殖效率，进一步抑制高脂饮食小鼠的体重增

长[125]。Akkermansia muciniphila 在肥胖和 T2DM

患者中的丰度显著降低[126]，补充 Akkermansia 

muciniphila (AKK-WST01)可减轻肥胖相关表型

并改善糖代谢[75]。Akkermansia muciniphila 有望

成为功能明确的新一代益生菌，用于缓解肥胖

及多种代谢性疾病。

3.2.3　多形拟杆菌

多形拟杆菌(Bacteroides thetaiotaomicron)作

为一种核心肠道共生菌，其丰度变化与肥胖及

相关代谢疾病密切相关。Hu 等[127]的临床研究表

明，该菌相对丰度与肥胖及动脉粥样硬化性心

血管疾病参数呈显著负相关，且饮食干预后其

丰度增加常伴随代谢改善。Wen 等[128]的动物实验

进一步证实了其因果作用，在肥胖小鼠模型中增

加 Bacteroides (含 Bacteroides thetaiotaomicron)的

丰度可减轻肥胖、胰岛素抵抗及脂质积累。单

一定殖 Bacteroides 的小鼠也显示肠道 CD36 表

达下调与葡萄糖代谢改善[129]。其抗肥胖机制主

要涉及代谢物调控、免疫调节、微生物互作等

多通路协同。Bacteroides thetaiotaomicron 通过

发酵复杂多糖(果胶)产生丙酸等 SCFAs[130-131]，

通过抑制肠道炎症改善代谢[132]；多形拟杆菌特

有的 BT_0416 酶可将胆固醇转化为胆固醇硫

酸盐，维持胆固醇稳态(该酶缺失可导致代谢

紊乱)[133]；该菌还可提升肠道叶酸水平，改善

肝脏脂肪变性[134]。Bacteroides thetaiotaomicron

分泌的膜外囊泡通过拮抗病原体侵袭载脂蛋白

L9a/b (apolipoprotein L9a/b, Apo L9a/b)蛋白介导

的免疫反应维持肠道稳态[135]。此外，该菌还通

过单糖供给影响色氨酸代谢竞争，调控吲哚衍

生物水平[136]，其荚膜多糖介导的噬菌体逃避

策略可能增强其在肥胖菌群中的定殖优势[137]。

综上所述，Bacteroides thetaiotaomicron 通过多

维度机制缓解肥胖，但特定多糖利用位点功

能及膜外囊泡免疫调节等深层机制仍需深入

解析[134]。
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4　肥胖特征肠菌与相关代谢疾　肥胖特征肠菌与相关代谢疾

病的关系病的关系

4.1　特征肠菌与糖尿病

肥胖特征肠菌与糖尿病的发生密切相关。

Wu 等[138]通过对千余例患者的队列研究发现，

糖尿病前期患者肠道内产丁酸肠菌丰度降低与胰

岛素抵抗呈强相关性，该指标或可用于指示糖尿

病的发展进程。青春双歧杆菌(Bifidobacterium 

adolescentis)能发酵膳食纤维生成丁酸，刺激

GLP-1 分 泌 ， 有 效 减 少 胰 岛 素 抵 抗[139]。

Akkermansia muciniphila 不仅可通过 Amuc-1100

外膜蛋白拮抗 TLR2 信号通路，抑制炎症反应，

还可促进肠道黏液生成和抗菌肽 Reg3γ 的分泌

抑制其他潜在有害菌增长，降低 LPS 水平，遏

制糖尿病的发生[140]。本课题组 Zheng 等[141-142]

前期证实，壳寡糖、桑叶提取物 1-脱氧野尻霉

素等多种活性组分可通过富集 Akkermansia 

mucinphilia 发挥糖尿病防治疗效。此外，Wang

等[143]研究证实，中药复方首荟通便方能调控

Akkermansia 及支链氨基酸代谢通路，提升胰岛

素敏感性。Shih 等[144]临床研究表明，难治型

T2DM 人群粪便菌群中 Akkermansia 丰度较常规

T2DM 人群更低，且与糖化血红蛋白呈负相关，

这表明 Akkermansia 的缺乏或可成为糖尿病特征

肠菌之一。相反，肥胖型糖尿病患者肠道内

Desulfovibrio 水平显著高于单纯肥胖个体[145]，

其丰度与胰岛素敏感性呈强烈负相关[146]。采用

高膳食纤维干预的糖尿病患者，症状改善的同

时也伴随着 Desulfovibrio 水平的降低，这进一

步提示了该菌与糖尿病发生发展的密切关系[147]。

4.2　特征肠菌与代谢功能障碍相关脂肪

性肝病

肝脏作为菌群代谢物的首要暴露器官，直

接受肠道菌群代谢产物调控。MASLD 患者中

Akkermansia mucinphilia 丰度明显下调[148]，定殖

Akkermansia mucinphilia 可促进腺苷钴胺的合成、

减少神经酰胺的积累，最终缓解 MASLD[149]。

人参皂苷 Rh4 等多种天然化合物被证实可增加

Akkermansia mucinphilia 的 丰 度 ， 从而改善

MASLD[150]。Bacteroides thetaiotaomicron 的膜外

囊泡可能抑制志贺氏菌(Shigella)等病原菌的毒力

基因表达，间接保护肠道屏障功能，减少肠源

性肝损伤[151]。Zhou 等[152]的青少年队列研究首

次揭示了 Megamonas 丰度与肥胖、MASLD 呈

正相关，动物粪菌移植实验证实高丰度的

Megamonas 可直接诱导肝脏脂肪沉积和胰岛素

抵抗。Lin 等[153]在肥胖伴 MASLD 儿童中发现

懒惰脱硫弧菌(Desulfovibrio piger)的丰度显著增

加，这支持了 Desulfovibrio 在 MASLD 发病中

的诱发作用。此外，食物中含硫成分可促进硫代

谢菌的增殖(如 Desulfovibrio)，增加 MASLD 的

患病风险[154]。

4.3　特征肠菌与心血管疾病

菌群-胆汁酸-胆固醇轴是调控血脂稳态的核

心。Erysipelotrichaceae 可能激活炎症通路加剧

血管内皮功能障碍，从而导致冠状动脉微血管

重塑障碍和心肌灌注不足[155]。Wang 等[156]的观

察性研究和孟德尔随机化分析显示，Desulfovibrio

丰度升高与心血管疾病风险增加呈正相关，尤

其是其硫酸盐还原活性可能影响脂代谢、降低

APoA1/ApoB 比 例 ， 促 进 动 脉 粥 样 硬化。

Fujihara 等[157] 病 例 报 告 发 现 ， Desulfovibrio 

desulfuricans 可导致感染性动脉瘤，提示该菌可

能通过直接感染血管组织参与心血管疾病的发

生。此外，Desulfovibrio 具有与生物膜形成的特

性，可能加剧血管内皮的损伤[158]。Akkermansia 

mucinphilia 通过调节色氨酸代谢产物(吲哚-3-丙

酸 )激活心脏核受体调控的能量代谢信号通

路，从而改善线粒体功能，对心血管损伤具

有保护作用[159]。寒冷暴露会降低 Akkermansia 

mucinphilia 丰度，增加心房纤颤易感性，补充

Akkermansia mucinphilia 可调节肠道菌群-代谢物

网络，降低冷诱导的心房纤颤风险[160]。
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4.4　特征肠菌与高血压

特征肠菌可通过菌群-代谢物-宿主轴参与血

压调控[161-165]。近年来，多项研究揭示了特定肠

道细菌与高血压发生发展之间的潜在联系。对

于抑制肥胖的特征肠菌，Akkermansia muciniphila

和 Bifidobacterium 的丰度增加与血压下降显著

相关，其作用机制可能涉及抗炎途径(减少 LPS

和三甲基胺氧化物(trimethylamine oxide, TMAO)

