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[ Abstract]  Type 2 diabetes mellitus (T2DM) is a metabolic disorder characterized by persistent hyperglycemia and insulin
resistance (IR). Emerging evidence indicates that gut microbiota dysbiosis is closely linked to the onset of T2DM and the progression
of IR. This review provides a comprehensive analysis of the intricate interactions between gut microbiota and the metabolic, inflammato-
ry, and immune dysregulation observed in T2DM. It specifically emphasizes the mechanisms through which microbial metabolites mod-
ulate insulin signaling pathways in the context of T2DM. Additionally, the review explores the potential of probiotics as a therapeutic
intervention, focusing on their ability to modulate gut microbiota and its metabolites. This review offers a theoretical framework and rel-
evant literature to support the regulation and treatment of T2DM and its complications via gut microbiota modulation.
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Mechanisms of gut microbial metabolites involved in T2DM development
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Fig.2 Molecular mechanisms of probiotic intervention in T2DM

%% Xk

[1] Sun H, Saeedi P, Karuranga S, et al. Erratum to “IDF
diabetes atlas: global, regional and country-level diabetes
prevalence estimates for 2021 and projections for 2045”
[ Diabetes Res Clin Pract 183 (2022) 109119][J]. Di-
abetes Res Clin Pract, 2023 ,204 :110945.

[2] LiY, JinY, Zhang J, et al. Recovery of human gut mi-
crobiota genomes with third-generation sequencing [ J].
Cell Death Dis, 2021,12(6) :569.

[3] Knudsen J K, Leutscher P, Sgrensen S. Gut microbiota
in bone health and diabetes[ J]. Curr Osteoporos Rep,
2021,19(4) 462 —479.

[4] Rowland I, Gibson G, Heinken A, et al. Gut microbiota
functions : metabolism of nutrients and other food compo-
nents[ J]. Eur J Nutr, 2018 ,57(1) :1 —24.

[5] HegdeS, Lin Y M, Golovko G, et al. Microbiota dysbio-
sis and its pathophysiological significance in bowel ob-
struction[ J]. Sci Rep, 2018,8(1) :13044.

[6] Gurung M, LiZ, You H, et al. Role of gut microbiota in
type 2 diabetes pathophysiology [ J ]. EBioMedicine,
2020,51:102590.

[7] Zhu T, Goodarzi M O. Metabolites linking the gut micro-
biome with risk for type 2 diabetes[ J]. Curr Nutr Rep,
2020,9(2) :83 -93.

[8] [Larsen N, Vogensen F K, van den Berg F W, et al. Gut
microbiota in human adults with type 2 diabetes differs
from non-diabetic adults [ J ]. PLoS One, 2010, 5
(2) :e9085.

[9] QinJ, Li Y, Cai Z, et al. A metagenome-wide associa-
tion study of gut microbiota in type 2 diabetes[ J]. Na-
ture, 2012 ,490(7418) ;55 — 60.

[10] Chen P C, Chien Y W, Yang S C. The alteration of gut
microbiota in newly diagnosed type 2 diabetic patients
[J]. Nutrition, 2019 ,63 —64:51 —56.

[11] Roager H M, Vogt J K, Kristensen M, et al. Whole
grain-rich diet reduces body weight and systemic low-
grade inflammation without inducing major changes of the
gut microbiome: a randomised cross-over trial[ J]. Gut,

2019,68(1) :83 —93.



— 646 —

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

EPREAELE R 2024 4F 11 A 5545 B55 6

Int J Geriatr, November 2024, Vol. 45 No. 6

Wang D, Liu J, Zhou L, et al. Effects of oral glucose-
lowering agents on gut microbiota and microbial metabo-
lites [ J ]. Front Endocrinol ( Lausanne ), 2022,
13.905171.

Galicia-Garcia U, Benito-Vicente A, Jebari S, et al.
Pathophysiology of type 2 diabetes mellitus[ J]. Int J Mol
Sei, 2020,21(17) :6275.
Masi S, Gkranias N, Li K, et al. Association between
short leukocyte telomere length, endotoxemia, and severe
periodontitis in people with diabetes: a cross-sectional
survey[ J]. Diabetes Care, 2014 ,37(4) 1140 —1147.
Talepoor A G, Rastegari B, Kalani M, et al. Decrease in
the inflammatory cytokines of LPS-stimulated PBMCs of
patients with atherosclerosis by a TLR-4 antagonist in the
co-culture with HUVECs [ J ]. Int Immunopharmacol,
2021,101 (Pt A) :108295.

