Biomedical Research Bulletin. 2025;3(1):44-50
doi: 10.34172/biomedrb.9065 @

Review Article

CrossMark

«dlick for updates

http://biomedrb.com

Possible Roles of Gut Microbiota in Maternal Transmission of
Type-2 Diabetes Mellitus

Hamid Tayebi Khosroshahi' =, Alireza Mardomi?’

'Kidney Research Center, Tabriz University of Medical Sciences, Tabriz, Iran
2Immunology Research Center, Tabriz University of Medical Sciences, Tabriz, Iran

Abstract

Type 2 diabetes mellitus (T2DM) is one of the most prevalent metabolic disorders, associated
with significant mortality and reduced quality of life. The incidence of T2DM has increased
rapidly in recent decades, especially in developing countries. T2DM is a multifactorial disease
influenced by genetics, epigenetics, and environmental factors. One intriguing feature of T”2DM
is its familial aggregation and excess maternal transmission of disease from affected mothers to
their offspring. However, genetic and epigenetic mechanisms alone do not fully explain this
relatively high rate of maternal transmission. The gut microbiome has been shown to exert
com significant effects on glucose metabolism, body fat content, and insulin resistance. Moreover,
the gut flora is partially acquired from the mother, either during pregnancy or after birth.
Although the gut flora changes rapidly in response to environmental factors, a signature of the
maternal microbiota can be traced in the offspring. Thus, a similar microbiome within a semi-
haploidentical genetic context may increase susceptibility to T2DM in offspring. This study
discussed current evidence on the importance of gut flora in the pathophysiology of T2DM and
explored potential mechanisms of action.
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Introduction

Diabetes mellitus is one of the leading causes of
mortality related to non-communicable diseases
worldwide.! Type 2 diabetes mellitus (T2DM) accounts
for approximately 90% of all diabetes cases.>® The global
morbidity of T2DM has doubled over the last decades,
and its incidence is estimated to rise to 366-439 million
cases by 2030, constituting 7.7% of the world’s adult
population aged 20-79 years.>*® Aging, urbanization,
and industrial lifestyles are believed to account for the
increased incidence of T2DM.* Accordingly, developing
countries have reported the majority of new T2DM cases
in recent years. Asia, as a rapidly developing continent,
has emerged as the new epicenter of T2DM due to the
fast rate of urbanization and lifestyle transitions over a
relatively short period.* Given that T2DM could become
a serious global health problem in the coming decades,
expanding the current knowledge on its pathophysiology
could profoundly help its prevention and treatment.
T2DM is a multifactorial disease with potential roots
in both genetics and environmental factors. Moreover,
epigenetics has emerged as one of the key players in the
pathophysiology of this disease. For instance, intrauterine
malnutrition and low birth weight have been associated
with an increased incidence of T2DM.®® Although
substantial effort has been made in recent years to clarify

the pathophysiology of T2DM, multiple aspects remain
poorly understood. In the present review, we discussed
the evidence on the familial aggregation of T2DM, with
a focus on the possible impact of gut microbiota on the
maternal transmission of disease risk.

Familial Aggregation and Maternal Transmission of
Type 2 Diabetes Mellitus

Several studies have reported familial aggregation of
T2DM across various geographic areas.”'> Generally, a
common finding of these studies is the higher incidence
of T2DM in offspring of mothers suffering from T2DM.
Studies conducted on Europid populations have suggested
asubstantial maternal transmission of T2DM.**** Alcolado
and Alcolado'? reported that among patients with a single
affected parent, mothers with T2DM were significantly
more prevalent than fathers (207 mothers vs. 82 fathers).
They concluded that maternal factors appear to play an
important role in the inheritance of T2DM. Young et al*®
found that a maternal history of T2DM was present in 60%
of Caucasian and West Indian T2DM patients, while in
Asian patients, this percentage was only 34.33%. Familial
aggregation and higher maternal transmission were also
reported by Arfa et al' in a Tunisian T2DM population.
Although there are numerous reports supporting the
maternal transmission of T2DM, Viswanathan et al'® did
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not observe any significant maternal transmission among
the Indian population.