等促炎物质)及 SCFAs 等代谢产物调节的代谢和

免 疫 应 答[161-162]。 Fan 等[163] 动 物 实 验 表 明

Desulfovibrio 丰度水平与收缩压呈负相关，可能

通过硫酸盐还原代谢影响肠道 H2S 水平，而

H2S 具有血管舒张作用，但其具体机制仍需进一

步研究。值得注意的是，虽缺乏直接证据证明

Bacteroides thetaiotaomicron 能改善高血压，但

作为拟杆菌属的一员，其潜在作用可能涉及胆

汁酸代谢等途径。作为益生菌，Lactobacillus 

rhamnosus 能通过产生 SCFAs 激活 GPR41/43 等

受体，抑制肾素分泌或调节免疫反应，从而发

挥降血压作用[164-165]。

4.5　特征肠菌与疾病预测

近年来，大量重磅研究正在构建肠道菌群

与疾病谱之间的映射模型，有望实现重大疾病

的早期预测。常规方法中单独使用微生物类群

预测健康结局的效果有限，整合表型变量后能

显著提升预测能力[166]。尤其是采用机器学习技

术可更高效地处理肠道菌群的高度变异性，识

别肥胖的总体特征[167]。 Jian 等、Vals-delgado

等[168-169]研究表明，肠道菌群基线特征可解释约

25% 的体脂变化，提示其具有预测体脂波动的

潜力。Nychas 等[170]基于 1 206 例中国人群的多

组 学 分 析 表 明 ， 肠 道 菌 群 特 征 (Prevotella/

Bacteroides 属比例)对 MASLD、肥胖和 T2DM

的预测准确率达 80% 以上。丁酸盐合成通路基

因的缺失被认为是代谢紊乱的早期预警指标[136]。

冠心病患者中肠道菌群组成联合传统生物标志

物能更早预测 T2DM 发病风险。浙江大学倪艳

教授构建了首个专注于肥胖相关代谢疾病(肥胖、

T2DM、MASLD)的肠道微生物分析网络服务器

(Web Server)，整合标准化分析、跨数据集验证

和创新评分系统，显著提升了微生物标志物的

可靠性和可重复性，有望为机制研究、临床诊

断及干预策略开发提供高效工具[171]。

5　总结与展望　总结与展望

近年来，肠道菌群与肥胖的互作机制研究

取得了突破性进展。靶向肠道菌群被认为是防

治疾病的重要策略，通过促进益生菌增长、遏

制有害菌增殖、整体替换肠道菌群的思路不断

凸显肠道菌群在生物医学中的重要地位。综上

所述，作者所在团队提出“肥胖疾病的肠菌演变

假说”，认为肥胖诱导其他不同疾病的发生概率

与肠道菌群的差异息息相关，以肥胖为基础的

特 征 肠 菌 包 括 Desulfovibrio、 Megamonas、

Erysipelotrichaceae 等 条 件 致 病 菌 和

Lactobacillus、 Bifidobacterium、 Akkermansia 

muciniphila、Bacteroides thetaiotaomicron 等益生

菌。在此基础上，部分有益菌或条件致病菌丰

度持续偏离，会分化衍生不同疾病，一部分向

糖尿病演变，一部分向代谢功能障碍相关脂肪性

肝病发展，另外还有可能进展为心血管疾病或高

血压疾病。如 Akkermansia 益生菌缺乏程度与糖

尿病进展呈高度负相关，而 Megamonas 的高丰度

与 MASLD 呈正相关。Erysipelotrichaceae 等菌

组成与心血管疾病指向性较强。上述结论仍有

待于深入的多组学研究验证。

未来，肥胖特征肠菌的丰度变化或将成为

重大疾病的早期诊断指标，识别关键肠菌对于

疾病的早期诊断具有重要意义，有望实现肥胖

及相关代谢疾病的早期预警和精准诊断，以便

在疾病尚未表现出明显症状时及时采取干预措

施。此外，基于肠道菌群的诊断方法还可能为

个性化和精准治疗方案的制定提供依据，以提

高临床疗效。

125



 actamicro@im.ac.cn,  010-64807516

LIU Wenping et al. || Acta Microbiologica Sinica, 2026, 66(1)

作者贡献声明

刘雯萍：资料收集、图表制作、初稿写作；郑军

平：数据管理、方案设计、经费支持、稿件润色修

改；刘洪涛：监督指导、经费支持、稿件润色修改。

作者利益冲突公开声明

作者声明不存在任何可能会影响本文所报告工作

的已知经济利益或个人关系。

参考文献

[1] PAN XF, WANG LM, PAN A. Epidemiology and 
determinants of obesity in China[J]. The Lancet Diabetes 
& Endocrinology, 2021, 9(6): 373-392.

[2] TURNBAUGH PJ, LEY RE, MAHOWALD MA, 
MAGRINI V, MARDIS ER, GORDON JI. An obesity-
associated gut microbiome with increased capacity for 
energy harvest[J]. Nature, 2006, 444(7122): 1027-1031.

[3] LI YN, ZHENG JP, WANG Y, YANG HB, CAO L, GAN 
SY, MA J, LIU HT. Immuno-stimulatory activity of 
Astragalus polysaccharides in cyclophosphamide-
induced immunosuppressed mice by regulating gut 
microbiota[J]. International Journal of Biological 
Macromolecules, 2023, 242: 124789.

[4] HU BF, YE C, LEUNG EL, ZHU L, HU HM, ZHANG 
ZG, ZHENG JP, LIU HT. Bletilla striata oligosaccharides 
improve metabolic syndrome through modulation of gut 
microbiota and intestinal metabolites in high fat diet-fed 
mice[J]. Pharmacological Research, 2020, 159: 104942.

[5] 刘洪涛 . 肠道微生物与生命健康[M]. 北京: 电子工业出
版社, 2022.
LIU HT. Intestinal microorganisms and life health[M]. 
Beijing: Publishing House of Electronics Industry, 2022 
(in Chinese).

[6] LINGVAY I, COHEN RV, Le ROUX CW, SUMITHRAN 
P. Obesity in adults[J]. The Lancet, 2024, 404(10456): 
972-987.

[7] HEALIO. More than half of US adults have obesity under 
new Lancet report criteria [EB/OL]. Healio. [2025-11-17]. 
https://www. healio. com/news/endocrinology/20251117/
more-than-half-of-us-adults-have-obesity-under-new-
lancet-report-criteria.

[8] GBD 2021 Adult BMI Collaborators. Global, regional, 
and national prevalence of adult overweight and obesity, 
1990− 2021, with forecasts to 2050: a forecasting study 
for the Global Burden of Disease Study 2021[J]. The 
Lancet, 2025, 405(10481): 813-838.

[9] SAAD MJA, SANTOS A. The microbiota and evolution 
of obesity[J]. Endocrine Reviews, 2025, 46(2): 300-316.

[10] KAUR Y, de SOUZA RJ, GIBSON WT, MEYRE D. A 
systematic review of genetic syndromes with obesity[J]. 
Obesity Reviews, 2017, 18(6): 603-634.

[11] GUILHERME A, HENRIQUES F, BEDARD AH, 
CZECH MP. Molecular pathways linking adipose 

innervation to insulin action in obesity and diabetes 
mellitus[J]. Nature Reviews Endocrinology, 2019, 15(4): 
207-225.

[12] GAN HW, CERBONE M, DATTANI MT. Appetite- and 
weight-regulating neuroendocrine circuitry in 
hypothalamic obesity[J]. Endocrine Reviews, 2024, 45(3): 
309-342.

[13] TURNER L, WANASINGHE AI, BRUNORI P, 
SANTOSA S. Is adipose tissue inflammation the culprit 
of obesity: ssociated comorbidities[J]. Obesity Reviews, 
2025: e13956.

[14] LIN K, ZHU LX, YANG L. Gut and obesity/metabolic 
disease: focus on microbiota metabolites[J]. MedComm, 
2022, 3(3): e171.

[15] SAEED S, BONNEFOND A, FROGUEL P. Obesity: 
exploring its connection to brain function through genetic 
and genomic perspectives[J]. Molecular Psychiatry, 2024, 
30(2): 651-658.

[16] BUETTNER C, SAKAMOTO K, BUTERA MA. Why do 
some individuals with obesity remain metabolically 
healthy[J]. Trends in Endocrinology & Metabolism, 
2025, 36(1): 1-3.

[17] MAUVAIS-JARVIS F. Sex differences in energy 
metabolism: natural selection, mechanisms and 
consequences[J]. Nature Reviews Nephrology, 2023, 
20(1): 56-69.

[18] STEIN MJ, FISCHER B, BOHMANN P, AHRENS W, 
BERGER K, BRENNER H, GÜNTHER K, HARTH V, 
HEISE JK, KARCH A, KLETT-TAMMEN CJ, KOCH-
GALLENKAMP L, KRIST L, LIEB W, MEINKE-
FRANZE C, MICHELS KB, MIKOLAJCZYK R, 
NIMPTSCH K, OBI N, PETERS A, et al. Differences in 
anthropometric measures based on sex, age, and health 
status: findings from the German national cohort 
(NAKO) [J]. Deutsches Arzteblatt International, 2024, 
121(7): 207-213.

[19] PEDERSEN SB, KRISTENSEN K, HERMANN PA, 
KATZENELLENBOGEN JA, RICHELSEN B. Estrogen 
controls lipolysis by up-regulating α2A-adrenergic 
receptors directly in human adipose tissue through the 
estrogen receptor α. Implications for the female fat 
distribution[J]. The Journal of Clinical Endocrinology & 
Metabolism, 2004, 89(4): 1869-1878.

[20] MITSUHASHI K, SENMARU T, FUKUDA T, 
YAMAZAKI M, SHINOMIYA K, UENO M, 
KINOSHITA S, KITAWAKI J, KATSUYAMA M, 
TSUJIKAWA M, OBAYASHI H, NAKAMURA N, 
FUKUI M. Testosterone stimulates glucose uptake and 
GLUT4 translocation through LKB1/AMPK signaling in 
3T3-L1 adipocytes[J]. Endocrine, 2016, 51(1): 174-184.

[21] MOLDOVAN RA, HIDALGO MR, CASTAÑÉ H, 
JIMÉNEZ-FRANCO A, JOVEN J, BURKS DJ, GALÁN 
A, GARCÍA-GARCÍA F. Landscape of sex differences in 
obesity and type 2 diabetes in subcutaneous adipose 
tissue: a systematic review and meta-analysis of 
transcriptomics studies[J]. Metabolism, 2025, 168: 
156241.