Camargo A, Jimenez-Lucena R, Alcala-Diaz J F, et al.
Postprandial endotoxemia may influence the development
of type 2 diabetes mellitus: from the CORDIOPREV study
[J]. Clin Nutr, 2019,38(2) :529 —538.

Cox A J, Zhang P, Bowden D W, et al. Increased intes-
tinal permeability as a risk factor for type 2 diabetes[ J].
Diabetes Metab, 2017 ,43(2) :163 — 166.

Jayashree B, Bibin Y S, Prabhu D, et al. Increased cir-
culatory levels of lipopolysaccharide ( LPS) and zonulin
signify novel biomarkers of proinflammation in patients
with type 2 diabetes[ J]. Mol Cell Biochem, 2014 ,388(1 —
2):203 -210.

Baxter N T, Lesniak N A, Sinani H, et al. Erratum for
Baxter et al. , " The glucoamylase inhibitor acarbose has a
diet-dependent and reversible effect on the murine gut mi-
crobiome" [J]. mSphere, 2019, 4(3) .:e00347 —19.
Alexander C, Swanson K S, Fahey G C, et al. Perspec-
tive: physiologic importance of short-chain fatty acids
from nondigestible carbohydrate fermentation [ J]. Adv
Nutr, 2019,10(4) :576 —589.

Zhao L., Zhang F, Ding X, et al. Gut bacteria selectively
promoted by dietary fibers alleviate type 2 diabetes|[ ] ].
Science, 2018,359(6380) :1151 —1156.

Morrison D J, Preston T. Formation of short chain fatty
acids by the gut microbiota and their impact on human
metabolism[ J]. Gut Microbes, 2016,7(3) :189 —200.
Larraufie P, Martin-Gallausiaux C, Lapaque N, et al.
SCFAs strongly stimulate PYY production in human en-
teroendocrine cells[ J]. Sci Rep, 2018,8(1) :74.
Mantovani A, Dalbeni A, Peserico D, et al. Plasma bile
acid profile in patients with and without type 2 diabetes
[J]. Metabolites, 2021 ,11(7) :453.

Chiang J, Ferrell ] M. Bile acids as metabolic regulators and
nutrient sensors[J]. Annu Rev Nutr, 2019,39.175 —200.
Foley M H, O%¥laherty S, Allen G, et al. Lactobacillus
bile salt hydrolase substrate specificity governs bacterial
fitness and host colonization[ J]. Proc Natl Acad Sci U S
A, 2021,118(6) :e2017709118.

Lefebvre P, Cariou B, Lien F, et al. Role of bile acids

X/NFE, A5 WAIE RS 5 A A 2 B DR O 3R A B S0t e

and bile acid receptors in metabolic regulation[ J]. Phys-

iol Rev, 2009,89(1) :147 —191.

[28] Zhu Y, Liu H, Zhang M, et al. Fatty liver diseases, bile

acids, and FXR[J]. Acta Pharm Sin B, 2016,6(5):
409 —412.

[29] Jiao N, Baker S S, Chapa-Rodriguez A, et al. Sup-

pressed hepatic bile acid signalling despite elevated pro-
duction of primary and secondary bile acids in NAFLD
[J]. Gut, 2018,67(10) :1881 —1891.

[30] Fang S, Suh J M, Reilly S M, et al. Intestinal FXR ago-

nism promotes adipose tissue browning and reduces obesi-
ty and insulin resistance[ J]. Nat Med, 2015,21(2):
159 - 165.

[31] van Nierop F S, Scheltema M J, Eggink H M, et al.

Clinical relevance of the bile acid receptor TGRS in me-
tabolism[ J]. Lancet Diabetes Endocrinol, 2017,5(3) .
224 -233.

[32] Zheng X, Chen T, Jiang R, et al. Hyocholic acid spe-

cles improve glucose homeostasis through a distinct TGRS
and FXR signaling mechanism[ J]. Cell Metab, 2021 ,33
(4):791 —803. ¢7.

[33] Pedersen H K, Gudmundsdottir V, Nielsen H B, et al. Hu-

man gut microbes impact host serum metabolome and insulin

sensitivity[ J]. Nature, 2016,535(7612) :376 —381.

[34] Vanweert F, de Ligt M, Hoeks J, et al. Elevated plasma

branched-chain amino acid levels correlate with type 2 di-
abetes-related metabolic disturbances[ J]. J Clin Endo-
crinol Metab, 2021,106(4) :e1827 — el836.