Genetic Explanations for the Familial Aggregation of
Type 2 Diabetes Mellitus

When discussing the familial aggregation and maternal
transmission of a disease, the first factor that comes
to mind is genetics. It has been reported that siblings
of patients with T2DM have a 2-3-fold higher risk
of developing the disease compared with the general
population. Having one parent with T2DM increases
the offspring’s risk by 30-40%, while having T2DM in
both parents increases the risk by 70%.""** Genome-wide
association studies identified HHEX/IDE and SLC30A8
as novel T2DM-associated loci.**?2 Over the past decade,
advances in genetic association studies have enabled
the identification of at least 75 independent genetic loci
related to T2DM, thus providing a better understanding
of its genetic basis.'” However, defining heritability-linked
genes and alleles responsible for the maternal transmission
of T2DM remains controversial. A large-scale genetic
study on T2DM failed to demonstrate a strong correlation
between T2DM and genetic background. This survey
revealed that common alleles with relatively low effect
size (odds ratio 1.10-1.40) could account for only 10-15%
of T2DM heritability.>® Furthermore, most introduced
variants are located in intergenic and non-coding
regions, making it difficult to explain their mechanistic
association with disease pathophysiology. Asamoah et
al** demonstrated that the rs7903146 allele of TCF7L2 is
associated with the incidence of T2DM in the sub-Saharan
African population. Epigenetics has also been recognized
as another determining factor in the pathogenesis and
familial aggregation of T2DM. Environmental factors
may induce epigenetic modifications that can have
functional effects and, in some cases, be inherited without
affecting the DNA sequence.®*? Intrauterine exposure
to hyperglycemia can also lead to diabetes and obesity
in offspring. It is important to note that epigenetic
changes are generally reversible, which makes them
potential targets for therapeutic purposes.’®* One of
the first epigenome-wide association studies on T2DM
was carried out by Orrhage and Nord,* who identified
a CpG DNA methylation signature associated with
T2DM in non-promoter sites. They concluded that these
methylations can alter the DNA binding sites of T2DM-
related transcription factors through cis-acting regulatory
elements. Subsequent studies independently reported
differential methylation at a CpG site (cgl19693031)
within the TXNIP gene, which was significantly
associated with T2DM morbidity.”*?*> Although paternal
or maternal epigenetic changes have been confirmed in
the physiopathology of some diseases,* there is currently
no similar evidence explaining the maternal transmission
of T2DM through epigenetic mechanisms.**"*

Type 2 Diabetes Mellitus and Gut Flora

The human gut is densely populated with commensal and
symbiotic bacteria.” The gut microbiota plays a crucial
role in shaping the host’s defense against pathogens,
establishing mucosal immunity, promoting intestinal
microvilli, and degrading non-digestible carbohydrates.*
Increasing evidence suggests that intestinal bacterial species
significantly influence glucose metabolism, diet-induced
obesity, obesity-associated inflammation, and insulin
resistance.”” Notably, a higher body fat content correlates
with elevated fasting glucose and insulin levels.”

The first evidence linking gut microbiota to altered
glucose metabolism was reported in 2004.>* It was
found that the conventionalization of adult germ-free
C57BL/6 mice with microbiota harvested from the cecum
of normal mice resulted in a 60% increase in body fat and
the development of insulin resistance within 2 weeks,
despite a reduction of food intake.”® Moreover, germ-free
mice fed a high-fat diet exhibited lower insulin resistance
compared to conventionally raised mice.”” Human
newborns receiving an antibiotic regimen are more prone
to obesity in later childhood, likely due to alterations in
the gut microbiome.*