[22] AYESH H, NASSER SA, FERDINAND KC, 
CARRANZA LEON BG. Sex-specific factors 

126



刘雯萍 等 || 微生物学报, 2026, 66(1)

http://journals.im.ac.cn/actamicrocn

influencing obesity in women: bridging the gap between 
science and clinical practice[J]. Circulation Research, 
2025, 136(6): 594-605.

[23] OZMEN F, ŞAHIN TT, DOLGUN A, OZMEN MM. 
Changes in serum ghrelin and resistin levels after sleeve 
gastrectomy versus one anastomosis gastric bypass: 
prospective cohort study[J]. International Journal of 
Surgery, 2024, 110(9): 5434-5443.

[24] ARGENTE J, FAROOQI IS, CHOWEN JA, KÜHNEN P, 
LÓPEZ M, MORSELLI E, GAN HW, SPOUDEAS HA, 
WABITSCH M, TENA-SEMPERE M. Hypothalamic 
obesity: from basic mechanisms to clinical 
perspectives[J]. The Lancet Diabetes & Endocrinology, 
2025, 13(1): 57-68.

[25] SEWAYBRICKER LE, HUANG A, 
CHANDRASEKARAN S, MELHORN SJ, SCHUR EA. 
The significance of hypothalamic inflammation and 
gliosis for the pathogenesis of obesity in humans[J]. 
Endocrine Reviews, 2023, 44(2): 281-296.

[26] O’BRIEN CJO, HABERMAN ER, DOMINGOS AI. A 
tale of three systems: toward a neuroimmunoendocrine 
model of obesity[J]. Annual Review of Cell and 
Developmental Biology, 2021, 37: 549-573.

[27] AJOOLABADY A, LEBEAUPIN C, WU NN, 
KAUFMAN RJ, REN J. ER stress and inflammation 
crosstalk in obesity[J]. Medicinal Research Reviews, 
2023, 43(1): 5-30.

[28] ABDULLAH MY, AlQWAIDI SD, ALSHEHRI AM, ALI 
ALAMRY F, ALAMRI RS, ALSOLBI ZK, 
ALQURASHI BH, ALI ALDANDAN Y, ALRASHIDI 
AM, ALJUMAIE MA. Obesity-induced inflammation 
and its role in the development of insulin resistance[J]. 
Journal of Healthcare Sciences, 2024, 4(10): 448-454.

[29] ZHOU ZY, DENG Y, WEN YL, CHENG YQ, LI KX, 
CHEN HP. Chronic low-grade inflammation is involved 
in TLR4 knockout-induced spontaneous obesity in aged 
mice[J]. Biomedicine & Pharmacotherapy, 2022, 147: 
112637.

[30] CORREALE J, MARRODAN M. Multiple sclerosis and 
obesity: the role of adipokines[J]. Frontiers in 
Immunology, 2022, 13: 1038393.

[31] LUMENG CN, DEYOUNG SM, SALTIEL AR. 
Macrophages block insulin action in adipocytes by 
altering expression of signaling and glucose transport 
proteins[J]. American Journal of Physiology Endocrinology 
and Metabolism, 2007, 292(1): E166-E174.

[32] GASMI A, MUJAWDIYA PK, PIVINA L, DOŞA A, 
SEMENOVA Y, BENAHMED AG, BJØRKLUND G. 
Relationship between gut microbiota, gut 
hyperpermeability and obesity[J]. Current Medicinal 
Chemistry, 2021, 28(4): 827-839.

[33] CANI PD, BIBILONI R, KNAUF C, WAGET A, 
NEYRINCK AM, DELZENNE NM, BURCELIN R. 
Changes in gut microbiota control metabolic 
endotoxemia-induced inflammation in high-fat diet-
induced obesity and diabetes in mice[J]. Diabetes, 2008, 
57(6): 1470-1481.

[34] ALILUEV A, TRITSCHLER S, STERR M, 
OPPENLÄNDER L, HINTERDOBLER J, GREISLE T, 

IRMLER M, BECKERS J, SUN N, WALCH A, 
STEMMER K, KINDT A, KRUMSIEK J, TSCHÖP MH, 
LUECKEN MD, THEIS FJ, LICKERT H, BÖTTCHER 
A. Diet-induced alteration of intestinal stem cell function 
underlies obesity and prediabetes in mice[J]. Nature 
Metabolism, 2021, 3(9): 1202-1216.

[35] YAO ZQ, TCHANG BG, ALBERT M, BLUMENTHAL 
RS, NASIR K, BLAHA MJ. Associations between class 
I, II, or III obesity and health outcomes[J]. NEJM 
Evidence, 2025, 4(4): EVIDoa2400229.

[36] World Obesity Federation. World obesity atlas 2025
[EB/OL]. [2025-07-11]. https://data.worldobesity.org/
publications/cat=23.

[37] MAGKOS F, FRATERRIGO G, YOSHINO J, 
LUECKING C, KIRBACH K, KELLY SC, de LAS 
FUENTES L, HE SB, OKUNADE AL, PATTERSON 
BW, KLEIN S. Effects of moderate and subsequent 
progressive weight loss on metabolic function and 
adipose tissue biology in humans with obesity[J]. Cell 
Metabolism, 2016, 23(4): 591-601.

[38] WONG VW, EKSTEDT M, WONG GL, HAGSTRÖM 
H. Changing epidemiology, global trends and 
implications for outcomes of NAFLD[J]. Journal of 
Hepatology, 2023, 79(3): 842-852.

[39] XI YF, NIU LW, CAO N, BAO H, XU XQ, ZHU H, YAN 
T, ZHANG N, QIAO LY, HAN K, HANG G, WANG 
WR, ZHANG XG. Prevalence of dyslipidemia and 
associated risk factors among adults aged ≥35  years in 
northern China: a cross-sectional study[J]. BMC Public 
Health, 2020, 20(1): 1068.

[40] ALPERT MA, LAVIE CJ, AGRAWAL H, KUMAR A, 
KUMAR SA. Cardiac effects of obesity: 
pathophysiologic, clinical, and prognostic consequences-
a review[J]. Journal of Cardiopulmonary Rehabilitation 
and Prevention, 2016, 36(1): 1-11.

[41] DRONKERS J, van VELDHUISEN DJ, van der MEER 
P, MEEMS LMG. Heart failure and obesity unraveling 
molecular mechanisms of excess adipose tissue[J]. 
Journal of the American College of Cardiology, 2024, 
84(17): 1666-1677.

[42] HARADA T, OBOKATA M. Obesity-related heart failure 
with preserved ejection fraction: pathophysiology, 
diagnosis, and potential therapies[J]. Heart Failure 
Clinics, 2020, 16(3): 357-368.

[43] BORLAUG BA, JENSEN MD, KITZMAN DW, LAM 
CSP, OBOKATA M, RIDER OJ. Obesity and heart 
failure with preserved ejection fraction: new insights and 
pathophysiological targets[J]. Cardiovascular Research, 
2023, 118(18): 3434-3450.

[44] PACKER M, ZILE MR, KRAMER CM, BAUM SJ, 
LITWIN SE, MENON V, GE JB, WEERAKKODY GJ, 
OU Y, BUNCK MC, HURT KC, MURAKAMI M, 
BORLAUG BA, TRIAL STUDY GROUP SUMMTT. 
Tirzepatide for heart failure with preserved ejection 
fraction and obesity[J]. The New England Journal of 
Medicine, 2025, 392(5): 427-437.

[45] HORWICH TB, FONAROW GC, CLARK AL. Obesity 
and the obesity paradox in heart failure[J]. Progress in 
Cardiovascular Diseases, 2018, 61(2): 151-156.

127



 actamicro@im.ac.cn,  010-64807516

LIU Wenping et al. || Acta Microbiologica Sinica, 2026, 66(1)

[46] GBD 2019 Stroke Collaborators. Global, regional, and 
national burden of stroke and its risk factors, 1990-2019: 
a systematic analysis for the Global Burden of Disease 
Study 2019[J]. The Lancet Neurology, 2021, 20(10): 
795-820.

[47] SERAVALLE G, GRASSI G. Obesity and hypertension[J]. 
Pharmacological Research, 2017, 122: 1-7.

[48] HALL JE, DO CARMO JM, Da SILVA AA, WANG Z, 
HALL ME. Obesity-induced hypertension: interaction of 
neurohumoral and renal mechanisms[J]. Circulation 
Research, 2015, 116(6): 991-1006.

[49] STEFAN N, YKI-JARVINEN H, NEUSCHWANDER-
TETRIetri BA. Metabolic dysfunction-associated 
steatotic liver disease: heterogeneous pathomechanisms 
and effectiveness of metabolism-based treatment[J]. The 
Lancet Diabetes & Endocrinology, 2025, 13(2): 134-148.

[50] PATRA D, ROY S, ARORA L, KABEER SW, SINGHS, 
DEY U, BANERJEE D, SINHA A, DASGUPTA S, 
TIKOOK, KUMAR A, PAL D. miR-210-3p promotes 
obesity-induced adipose tissue inflammation and insulin 
resistance by targeting SOCS1-mediated NF-κB pathway[J]. 
Diabetes, 2023, 72(3): 375-388.