[35] Asghari G, Farhadnejad H, Teymoori F, et al. High di-

etary intake of branched-chain amino acids is associated
with an increased risk of insulin resistance in adults[ J].

J Diabetes, 2018,10(5) :357 —364.

[36] Zhao H, Zhang F, Sun D, et al. Branched-chain amino

acids exacerbate obesity-related hepatic glucose and lipid
metabolic disorders via attenuating Akt2 signaling [ J].

Diabetes, 2020,69(6) :1164 —1177.

[37] Yu D, Richardson N E, Green C L, et al. The adverse

metabolic effects of branched-chain amino acids are medi-
ated by isoleucine and valine[ J]. Cell Metab, 2021,33
(5):905 —922. 6.

[38] Cummings N E, Williams E M, Kasza I, et al. Restora-

tion of metabolic health by decreased consumption of
branched-chain amino acids [ J]. J Physiol, 2018, 596
(4):623 —645.

[39] Roager HM, Licht T R. Microbial tryptophan catabolites in

health and disease[ J]. Nat Commun, 2018 ,9(1) :3294.

[40] de Mello V D, Paananen J, Lindstrtém J, et al. In-

dolepropionic acid and novel lipid metabolites are associ-
ated with a lower risk of type 2 diabetes in the Finnish Di-
abetes Prevention Study[ J]. Sci Rep, 2017,7:46337.

[41] Ji Y, Gao Y, Chen H, et al. Indole-3-acetic acid allevi-

ates nonalcoholic fatty liver disease in mice via attenua-
tion of hepatic lipogenesis, and oxidative and inflammato-

ry stress[ J]. Nutrients, 2019,11(9) :2062.

[42] Koh A, Molinaro A, Stdhlman M, et al. Microbially pro-



EFRZEESIGE 2024 4F 11 H 45 4556 Int J Geriatr, November 2024, Vol. 45 No. 6 — 647 —

XS/NFe, S Tl At AR 1A 2 TR OC 2R BT J

duced imidazole propionate impairs insulin signaling through
mTORCI[J]. Cell, 2018,175(4) :947 —961. el7.

[43] Deng Y, Zhou Q, Wu Y, et al. Properties and mecha-
nisms of flavin-dependent monooxygenases and their ap-
plications in natural product synthesis[ J]. Int J Mol Sci,
2022,23(5) :2622.

[44] Zeisel S H, Warrier M. Trimethylamine N-oxide, the mi-
crobiome, and heart and kidney disease[ J]. Annu Rev
Nutr, 2017,37:157 — 181.

[45] Kalagi N A, Thota R N, Stojanovski E, et al. Associa-
tion between plasma trimethylamine N-oxide levels and
type 2 diabetes: a case control study [ J]. Nutrients,
2022,14(10) :2093.

[46] LiSY, Chen S, Lu X T, et al. Serum trimethylamine-
N-oxide is associated with incident type 2 diabetes in
middle-aged and older adults: a prospective cohort study
[J]. J Transl Med, 2022,20(1) :374.

[47] Gao X, Liu X, Xu J, et al. Dietary trimethylamine N-oxide
exacerbates impaired glucose tolerance in mice fed a high fat
diet[ J]. J Biosci Bioeng, 2014,118(4) :476 —481.

[48] Xu N, Wan J, Wang C, et al. Increased serum trimeth-
ylamine N-oxide level in type 2 diabetic patients with mild
cognitive impairment [ J]. Diabetes Metab Syndr Obes,
2022,15:2197 —2205.

[49] Sanders M E, Merenstein D J, Reid G, et al. Probiotics
and prebiotics in intestinal health and disease: from biol-
ogy to the clinic[ J]. Nat Rev Gastroenterol Hepatol,
2019,16(10) :605 - 616.

[50] Sun Z, Sun X, Li J, et al. Using probiotics for type 2 dia-
betes mellitus intervention: advances, questions, and poten-
tial[ J]. Crit Rev Food Sci Nutr, 2020,60(4) :670 —683.

[51] Lee E, Jung SR, Lee S Y, et al. Lactobacillus plantarum
strain Ln4 attenuates diet-induced obesity, insulin resist-
ance, and changes in hepatic mRNA levels associated with
glucose and lipid metabolism [ J ]. Nutrients, 2018, 10
(5) :643.

[52] Manaer T, Yu L, Nabi X H, et al. The beneficial effects
of the composite probiotics from camel milk on glucose
and lipid metabolism, liver and renal function and gut mi-
crobiota in db/db mice[ J]. BMC Complement Med T-
her, 2021,21(1) :127.