The balance between Bacteroides and Firmicutes, the two
main phyla of gut microbiota, is critically important in
the development of T2DM. Additionally, the association
between Proteobacteria such as Escherichia coli and
lipopolysaccharide (LPS)-induced inflammation leading
to insulin resistance has been well documented.**
Bacterial components such as LPS can trigger innate
immune responses in the gut mucosal immune system,
resulting in the secretion of interleukin-1 beta (IL-1p),
tumor necrosis factor-alpha (TNF-a), and IL-6, which
collectively promote insulin resistance (Figure 1). The
gut microbiome can also affect glucose metabolism by
converting the primary bile acids into secondary bile
acids (Figure 2). While primary bile acids can contribute
to insulin resistance,” the secondary acids can protect
against obesity and insulin resistance.”* Treatment
with vancomycin has been shown to decrease the
levels of secondary bile acids in the intestinal lumen by
changing the gut flora.”® Moreover, gut microbiota can
metabolize non-digestible carbohydrates into short-
chain fatty acids (SCFAs). SCFAs are highly important
modulators of immune responses, especially in the gut
(Figure 3). Butyrate, as a principal SCFA, contributes to
GLP1 secretion from epithelial cells, thereby providing
protection against obesity and insulin resistance.”!
In addition, butyrate promotes the differentiation of
regulatory T cells (Tregs) in Peyer’s patches of the gut.”
These Tregs can inhibit insulin resistance by suppressing
the release of pro-inflammatory cytokines.”® Other SCFAs,
such as propionate and acetate, can trigger intestinal
gluconeogenesis and lipogenesis that are protective
against diabetes and obesity.”"** Conversely, a decrease in
butyrate-producing bacteria populations contributes to
insulin resistance.?
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Figure 1. Involvement of Some Gut Bacteria in the Development of Insulin Resistance Through PAMPs- Mediated Inflammation in the Gut
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Maternal Transmission of the Intestinal Flora to Offspring
Studies on identical twins demonstrated that the gut
microbiome is relatively heritable. Moreover, some
species are more heritable, while others are more
responsive to environmental conditions. The most
heritable species is Christensenellaceae, which is mainly
assumed to be associated with health and glucose
tolerance.*>** Although rapid changes take place in the
gut microbiome in response to different nutritional
regimens and environmental conditions, a signature of
the microbiome is attributable to each person, provided
there is no history of aggressive antibiotic therapy.>**’
The gastrointestinal tract of normal newborn infants is
sterile but becomes colonized immediately after birth by
environmental organisms.” However, in the last decade,
investigators suggested that pregnancy may be the initial
time of bacterial exposure for the developing fetus.®”*
Some studies have shown that high counts of coagulase-
negative enterococci, staphylococci, and enterobacteria
colonize the intestine of vaginally and cesarean-delivered
term and preterm infants, even from the first day of life.
Other studies have suggested that low levels of bacteria in
umbilical cord blood, amniotic fluid, placenta, and fetal
membrane may contribute to the development of the fetal
immune system prior to birth.*® However, the vaginal and
intestinal flora of the mother are the primary sources of
the infant’s intestinal flora. It has been proposed that the
composition of the initial gut flora exerts a long-lasting
effect on the human microbiome.*>* Therefore, the initial
development and maturation of the neonatal microbiome
are largely determined by maternal microbiota, and any
disruption in mother-to-newborn bacterial transmission
may increase the risk of autoimmune and metabolic
disorders, including diabetes, in the offspring.***>*”%* This
topic becomes particularly interesting when considering
the semi-haploidentical relationship of mother to
offspring, especially regarding HLA molecules, which
are key immunologic determinants in the incidence of
T2DM.*® Thus, the transmitted flora will encounter an
immune system that is somewhat similar to the maternal
immune system.