[51] UNAMUNO X, GOMEZ -AMBROSI J, RODRIGUEZ 
A, BECERRIL S, FRUHBECK G, CATALAN V. 
Adipose tissue, adipokines, and inflammation[J]. Journal 
of Allergy and clinical immunology, 2005, 115(5): 
911-919.

[52] LUO X, LI Y, YANG P, CHEN Y, WEI L, YU T, XIA J, 
RUAN XZ, ZHAO L, CHEN Y. Obesity induces 
preadipocyte CD36 expression promoting inflammation 
via the disruption of lysosomal calcium homeostasis and 
lysosome function[J]. EBioMedicine, 2020, 56:102797.

[53] YOU L, WANG T, LI W, ZHANG J, ZHENG C, ZHENG 
Y, LI S, SHANG Z, LIN J, WANG F, QIAN Y, ZHOU Z, 
KONG X, GAO Y, SUN X. Xiaozhi formula attenuates 
non-alcoholic fatty liver disease by regulating lipid 
metabolism via activation of AMPK and PPAR 
pathways[J]. Journal of Ethnopharmacology, 2024, 329: 
118165.

[54] CHAND S, TRIPATHI AS, DEWANI AP, SHEIKH 
NWA. Molecular targets for management of diabetes: 
remodelling of white adipose to brown adipose tissue[J]. 
Life Sciences, 2024, 345: 122607.

[55] VEKIC J, STEFANOVIC A, ZELJKOVIC A. Obesity 
and dyslipidemia: a review of current evidence[J]. 
Current Obesity Reports, 2023, 12(3): 207-222.

[56] DeMARCO VG, AROOR AR, SOWERS JR. The 
pathophysiology of hypertension in patients with 
obesity[J]. Nature Reviews Endocrinology, 2014, 10(6): 
364-376.

[57] SHAMS E, KAMALUMPUNDI V, PETERSON J, 
GISMONDI RA, OIGMAN W, de GUSMÃO CORREIA 
ML. Highlights of mechanisms and treatment of obesity-
related hypertension[J]. Journal of Human Hypertension, 
2022, 36(9): 785-793.

[58] HE Q, GAO Y, JIE ZY, YU XL, LAURSEN JM, XIAO 
L, LI Y, LI LL, ZHANG FM, FENG Q, LI XP, YU JH, 
LIU C, LAN P, YAN T, LIU X, XU X, YANG HM, 
WANG J, MADSEN L, et al. Two distinct 

metacommunities characterize the gut microbiota in 
Crohn’s disease patients[J]. GigaScience, 2017, 6(7): 
1-11.

[59] Van HUL M, CANI PD. The gut microbiota in obesity 
and weight management: microbes as friends or foe[J]. 
Nature Reviews Endocrinology, 2023, 19(5): 258-271.

[60] MATSON V, GAJEWSKI TF. Dietary modulation of the 
gut microbiome as an immunoregulatory intervention[J]. 
Cancer Cell, 2022, 40(3): 246-248.

[61] LOH JS, MAK WQ, TAN LKS, NG CX, CHAN HH, 
YEOW SH, FOO JB, ONG YS, HOW CW, KHAW KY. 
Microbiota-gut-brain axis and its therapeutic applications 
in neurodegenerative diseases[J]. Signal Transduction 
and Targeted Therapy, 2024, 9: 37.

[62] CABALLERO-FLORES G, PICKARD JM, NÚÑEZ G. 
Microbiota-mediated colonization resistance: 
mechanisms and regulation[J]. Nature Reviews 
Microbiology, 2022, 21(6): 347-360.

[63] TREMAROLI V, BÄCKHED F. Functional interactions 
between the gut microbiota and host metabolism[J]. 
Nature, 2012, 489(7415): 242-249.

[64] GARRETT WS, GORDON JI, GLIMCHER LH. 
Homeostasis and inflammation in the intestine[J]. Cell, 
2010, 140(6): 859-870.

[65] BÄCKHED F, LEY RE, SONNENBURG JL, 
PETERSON DA, GORDON JI. Host-bacterial mutualism 
in the human intestine[J]. Science, 2005, 307(5717): 
1915-1920.

[66] LEY RE, TURNBAUGH PJ, KLEIN S, GORDON JI. 
Microbial ecology: human gut microbes associated with 
obesity[J]. Nature, 2006, 444(7122): 1022-1023.

[67] CHO I, YAMANISHI S, COX L, METHÉ BA, 
ZAVADIL J, LI K, GAO Z, MAHANA D, RAJU K, 
TEITLER I, LI HL, ALEKSEYENKO AV, BLASER MJ. 
Antibiotics in early life alter the murine colonic 
microbiome and adiposity[J]. Nature, 2012, 488(7413): 
621-626.

[68] GAO XF, ZHANG MR, XUE JM, HUANG JD, 
ZHUANG RH, ZHOU XL, ZHANG HY, FU Q, HAO Y. 
Body mass index differences in the gut microbiota are 
gender specific[J]. Frontiers in Microbiology, 2018, 9: 
1250.

[69] COTILLARD A, KENNEDY SP, KONG LC, PRIFTI E, 
PONS N, le CHATELIER E, ALMEIDA M, QUINQUIS 
B, LEVENEZ F, GALLERON N, GOUGIS S, 
RIZKALLA S, BATTO JM, RENAULT P, DORÉ J, 
ZUCKER JD, CLÉMENT K, EHRLICH SD. Dietary 
intervention impact on gut microbial gene richness[J]. 
Nature, 2013, 500(7464): 585-588.

[70] WANG XJ, LU CR, LI X, YE PP, MA J, CHEN XC. 
Exploring causal effects of gut microbiota and 
metabolites on body fat percentage using two-sample 
Mendelian randomization[J]. Diabetes, Obesity and 
Metabolism, 2024, 26(9): 3541-3551.

[71] XU Q, ZHANG SS, WANG RR, WENG YJ, CUI X, WEI 
XT, NI JJ, REN HG, ZHANG L, PEI YF. Mendelian 
randomization analysis reveals causal effects of the 
human gut microbiota on abdominal obesity[J]. The 
Journal of Nutrition, 2021, 151(6): 1401-1406.

128



刘雯萍 等 || 微生物学报, 2026, 66(1)

http://journals.im.ac.cn/actamicrocn

[72] LI Q, GAO JW, LUO JS, LIN DH, WU XR. Mendelian 
randomization analyses support causal relationship 
between gut microbiota and childhood obesity[J]. 
Frontiers in Pediatrics, 2023, 11: 1229236.

[73] WILSON BC, VATANEN T, JAYASINGHE TN, LEONG 
KSW, DERRAIK JGB, ALBERT BB, CHIAVAROLI V, 
SVIRSKIS DM, BECK KL, CONLON CA, JIANG YN, 
SCHIERDING W, HOLLAND DJ, CUTFIELD WS, O’
SULLIVAN JM. Strain engraftment competition and 
functional augmentation in a multi-donor fecal 
microbiota transplantation trial for obesity[J]. 
Microbiome, 2021, 9(1): 107.

[74] BEN OTHMAN R, BEN AMOR N, MAHJOUB F, 
BERRICHE O, EL GHALI C, GAMOUDI A, 
JAMOUSSI H. A clinical trial about effects of prebiotic 
and probiotic supplementation on weight loss, 
psychological profile and metabolic parameters in obese 
subjects[J]. Endocrinology, Diabetes & Metabolism, 
2023, 6(2): e402.

[75] ZHANG YF, LIU RX, CHEN YF, CAO ZW, LIU C, 
BAO RQ, WANG YF, HUANG S, PAN SJ, QIN L, 
WANG JQ, NING G, WANG WQ. Akkermansia 
muciniphila supplementation in patients with overweight/
obese type 2 diabetes: efficacy depends on its baseline 
levels in the gut[J]. Cell Metabolism, 2025, 37(3): 
592-605.e6.

[76] YATSUNENKO T, REY FE, MANARY MJ, TREHAN I, 
DOMINGUEZ-BELLO MG, CONTRERAS M, 
MAGRIS M, HIDALGO G, BALDASSANO RN, 
ANOKHIN AP, HEATH AC, WARNER B, REEDER J, 
KUCZYNSKI J, CAPORASO JG, LOZUPONE CA, 
LAUBER C, CLEMENTE JC, KNIGHTS D, KNIGHT 
R, et al. Human gut microbiome viewed across age and 
geography[J]. Nature, 2012, 486(7402): 222-227.

[77] KIMURA I, OZAWA K, INOUE D, IMAMUR T, 
KIMURA, MAEDA T, TERASAWA K, KASHIHARA 
D, HIRANO K, TANI T, TAKAHASHI T, MIYAUCHI S, 
SHIOI G, INOUE H, TSUJIMOTO G. The gut 
microbiota suppresses insulin-mediated fat accumulation 
via the short-chain fatty acid receptor GPR43[J]. Nature 
Communications, 2013, 4: 1829.

[78] ZHU R, GU SJ, TAO Y, ZHANG Y. Butyrate confers 
colorectal cancer cell resistance to anti-PD-1 therapy by 
promoting CPT1A-mediated fatty acid oxidation[J]. 
Discover Oncology, 2025, 16(1): 935.