[53] Lin Y, Ren Y, Zhang Y, et al. Protective role of nano-
selenium-enriched Bifidobacterium longum in delaying the
onset of streptozotocin-induced diabetes[ J]. R Soc Open
Sci, 2018,5(12) :181156.

[54] Khalili L., Alipour B, Asghari Jafar-Abadi M, et al. The
effects of Lactobacillus casei on glycemic response, serum
sirtuinl and fetuin-A levels in patients with type 2 diabe-
tes mellitus: a randomized controlled trial[ J]. Iran Bi-
omed J, 2019,23(1) :68 —77.

[55] Hsieh M C, Tsai W H, Jheng Y P, et al. Author correc-
tion: the beneficial effects of Lactobacillus reuteri ADR-1
or ADR-3 consumption on type 2 diabetes mellitus: a ran-
domized, double-blinded, placebo-controlled trial [ J].
Sci Rep, 2020,10(1) :3872.

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

Li G, Feng H, Mao X L, et al. The effects of probiotics
supplementation on glycaemic control among adults with
type 2 diabetes mellitus: a systematic review and meta-a-
nalysis of randomized clinical trials[ J]. J Transl Med,
2023,21(1) :442.
Amar J, Chabo C, Waget A, et al. Intestinal mucosal ad-
herence and translocation of commensal bacteria at the early
onset of type 2 diabetes: molecular mechanisms and probiot-
ic treatment[ J]. EMBO Mol Med, 2011,3(9) :559 —572.
Zhang J, Ni Y, Qian L, et al. Decreased abundance of Ak-
kermansia muciniphila leads to the impairment of insulin se-
cretion and glucose homeostasis in lean type 2 diabetes [J].
Adv Sci (Weinh) , 2021, 8(16) : €2100536.
Woldeamlak B, Yirdaw K, Biadgo B. Role of gut micro-
biota in type 2 diabetes mellitus and its complications:
novel insights and potential intervention strategies [ J].
Korean J Gastroenterol, 2019,74(6) :314 —320.
Kim Y A, Keogh J B, Clifton P M. Probiotics, prebiot-
ics, synbiotics and insulin sensitivity[ J]. Nutr Res Rev,
2018,31(1) :35 -51.
Pourrajab B, Fatahi S, Sohouli M H, et al. The effects
of probiotic/synbiotic supplementation compared to place-
bo on biomarkers of oxidative stress in adults: a systemat-
ic review and meta-analysis of randomized controlled trials
[J]. Crit Rev Food Sci Nutr, 2022,62(2) :490 —507.
Alard J, Cudennec B, Boutillier D, et al. Multiple se-
lection criteria for probiotic strains with high potential for
obesity management[ J|. Nutrients, 2021,13(3) .713.
Archer A C, Muthukumar S P, Halami P M. Lactobacil-
lus fermentum MCC2759 and MCC2760 alleviate inflam-
mation and intestinal function in high-fat diet-fed and
streptozotocin-induced diabetic rats[ J|. Probiotics Anti-
microb Proteins, 2021,13(4) :1068 — 1080.
Mueller N T, Zhang M, Juraschek S P, et al. Effects of
high-fiber diets enriched with carbohydrate, protein, or
unsaturated fat on circulating short chain fatty acids: re-
sults from the OmniHeart randomized trial[ J]. Am J Clin
Nutr, 2020,111(3) ;545 —554.
Wu T, Zhang Y, Li W, et al. Lactobacillus rhamnosus
LRa05 ameliorate hyperglycemia through a regulating glu-
cagon-mediated signaling pathway and gut microbiota in
type 2 diabetic mice[ J]. J Agric Food Chem, 2021 ,69
(31) :8797 —8806.
Ashraf R, Shah N P. Immune system stimulation by pro-
biotic microorganisms [ J ]. Crit Rev Food Sci Nutr,
2014, 54(7) :938 —956.
Plaza-Diaz J, Gomez-Llorente C, Fontana L., et al. Mod-
ulation of immunity and inflammatory gene expression in
the gut, in inflammatory diseases of the gut and in the liv-
er by probiotics [ J]. World J Gastroenterol, 2014, 20
(42) :15632 - 15649.
Kang H J, Im S H. Probiotics as an immune modulator
[J]. J Nutr Sci Vitaminol ( Tokyo), 2015, 61 Suppl:
S103 - 105.

(2024 —08 —07 Weki)