Effects of Probiotics on Type 2 Diabetes Mellitus

Probioticsare defined as “live microorganisms which, when
administered in adequate amounts, confer a beneficial
health effect on the host”.”* Prebiotics and probiotics are
conventional tools for dietary-mediated modulation of
the intestinal microbial community.**" The beneficial
effects of these modulators could be summarized as:
shaping the intestinal immune system, increasing mineral
bioavailability, preventing gastrointestinal infections,
ameliorating inflammatory bowel disease, and reducing
the risk of malignancies and metabolic disorders.®>7
Dehghan et al” reported that prebiotic supplementation
can ameliorate inflammation and metabolic endotoxemia
in women with T2DM. Probiotics and prebiotics can also
reduce levels of waste products such as urea, creatinine,

and uric acid.”>’* In another study, patients receiving
lactulose prebiotic showed higher colony counts of
bifidobacteria and lactobacilli,”"”* bacteria with verified
benefits on glucose metabolism and general health.”>"*
Some studies showed that certain probiotics can secrete
molecules analogous to insulin with similar biological
activity in animals and humans.®”” In a randomized
trial, Tonucci et al”® showed that probiotic consumption
improves glycemic control in T2DM patients. Several
meta-analyses have also verified the beneficial impact of
probiotics in the management of T2DM.7*#!

Conclusion

Regarding the relative heritability of the gut microbiome
and the prominent role of gut flora in the initiation and
progression of T2DM, mother-to-offspring transmission
of gut microbiome appears to contribute to the incidence
of T2DM along with previously defined factors such
as genetics, epigenetics, and lifestyle. We propose this
as a potential explanation for the high prevalence of
familial aggregation of T2DM and the excess maternal
transmission. In this regard, bacteria with properties such
as inability to metabolize bile acids, inability to produce
SCFAs, and heightened activation of innate immune
responses may be considered diabetogenic. However,
T2DM is a multifactorial condition, influenced by a
myriad of environmental and genetic factors. Based on
accumulating evidence, the maternal microbiome could
be regarded as a novel contributor in the pathogenesis of
T2DM.

Authors’ Contribution

Conceptualization: Hamid Tayebi Khosroshahi.
Funding acquisition: Alireza Mardomi.
Investigation: Hamid Tayebi Khosroshahi.
Visualization: Alireza Mardomi.

Writing-original draft: Hamid Tayebi Khosroshahi.
Writing-review & editing: Alireza Mardomi.

Competing Interests
The authors declare no competing interests.

Ethical Approval
Not Applicable.

Funding
This study was funded by Immunology Research Center, Tabriz
University of Medical Sciences, Tabriz Iran (Grant number: 76712).

References

1. van Dieren S, Beulens JW, van der Schouw YT, Grobbee DE,
Neal B. The global burden of diabetes and its complications: an
emerging pandemic. Eur J Cardiovasc Prev Rehabil. 2010;17
Suppl 1:53-8. doi: 10.1097/01.hjr.0000368191.86614.5a.

2. Lindstrom J, llanne-Parikka P, Peltonen M, Aunola S, Eriksson
JG, Hemi6 K, et al. Sustained reduction in the incidence of type
2 diabetes by lifestyle intervention: follow-up of the Finnish
Diabetes Prevention Study. Lancet. 2006;368(9548):1673-9.
doi: 10.1016/s0140-6736(06)69701-8.

3. Jia HY, Li QZ, Lv LF. Association between transcription
factor 7-like 2 genetic polymorphisms and development
of type 2 diabetes in a Chinese population. Genet Mol Res.

Biomed Res Bull. 2025; 3(1) | 47


https://doi.org/10.1097/01.hjr.0000368191.86614.5a
https://doi.org/10.1016/s0140-6736(06)69701-8

Tayebi Khosroshahi and Mardomi

14.

2016;15(2):gmr.15028223. doi: 10.4238/gmr.15028223.
Chen L, Magliano DJ, Zimmet PZ. The worldwide
epidemiology of type 2 diabetes mellitus—present and future
perspectives. Nat Rev Endocrinol. 2012;8(4):228-36. doi:
10.1038/nrendo.2011.183.