[79] CHIANG JY, PATHAK P, LIU HL, DONEPUDI A, 
FERRELL J, BOEHME S. Intestinal farnesoid X receptor 
and takeda G protein couple receptor 5 signaling in 
metabolic regulation[J]. Digestive Diseases, 2017, 35(3): 
241-245.

[80] MUDALIAR S, HENRY RR, SANYAL AJ, MORROW 
L, MARSCHALL H, KIPNES M, ADORINI L, 
SCIACCA CI, CLOPTON P, CASTELLOE E, DILLON 
P, PRUZANSKI M, SHAPIRO D. Efficacy and safety of 
the farnesoid X receptor agonist obeticholic acid in 
patients with type 2 diabetes and nonalcoholic fatty liver 
disease[J]. Gastroenterology, 2013, 145(3): 574-582.e1.

[81] YOU MM, CHEN N, YANG YY, CHENG LJ, HE HZ, 
CAI YH, LIU YT, LIU HY, HONG GL. The gut 

microbiota-brain axis in neurological disorders[J]. 
MedComm, 2024, 5(8): e656.

[82] ZHANG QH, LIU Y, LI YH, BAI GD, PANG JM, WU 
MM, LI JW, ZHAO X, XIA YY. Implications of gut 
microbiota-mediated epigenetic modifications in 
intestinal diseases[J]. Gut Microbes, 2025, 17(1): 
2508426.

[83] GAO YN, LIANG ZH, MAO BY, ZHENG XD, SHAN 
JJ, JIN CY, LIU SJ, KOLLIPUTI N, CHEN YG, XU F, 
SHI LY. Gut microbial GABAergic signaling improves 
stress-associated innate immunity to respiratory viral 
infection[J]. Journal of Advanced Research, 2024, 60: 
41-56.

[84] GATES LA, REIS BS, LUND PJ, PAUL MR, LEBOEUF 
M, DJOMO AM, NADEEM Z, LOPES M, VITORINO 
FN, UNLU G, CARROLL TS, BIRSOY K, GARCIA 
BA, MUCIDA D, ALLIS CD. Histone butyrylation in the 
mouse intestine is mediated by the microbiota and 
associated with regulation of gene expression[J]. Nature 
Metabolism, 2024, 6(4): 697-707.

[85] YANG M, ZHENG XQ, FAN JJ, CHENG W, YAN TM, 
LAI YS, ZHANG NP, LU Y, QI JL, HUO ZY, XU ZH, 
HUANG J, JIAO YT, LIU BD, PANG R, ZHONG X, 
HUANG S, LUO GZ, LEE G, JOBIN C, et al. Antibiotic-
induced gut microbiota dysbiosis modulates host 
transcriptome and m6A epitranscriptome via bile acid 
metabolism[J]. Advanced Science, 2024, 11(28): 
e2307981.

[86] CHEN BT, BAI Y, TONG FL, YAN JL, ZHANG R, 
ZHONG YW, TAN HW, MA XL. Glycoursodeoxycholic 
acid regulates bile acids level and alters gut microbiota 
and glycolipid metabolism to attenuate diabetes[J]. Gut 
Microbes, 2023, 15(1): 2192155.

[87] ROBINSON JM, WISSEL EF, BREED MF. Policy 
implications of the microbiota-gut-brain axis[J]. Trends 
in Microbiology, 2024, 32(2): 107-110.

[88] DOUGLASS JD, NESS KM, VALDEARCOS M, WYSE-
JACKSON A, DORFMAN MD, FREY JM, FASNACHT 
RD, SANTIAGO OD, NIRAULA A, BANERJEE J, 
ROBBlEE M, KOLIWAD SK, THALER JP. Obesity-
associated microglial inflammatory activation 
paradoxically improves glucose tolerance[J]. Cell 
Metabolism, 2023, 35(9): 1613-1629.e8.

[89] OMENETTI S, PIZARRO TT. The Treg/Th17 axis: a 
dynamic balance regulated by the gut microbiome[J]. 
Frontiers in immunology, 2015, 6: 639.

[90] JOYCE SA, SHANAHAN F, HILL C, GAHAN CGM. 
Bacterial bile salt hydrolase in host metabolism: potential 
for influencing gastrointestinal microbe-host crosstalk[J]. 
Gut Microbes, 2014, 5(5): 669-674.

[91] HUANG YM, CAO JL, ZHU MP, WANG ZW, JIN Z, 
XIONG ZF. Bacteroides fragilis aggravates high-fat diet-
induced non-alcoholic fatty liver disease by regulating 
lipid metabolism and remodeling gut microbiota[J]. 
Microbiology Spectrum, 2024, 12(4): e0339323.

[92] CHEN JL, XIAO YH, LI DM, ZHANG SQ, WU YZ, 
ZHANG Q, BAI WB. New insights into the mechanisms 
of high-fat diet mediated gut microbiota in chronic 
diseases[J]. iMeta, 2023, 2(1): e69.

129



 actamicro@im.ac.cn,  010-64807516

LIU Wenping et al. || Acta Microbiologica Sinica, 2026, 66(1)

[93] QI QQ, ZHANG HJ, JIN ZY, WANG CC, XIA MY, 
CHEN B, LV BM, PERES DIAZ L, LI X, FENG R, QIU 
MD, LI Y, MESEGUER D, ZHENG XJ, WANG W, 
SONG W, HUANG H, WU H, CHEN L, 
SCHNEEBERGER M, et al. Hydrogen sulfide produced 
by the gut microbiota impairs host metabolism via 
reducing GLP-1 levels in male mice[J]. Nature 
Metabolism, 2024, 6(8): 1601-1615.

[94] WU C, YANG FM, ZHONG HZ, HONG J, LIN HB, 
ZONG MX, REN HH, ZHAO SQ, CHEN YF, SHI Z, 
WANG XY, SHEN J, WANG QL, NI MS, CHEN BR, 
CAI ZL, ZHANG MC, CAO ZW, WU K, GAO AB, et al. 
Obesity-enriched gut microbe degrades myo-inositol and 
promotes lipid absorption[J]. Cell Host & Microbe, 2024, 
32(8): 1301-1314.e9.

[95] SUN Y, LI D, ZHAO L, LIU X, GUAN K, MA Y, WANG 
R, LI Q. PYY-mediated appetite control and obesity 
alleviation through short-chain fatty acid-driven gut-brain 
axis modulation by Lacticaseibacillus rhamnosus HF01 
isolated from Qula[J]. Journal of Dairy Science, 2025, 
108(8): 7960-7978

[96] GAVZY SJ, KENSISKI A, LEE ZL, MONGODIN EF, 
MA B, BROMBERG JS. Bifidobacterium mechanisms of 
immune modulation and tolerance[J]. Gut Microbes, 
2023, 15(2): 2291164.

[97] CHELAKKOT C, CHOI Y, KIM DK, PARK HT, GHIM 
J, KWON Y, JEON J, KIM MS, JEE YK, GHO YS, 
PARK HS, KIM YK, RYU SH. Akkermansia muciniphila-
derived extracellular vesicles influence gut permeability 
through the regulation of tight junctions[J]. 
Experimental & Molecular Medicine, 2018, 50(2): e450.

[98] WANG JC, XU WJ, WANG RJ, CHENG RR, TANG ZQ, 
ZHANG M. The outer membrane protein Amuc_1100 of 
Akkermansia muciniphila promotes intestinal 5-HT 
biosynthesis and extracellular availability through TLR2 
signalling[J]. Food & Function, 2021, 12(8): 3597-3610.

[99] LEE J, WELLENSTEIN K, KAHN BB. 1405-P: 
Bacteroides thetaiotaomicron fortifies the gut mucosa 
and improves host metabolism in dietary obese mice[J]. 
Diabetes, 2022, 71(Supplement_1): 1405-140P.

[100]SUN LL, ZHANG Y, CAI J, RIMAL B, ROCHA ER, 
COLEMAN JP, ZHANG CR, NICHOLS RG, LUO YH, 
KIM B, CHEN YZ, KRAUSZ KW, HARRIS CC, 
PATTERSON AD, ZHANG ZP, TAKAHASHI S, 
GONZALEZ FJ. Bile salt hydrolase in non-enterotoxigenic 
Bacteroides potentiates colorectal cancer[J]. Nature 
Communications, 2023, 14: 755.

[101]SOFI MH, WU YX, TICER T, SCHUTT S, BASTIAN D, 
CHOI HJ, TIAN LL, MEALER C, LIU C, 
WESTWATER C, ARMESON KE, ALEKSEYENKO 
AV, YU XZ. A single strain of Bacteroides fragilis 
protects gut integrity and reduces GVHD[J]. JCI Insight, 
2021, 6(3): e136841.

[102]WANG WJ, WANG FJ, LI YH, SHI YW, WANG XY, 
CHEN XY, ZHENG WF, HSING JC, LU Y, WU YS, 
HSING AW, KAN JT, HE W, ZHU SK. Distinct gut 
microbiota profiles in normal weight obesity and their 
association with cardiometabolic diseases: results from 
two independent cohort studies[J]. Journal of Cachexia, 

Sarcopenia and Muscle, 2025, 16(1): e13644.
[103]ZHAO W, WANG H, ZHENG M, NI Y. Bile salt 

hydrolase: a key player in gut microbiota and its 
implications for metabolic dysfunction-associated 
steatotic liver disease[J]. Microbiome Research Reports, 
2025, 4(3): 28.