Tayebi-Khosroshahi H, Kalantar-Zadeh K, Tabrizi A. Long-
term substitute of intestinal microflora with health bacteria
may play a role in preventing certain diabetic complication.
Med Hypotheses Res. 2010;6:37-42.

Jiménez E, Marin ML, Martin R, Odriozola JM, Olivares M,
Xaus J, et al. Is meconium from healthy newborns actually
sterile? Res Microbiol. 2008;159(3):187-93. doi: 10.1016/j.
resmic.2007.12.007.

Jiménez E, Ferndndez L, Marin ML, Martin R, Odriozola JM,
Nueno-Palop C, et al. Isolation of commensal bacteria from
umbilical cord blood of healthy neonates born by cesarean
section. Curr Microbiol. 2005;51(4):270-4. doi: 10.1007/
s00284-005-0020-3.

Adlerberth 1, Lindberg E, Aberg N, Hesselmar B, Saalman R,
Strannegard IL, et al. Reduced enterobacterial and increased
staphylococcal colonization of the infantile bowel: an effect
of hygienic lifestyle? Pediatr Res. 2006;59(1):96-101. doi:
10.1203/01.pdr.0000191137.12774.b2.

Salminen S, Gibson GR, McCartney AL, Isolauri E. Influence
of mode of delivery on gut microbiota composition in seven-
year-old children. Gut. 2004;53(9):1388-9. doi: 10.1136/
gut.2004.041640.

Viswanathan M, McCarthy MI, Snehalatha C, Hitman GA,
Ramachandran A. Familial aggregation of type 2 (non-insulin-
dependent) diabetes mellitus in South India; absence of
excess maternal transmission. Diabet Med. 1996;13(3):232-
7. doi:  10.1002/(sici)1096-9136(199603)13:3 <232::Aid-
dia27>3.0.Co;2-7.

Viswanathan M, Mohan V, Snehalatha C, Ramachandran A.
High prevalence of type 2 (non-insulin-dependent) diabetes
among the offspring of conjugal type 2 diabetic parents in

India. Diabetologia. 1985;28(12):907-10. doi: 10.1007/
bf00703134.
Alcolado JC, Alcolado R. Importance of maternal

history of non-insulin dependent diabetic patients. BM].
1991;302(6786):1178-80. doi: 10.1136/bmj.302.6786.1178.
Moses R, Rodda M, Griffiths R. Predominance of a maternal
history of diabetes for patients with non-insulin-dependent
diabetes mellitus. Implications for the intrauterine transmission
of diabetes. Aust N Z ] Obstet Gynaecol. 1997;37(3):279-81.
doi: 10.1111/j.1479-828x.1997.th02408.x.

De Silva SN, Weerasuriya N, De Alwis NM, De Silva MW,
Fernando D). Excess maternal transmission and familial
aggregation of type 2 diabetes in Sri Lanka. Diabetes Res Clin
Pract. 2002;58(3):173-7. doi: 10.1016/s0168-8227(02)00152-3.
Young CA, Kumar S, Young MJ, Boulton AJ. Excess maternal
history of diabetes in Caucasian and Afro-origin non-insulin-
dependent diabetic patients suggests dominant maternal
factors in disease transmission. Diabetes Res Clin Pract.
1995;28(1):47-9. doi: 10.1016/0168-8227(94)01058-8.

Arfa I, Abid A, Malouche D, Ben Alaya N, Azegue TR,
Mannai |, et al. Familial aggregation and excess maternal
transmission of type 2 diabetes in Tunisia. Postgrad Med J.
2007;83(979):348-51. doi: 10.1136/pgm;j.2006.053744.
Meigs JB, Cupples LA, Wilson PW. Parental transmission of
type 2 diabetes: the Framingham Offspring Study. Diabetes.
2000;49(12):2201-7. doi: 10.2337/diabetes.49.12.2201.
Hemminki K, Li X, Sundquist K, Sundquist J. Familial risks for
type 2 diabetes in Sweden. Diabetes Care. 2010;33(2):293-7.
doi: 10.2337/dc09-0947.