[104]CHEN GJ, PENG YJ, HUANG YJ, XIE MH, DAI ZQ, 
CAI HM, DONG W, XU WQ, XIE ZY, CHEN D, FAN 
X, ZHOU WT, KAN XH, YANG TT, CHEN CX, SUN Y, 
ZENG XX, LIU ZH. Fluoride induced leaky gut and 
bloom of Erysipelatoclostridium ramosum mediate the 
exacerbation of obesity in high-fat-diet fed mice[J]. 
Journal of Advanced Research, 2023, 50: 35-54.

[105]CHENG L, WEI Y, Xu L, PENG L, WANG Y, WEI X. 
Gut microbiota differentially mediated by Qingmao Tea 
and Qingzhuan Tea alleviated high-fat-induced obesity 
and associated metabolic disorders: the impact of 
microbial fermentation[J]. Foods, 2022, 11(20): 3210.

[106]FRESCHI ML, KÜNSTNER A, HUBER G, STÖLTING 
I, BUSCH H, HIROSE M, RAASCH W. Increase in body 
weight is lowered when mice received fecal microbiota 
transfer from donor mice treated with the AT1 receptor 
antagonist telmisartan[J]. Frontiers in Pharmacology, 
2024, 15: 1453989.

[107]ZHANG ZL, CHEN HL, LI QW. High-fat diet led to 
testicular inflammation and ferroptosis via dysbiosis of 
gut microbes[J]. International Immunopharmacology, 
2024, 142: 113235.

[108]ZHANG K, QIN X, Qiu J, SUN T, QU K, DIN AU, YAN 
W, LI T, CHEN Y, GU W, RAO X, WANG G. 
Desulfovibrio desulfuricans aggravates atherosclerosis by 
enhancing intestinal permeability and endothelial TLR4/
NF- κB pathway in Apoe-- mice[J]. Genes and Diseases, 
2021, 10(1): 239-253.

[109]ZHOU LX, LU GX, NIE YW, REN YL, SHI JS, XUE 
YZ, XU ZH, GENG Y. Restricted intake of sulfur-
containing amino acids reversed the hepatic injury 
induced by excess Desulfovibrio through gut-liver axis[J]. 
Gut Microbes, 2024, 16(1): 2370634.

[110]RAO XC, SHAO YK, WU H. Fishing for obesity-related 
gut microbiome enterotype[J]. Cell Host & Microbe, 
2024, 32(8): 1209-1211.

[111]KIM G, YOON Y, PARK JH, PARK JW, NOH MG, KIM 
H, PARK C, KWON H, PARK JH, KIM Y, SOHN J, 
PARK S, KIM H, IM SK, KIM Y, CHUNG HY, NAM 
MH, KWON JY, KIM IY, KIM YJ, et al. Bifidobacterial 
carbohydrate/nucleoside metabolism enhances oxidative 
phosphorylation in white adipose tissue to protect against 
diet-induced obesity[J]. Microbiome, 2022, 10(1): 188.

[112]ZHONG WL, WANG H, YANG YL, ZHANG YL, LAI 
HJ, CHENG YL, YU HM, FENG N, HUANG R, LIU S, 
YANG S, HAO TY, ZHANG BY, YING H, ZHANG F, 
GUO FF, ZHAI QW. High-protein diet prevents fat mass 
increase after dieting by counteracting Lactobacillus-
enhanced lipid absorption[J]. Nature Metabolism, 2022, 
4(12): 1713-1731.

[113]WANG T, HAN JJ, DAI HQ, SUN JZ, REN JW, WANG 
WZ, QIAO SS, LIU C, SUN L, LIU SJ, LI DP, WEI SL, 
LIU HW. Polysaccharides from Lyophyllum decastes 

130



刘雯萍 等 || 微生物学报, 2026, 66(1)

http://journals.im.ac.cn/actamicrocn

reduce obesity by altering gut microbiota and increasing 
energy expenditure[J]. Carbohydrate Polymers, 2022, 
295: 119862.

[114]SCHELLEKENS H, TORRES-FUENTES C, van de 
WOUW M, LONG-SMITH CM, MITCHELL A, 
STRAIN C, BERDING K, BASTIAANSSEN TFS, REA 
K, GOLUBEVA AV, ARBOLEYA S, VERPAALEN M, 
PUSCEDDU MM, MURPHY A, FOUHY F, MURPHY 
K, ROSS P, ROY BL, STANTON C, DINAN TG, et al. 
Bifidobacterium longum counters the effects of obesity: 
partial successful translation from rodent to human[J]. 
EBioMedicine, 2021, 63: 103176.

[115]SHELTON CD, SING E, MO J, SHEALY NG, YOO W, 
THOMAS J, FITZ GN, CASTRO PR, HICKMAN TT, 
TORRES TP, FOEGEDING NJ, ZIEBA JK, CALCUTT 
MW, CODREANU SG, SHERROD SD, McLEAN JA, 
PECK SH, YANG F, MARKHAM NO, LIU M, et al. An 
early-life microbiota metabolite protects against obesity 
by regulating intestinal lipid metabolism[J]. Cell Host & 
Microbe, 2023, 31(10): 1604-1619.e10.

[116]YOON Y, KIM G, NOH MG, PARK JH, JANG M, 
FANG S, PARK H. Lactobacillus fermentum promotes 
adipose tissue oxidative phosphorylation to protect 
against diet-induced obesity[J]. Experimental & 
Molecular Medicine, 2020, 52(9): 1574-1586.

[117]DERRIEN M, VAUGHAN EE, PLUGGE CM, DEVOS 
WM. Akkermansia muciniphila gen. nov., sp. nov., a 
human intestinal mucin-degrading bacterium [J]. 
International Journal of Systematic and Evolutionary 
Microbiology. 2004, 54(5): 1469-1476.

[118]EVERARD A, BELZER C, GEURTS L, OUWERKERK 
JP, DRUART C, BINDELS LB, GUIOT Y, DERRIEN M, 
MUCCIOLI GG, DELZENNE NM, de VOS WM, CANI 
PD. Cross-talk between Akkermansia muciniphila and 
intestinal epithelium controls diet-induced obesity[J]. 
Proceedings of the National Academy of Sciences of the 
United States of America, 2013, 110(22): 9066-9071.

[119]ZHOU Q, ZHANG YF, WANG XX, YANG RY, ZHU 
XQ, ZHANG Y, CHEN C, YUAN HP, YANG Z, SUN L. 
Gut bacteria Akkermansia is associated with reduced risk 
of obesity: evidence from the American Gut Project[J]. 
Nutrition & Metabolism, 2020, 17: 90.

[120]XU Y, WANG N, TAN HY, LI S, ZHANG C, FENG YB. 
Function of Akkermansia muciniphila in obesity: 
interactions with lipid metabolism, immune response and 
gut systems[J]. Frontiers in Microbiology, 2020, 11: 219.

[121]CANI PD, DEPOMMIER C, DERRIEN M, EVERARD 
A, de VOS WM. Akkermansia muciniphila: paradigm for 
next-generation beneficial microorganisms[J]. Nature 
Reviews Gastroenterology & Hepatology, 2022, 19(10): 
625-637.

[122]ASHRAFIAN F, SHAHRIARY A, BEHROUZI A, 
MORADI HR, KESHAVARZ AZIZI RAFTAR S, LARI 
A, HADIFAR S, YAGHOUBFAR R, AHMADI BADI S, 
KHATAMI S, VAZIRI F, SIADAT SD. Akkermansia 
muciniphila-derived extracellular vesicles as a mucosal 
delivery vector for amelioration of obesity in mice[J]. 
Frontiers in Microbiology, 2019, 10: 2155.

[123]CANI PD, KNAUF C. A newly identified protein from 

Akkermansia muciniphila stimulates GLP-1 secretion[J]. 
Cell Metabolism, 2021, 33(6): 1073-1075.

[124]DEPOMMIER C, van HUL M, EVERARD A, 
DELZENNE NM, de VOS WM, CANI PD. Pasteurized 
Akkermansia muciniphila increases whole-body energy 
expenditure and fecal energy excretion in diet-induced 
obese mice[J]. Gut Microbes, 2020, 11(5): 1231-1245.

[125]DU JJ, ZHANG PW, LUO J, SHEN LY, ZHANG SH, 
GU H, HE J, WANG LH, ZHAO X, GAN ML, YANG L, 
NIU LL, ZHAO Y, TANG QZ, TANG GQ, JIANG DM, 
JIANG YZ, LI MZ, JIANG AN, JIN L, et al. Dietary 
betaine prevents obesity through gut microbiota-drived 
microRNA-378a family[J]. Gut Microbes, 2021, 13(1): 
1-19.

[126]ZHANG J, NI YQ, QIAN LL, FANG QC, ZHENG TT, 
ZHANG ML, GAO QM, ZHANG Y, NI JC, HOU XH, 
BAO YQ, KOVATCHEVA-DATCHARY P, XU AM, LI 
HT, PANAGIOTOU G, JIA WP. Decreased abundance of 
Akkermansia muciniphila leads to the impairment of 
insulin secretion and glucose homeostasis in lean type 2 
diabetes[J]. Advanced Science, 2021, 8(16): e2100536.

[127]HU XW, XIA K, DAI MH, HAN XF, YUAN P, LIU J, 
LIU SW, JIA FH, CHEN JY, JIANG FF, YU JY, YANG 
HM, WANG J, XU X, JIN X, KRISTIANSEN K, XIAO 
L, CHEN W, HAN M, DUAN SL. Intermittent fasting 
modulates the intestinal microbiota and improves obesity 
and host energy metabolism[J]. NPJ Biofilms and 
Microbiomes, 2023, 9: 19.

[128]WEN XX, FENG XY, XIN F, AN R, HUANG HW, MAO 
LY, LIU P, ZHANG J, HUANG HX, LIU XC, WANG W. 
B. vulgatus ameliorates high-fat diet-induced obesity 
through modulating intestinal serotonin synthesis and 
lipid absorption in mice[J]. Gut Microbes, 2024, 
16(1): 2423040.

[129]WATANABE Y, FUJISAKA S, MORINAGA Y, 
WATANABE S, NAWAZ A, HATTA H, KADO T, 
NISHIMURA A, BILAL M, ASLAM MR, HONDA K, 
NAKAGAWA Y, SOFTIC S, HIRABAYASHI K, 
NAKAGAWA T, NAGAI Y, TOBE K. Isoxanthohumol 
improves obesity and glucose metabolism via inhibiting 
intestinal lipid absorption with a bloom of Akkermansia 
muciniphila in mice[J]. Molecular Metabolism, 2023, 77: 
101797.

[130]LI S, PENG XM, WANG ZB, CHEN CH, LI X, NIE QX, 
HUANG XJ, BIAN SG, YIN JY, CUI SW, TAN HZ, NIE 
SP. Interaction between Bacteroides and HG-type pectins 
with different molecular weights[J]. International Journal 
of Biological Macromolecules, 2025, 308: 142363.

[131]LUO YH, LAN C, REN W, WU AM, YU B, HE J, 
CHEN DW. Bacteroides thetaiotaomicron: a symbiotic 
ally against diarrhea along with modulation of gut 
microbial ecological networks via tryptophan metabolism 
and AHR-Nrf2 signaling[J]. Journal of Advanced 
Research, 2025. DOI: S2090-1232(25)00260-7.

[132]FAN YR, ZHENG TT, LIANG SM, NIU Y, XIAO ZC, 
FAN JP. Metabolic profiling of polysaccharides from 
Leccinum crocipodium (Letellier.) Watliag stem 
fermented by Bacteroides thetaiotaomicron and their 
immunomodulatory effects[J]. International Journal of 

131



 actamicro@im.ac.cn,  010-64807516

LIU Wenping et al. || Acta Microbiologica Sinica, 2026, 66(1)

Biological Macromolecules, 2025, 308(Pt 3): 142026.
[133]LE HH, LEE MT, BESLER KR, COMRIE JMC, 

JOHNSON EL. Characterization of interactions of 
dietary cholesterol with the murine and human gut 
microbiome[J]. Nature Microbiology, 2022, 7(9): 
1390-1403.

[134]QIAO SS, BAO L, WANG K, SUN SS, LIAO MF, LIU 
C, ZHOU N, MA K, ZHANG YW, CHEN YH, LIU SJ, 
LIU HW. Activation of a specific gut Bacteroides-folate-
liver axis benefits for the alleviation of nonalcoholic 
hepatic steatosis[J]. Cell Reports, 2020, 32(6): 108005.

[135]YANG T, HU XH, CAO F, YUN FL, JIA KW, ZHANG 
MX, KONG GH, NIE BY, LIU YX, ZHANG HH, LI XY, 
GAO HY, SHI JT, LIANG GX, HU GH, KASPER DL, 
SONG XY, QIAN YC. Targeting symbionts by 
apolipoprotein L proteins modulates gut immunity[J]. 
Nature, 2025, 643(8070): 210-218.

[136]SINHA AK, LAURSEN MF, BRINCK JE, RYBTKE 
ML, HJØRNE AP, PROCHÁZKOVÁ N, PEDERSEN M, 
ROAGER HM, LICHT TR. Dietary fibre directs 
microbial tryptophan metabolism via metabolic 
interactions in the gut microbiota[J]. Nature 
Microbiology, 2024, 9(8): 1964-1978.

[137]PORTER NT, HRYCKOWIAN AJ, MERRILL BD, 
FUENTES JJ, GARDNER JO, GLOWACKI RWP, 
SINGH S, CRAWFORD RD, SNITKIN ES, 
SONNENBURG JL, MARTENS EC. Phase-variable 
capsular polysaccharides and lipoproteins modify 
bacteriophage susceptibility in Bacteroides 
thetaiotaomicron[J]. Nature Microbiology, 2020, 5(9): 
1170-1181.

[138]WU H, TREMAROLI V, SCHMIDT C, LUNDQVIST A, 
OLSSON LM, KRÄMER M, GUMMESSON A, 
PERKINS R, BERGSTRÖM G, BÄCKHED F. The gut 
microbiota in prediabetes and diabetes: a population-
based cross-sectional study[J]. Cell Metabolism, 2020, 
32(3): 379-390.e3.

[139]WANG G, SI Q, YANG SR, JIAO T, ZHU HY, TIAN PJ, 
WANG LL, LI X, GONG L, ZHAO JX, ZHANG H, 
CHEN W. Lactic acid bacteria reduce diabetes symptoms 
in mice by alleviating gut microbiota dysbiosis and 
inflammation in different manners[J]. Food & Function, 
2020, 11(7): 5898-5914.

[140]HÄNNINEN A, TOIVONEN R, PÖYSTI S, BELZER C, 
PLOVIER H, OUWERKERK JP, EMANI R, CANI PD, 
de VOS WM. Akkermansia muciniphila induces gut 
microbiota remodelling and controls islet autoimmunity 
in NOD mice[J]. Gut, 2018, 67(8): 1445-1453.

[141]ZHENG JP, YUAN XB, CHENG G, JIAO SM, FENG C, 
ZHAO XM, YIN H, DU YG, LIU HT. Chitosan 
oligosaccharides improve the disturbance in glucose 
metabolism and reverse the dysbiosis of gut microbiota in 
diabetic mice[J]. Carbohydrate Polymers, 2018, 190: 
77-86.

[142]ZHENG JP, ZHU L, HU BF, ZOU XJ, HU HM, ZHANG 
ZG, JIANG N, MA J, YANG HB, LIU HT. L-
deoxynojirimycin improves high fat diet-induced 
nonalcoholic steatohepatitis by restoring gut dysbiosis[J]. 
The Journal of Nutritional Biochemistry, 2019, 71: 16-26.

[143]WANG T, LIAO H, LIN JH, ZHANG MK, CHEN BS, 
YIN RP, SUN JZ, DAI HQ, LIU HW. Antidiabetic action 
of the Chinese formula Shouhuitongbian and the 
underlying mechanism associated with alteration of gut 
microbiota[J]. Phytomedicine, 2024, 129: 155575.

[144]SHIH CT, YEH YT, LIN CC, YANG LY, CHIANG CP. 
Akkermansia muciniphila is negatively correlated with 
hemoglobin A1c in refractory diabetes[J]. 
Microorganisms, 2020, 8(9): 1360.

[145]SHINODA A, LKHAGVAJAV T, MISHIMA R, 
THERDTATHA P, JAMIYAN D, PUREVDORJ C, 
SONOMTSEREN S, CHIMEDDORJ B, NAMDAG B, 
LEE YK, DEMBEREL S, NAKAYAMA J. Gut 
microbiome signatures associated with type 2 diabetes in 
obesity in Mongolia[J]. Frontiers in Microbiology, 2024, 
15: 1355396.

[146]CASTELLS-NOBAU A, MORENO-NAVARRETE JM, 
deLa VEGA-CORREA L, PUIG I, FEDERICI M, SUN 
JW, BURCELIN R, GUZYLACK-PIRIOU L, GOURDY 
P, CAZALS L, ARNORIAGA-RODRÍGUEZ M, 
FRÜHBECK G, SEOANE LM, LÓPEZ-MIRANDA J, 
TINAHONES FJ, DIEGUEZ C, DUMAS ME, PÉREZ-
BROCAL V, MOYA A, PERAKAKIS N, et al. 
Multiomics of the intestine-liver-adipose axis in 
multiple studies unveils a consistent link of the gut 
microbiota and the antiviral response with systemic 
glucose metabolism[J]. Gut, 2025, 74(2): 229-245.

[147]CHEN LH, LIU B, REN LX, DU H, FEI CH, QIAN C, 
LI B, ZHANG RX, LIU HX, LI ZJ, MA ZY. High-fiber 
diet ameliorates gut microbiota, serum metabolism and 
emotional mood in type 2 diabetes patients[J]. Frontiers 
in Cellular and Infection Microbiology, 2023, 13: 
1069954.

[148]LONG QC, LUO FM, LI BH, LI ZY, GUO Z, CHEN ZY, 
WU WM, HU M. Gut microbiota and metabolic 
biomarkers in metabolic dysfunction-associated steatotic 
liver disease[J]. Hepatology Communications, 2024, 
8(3): e0310.

[149]LIU C, ZHENG XJ, JI J, ZHU X, LIU XN, LIU H, GUO 
LC, YE K, ZHANG S, XU YJ, SUN XL, ZHOU WB, 
WONG HLX, TIAN YQ, QIAN H. The carotenoid 
torularhodin alleviates NAFLD by promoting 
Akkermanisa muniniphila-mediated adenosylcobalamin 
metabolism[J]. Nature Communications, 2025, 16(1): 
3338.

[150]BAI X, DUAN ZG, DENG JJ, ZHANG Z, FU RZ, ZHU 
CH, FAN DD. Ginsenoside Rh4 inhibits colorectal cancer 
via the modulation of gut microbiota-mediated bile acid 
metabolism[J]. Journal of Advanced Research, 2025, 72: 
37-52.

[151]XERRI NL, PAYNE SM. Bacteroides thetaiotaomicron 
outer membrane vesicles modulate virulence of Shigella 
flexneri[J]. mBio, 2022, 13(5): e0236022.

[152]ZHOU JL, ZHANG Q, ZHAO YZ, ZOU Y, CHEN MX, 
ZHOU SM, WANG ZX. The relationship of Megamonas 
species with nonalcoholic fatty liver disease in children 
and adolescents revealed by metagenomics of gut 
microbiota[J]. Scientific Reports, 2022, 12: 22001.

[153]LIN YC, LIN HF, WU CC, CHEN CL, NI YH. 

132



刘雯萍 等 || 微生物学报, 2026, 66(1)

http://journals.im.ac.cn/actamicrocn

Pathogenic effects of Desulfovibrio in the gut on fatty 
liver in diet-induced obese mice and children with 
obesity[J]. Journal of Gastroenterology, 2022, 57(11): 
913-925.

[154]LIU ZN, HUANG HK, RUAN JQ, WANG ZJ, XU CF. 
The sulfur microbial diet and risk of nonalcoholic fatty 
liver disease: a prospective gene-diet study from the UK 
Biobank[J]. The American Journal of Clinical Nutrition, 
2024, 119(2): 417-424.

[155]YANG ZH, LIU YX, LI ZZ, FENG SL, LIN SS, GE Z, 
FAN YJ, WANG Y, WANG XL, MAO JY. Coronary 
microvascular dysfunction and cardiovascular disease: 
pathogenesis, associations and treatment strategies[J]. 
Biomedicine & Pharmacotherapy, 2023, 164: 115011.

[156]WANG Q, DAI HJ, HOU T, HOU YN, WANG TG, LIN 
H, ZHAO ZY, LI M, ZHENG RZ, WANG SY, LU JL, 
XU Y, LIU RX, NING G, WANG WQ, BI YF, ZHENG J, 
XU M. Dissecting causal relationships between gut 
microbiota, blood metabolites, and stroke: a mendelian 
randomization study[J]. Journal of Stroke, 2023, 25(3): 
350-360.

[157]FUJIHARA T, KIMURA K, MATSUO H, SADA RM, 
HAMAGUCHI S, YAMAMOTO G, YAMAKURA T, 
KUTSUNA S. Aneurysm infection caused by 
Desulfovibrio desulfuricans[J]. Emerging Infectious 
Diseases, 2023, 29(8): 1680-1681.

[158]MORENO Y, MORENO-MESONERO L, SOLER P, 
ZORNOZA A, SORIANO A. Influence of drinking water 
biofilm microbiome on water quality: insights from a real-
scale distribution system[J]. Science of the Total 
Environment, 2024, 921: 171086.

[159]LIN H, SHAO X, GU HD, YU XR, HE LY, ZHOU JD, 
ZHONG ZQ, GUO ST, LI D, CHEN F, SONG YF, XU 
LL, WANG P, MENG LP, CHI JF, LIAN JF. Akkermansia 
muciniphila ameliorates doxorubicin-induced cardiotoxicity 
by regulating PPARα -dependent mitochondrial biogenesis[J]. 
NPJ Biofilms and Microbiomes, 2025, 11: 86.

[160]LUO YC, ZHANG Y, HAN XJ, YUAN Y, ZHOU Y, 
GAO YL, YU H, ZHANG JW, SHI YY, DUAN Y, ZHAO 
XB, YAN S, HAO HT, DAI CG, ZHAO SQ, SHI J, LI 
WP, ZHANG S, XU W, FANG N, et al. Akkermansia 
muciniphila prevents cold-related atrial fibrillation in rats 
by modulation of TMAO induced cardiac pyroptosis[J]. 
eBioMedicine, 2022, 82: 104087.

[161]LAKSHMANAN AP, MURUGESAN S, AL KHODOR 
S, TERRANEGRA A. The potential impact of a 
probiotic: Akkermansia muciniphila in the regulation of 
blood pressure: the current facts and evidence[J]. Journal 
of Translational Medicine, 2022, 20(1): 430.

[162]GÓMEZ-CONTRERAS A, FRANCO- ÁVILA T, MIRÓ 
L, JUAN ME, MORETÓ M, PLANAS JM. Dietary 
intake of table olives exerts antihypertensive effects in 
association with changes in gut microbiota in 
spontaneously hypertensive rats[J]. Food & Function, 
2023, 14(6): 2793-2806.

[163]FAN LY, CHEN JR, ZHANG Q, REN J, CHEN YR, 
YANG JF, WANG L, GUO ZH, BU PL, ZHU BP, ZHAO 

YY, WANG Y, LIU XY, WANG WJ, CHEN ZZ, GAO 
QN, ZHENG LM, CAI J. Fecal microbiota 
transplantation for hypertension: an exploratory, 
multicenter, randomized, blinded, placebo-controlled 
trial[J]. Microbiome, 2025, 13(1): 133.

[164]PRISCO SZ, BLAKE M, KAZMIRCZAK F, MOON R, 
KREMER BP, HARTWECK LM, KIM M, VOGEL N, 
MENDELSON JB, MOUTSOGLOU D, THENAPPAN 
T, PRINS KW. Lactobacillus restructures the micro/
mycobiome to combat inflammation-mediated right 
ventricular dysfunction in pulmonary arterial 
hypertension[J]. Circulation Heart Failure, 2025, 18(7): 
e012524.

[165]DICKS LMT. How important are fatty acids in human 
health and can they be used in treating diseases[J]. Gut 
Microbes, 2024, 16(1): 2420765.

[166]FONSECA DC, MARQUES GOMES Da ROCHA I, 
DEPIERI BALMANT B, CALLADO L, AGUIAR 
PRUDÊNCIO AP, TEPEDINO MARTINS ALVES J, 
TORRINHAS RS, Da ROCHA FERNANDES G, 
LINETZKY WAITZBERG D. Evaluation of gut 
microbiota predictive potential associated with 
phenotypic characteristics to identify multifactorial 
diseases[J]. Gut Microbes, 2024, 16(1): 2297815.

[167]CHANDA D, DE D. Meta-analysis reveals obesity 
associated gut microbial alteration patterns and 
reproducible contributors of functional shift[J]. Gut 
Microbes, 2024, 16(1): 2304900.

[168]JIAN C, SILVESTRE MP, MIDDLETON D, KORPELA 
K, JALO E, BRODERICK D, de VOS WM, 
FOGELHOLM M, TAYLOR MW, RABEN A, POPPITT 
S, SALONEN A. Gut microbiota predicts body fat 
change following a low-energy diet: a preview 
intervention study[J]. Genome Medicine, 2022, 14(1): 54.

[169]VALS-DELGADO C, ALCALA-DIAZ JF, MOLINA-
ABRIL H, RONCERO-RAMOS I, CASPERS MPM, 
SCHUREN FHJ, van den BROEK TJ, LUQUE R, 
PEREZ-MARTINEZ P, KATSIKI N, DELGADO-LISTA 
J, ORDOVAS JM, van OMMEN B, CAMARGO A, 
LOPEZ-MIRANDA J. An altered microbiota pattern 
precedes Type 2 diabetes mellitus development: from the 
CORDIOPREV study[J]. Journal of Advanced Research, 
2022, 35: 99-108.

[170]NYCHAS E, MARFIL-SÁNCHEZ A, CHEN XQ, 
MIRHAKKAK M, LI HT, JIA WP, XU AM, NIELSEN 
HB, NIEUWDORP M, LOOMBA R, NI YQ, 
PANAGIOTOU G. Discovery of robust and highly 
specific microbiome signatures of non-alcoholic fatty 
liver disease[J]. Microbiome, 2025, 13(1): 10.

[171]XU CF, HUANG JT, GAO YQ, ZHAO WX, SHEN YQ, 
LUO FH, YU G, ZHU F, NI Y. OBMeta: a 
comprehensive web server to analyze and validate gut 
microbial features and biomarkers for obesity-associated 
metabolic diseases[J]. Bioinformatics, 2023, 39(12): 
btad715.

133