Kwak SH, Park KS. Recent progress in genetic and epigenetic
research on type 2 diabetes. Exp Mol Med. 2016;48(3):€220.
doi: 10.1038/emm.2016.7.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Sladek R, Rocheleau G, Rung J, Dina C, Shen L, Serre D, et al.
A genome-wide association study identifies novel risk loci for
type 2 diabetes. Nature. 2007;445(7130):881-5. doi: 10.1038/
nature05616.

Galavi H, Mollashahee-Kohkan F, Saravani R, Sargazi S,
Noorzehi N, Shahraki H. HHEX gene polymorphisms and
type 2 diabetes mellitus: a case-control report from Iran. J Cell
Biochem. 2019;120(10):16445-51. doi: 10.1002/jcb.28788.
Wu L, Wang CC. Genetic variants in promoter regions
associated with type 2 diabetes mellitus: a large-scale
meta-analysis and subgroup analysis. ] Cell Biochem.
2019;120(8):13012-25. doi: 10.1002/jcb.28572.

McCarthy MI. Genomics, type 2 diabetes, and obesity. N Engl
J Med. 2010;363(24):2339-50. doi: 10.1056/NEJMra0906948.
Asamoah EA, Obirikorang C, Acheampong E, Annani-
Akollor ME, Laing EF, Owiredu EW, et al. Heritability and
genetics of type 2 diabetes mellitus in sub-Saharan Africa:
a systematic review and meta-analysis. J Diabetes Res.
2020;2020:3198671. doi: 10.1155/2020/3198671.

Béckhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, et
al. The gut microbiota as an environmental factor that regulates
fat storage. Proc Natl Acad Sci U S A. 2004;101(44):15718-
23. doi: 10.1073/pnas.0407076101.

QinJ, LiY, Cai Z, Li S, Zhu J, Zhang F, et al. A metagenome-
wide association study of gut microbiota in type 2 diabetes.
Nature. 2012;490(7418):55-60. doi: 10.1038/nature11450.
Sanyal D. Diabetes is predominantly an intestinal disease.
Indian J Endocrinol Metab. 2013;17(Suppl 1):564-7. doi:
10.4103/2230-8210.119508.

Neu J, Rushing J. Cesarean versus vaginal delivery: long-term
infant outcomes and the hygiene hypothesis. Clin Perinatol.
2011;38(2):321-31. doi: 10.1016/j.clp.2011.03.008.

Pettker CM, Buhimschi IA, Magloire LK, Sfakianaki AK,
Hamar BD, Buhimschi CS. Value of placental microbial
evaluation in  diagnosing intra-amniotic  infection.
Obstet Gynecol. 2007;109(3):739-49. doi: 10.1097/01.
A0g.0000255663.47512.23.

Thum C, Cookson AL, Otter DE, McNabb WC, Hodgkinson
AJ, Dyer J, et al. Can nutritional modulation of maternal
intestinal microbiota influence the development of the infant
gastrointestinal tract? ] Nutr. 2012;142(11):1921-8. doi:
10.3945/jn.112.166231.

Biasucci G, Benenati B, Morelli L, Bessi E, Boehm G. Cesarean
delivery may affect the early biodiversity of intestinal bacteria. J
Nutr. 2008;138(9):1796S-800S. doi: 10.1093/jn/138.9.1796S.
Orrhage K, Nord CE. Factors controlling the bacterial
colonization of the intestine in breastfed infants. Acta Paediatr
Suppl. 1999;88(430):47-57. doi: 10.1111/j.1651-2227.1999.
th01300.x.

Gronlund MM, Lehtonen OP, Eerola E, Kero P. Fecal
microflora in healthy infants born by different methods of
delivery: permanent changes in intestinal flora after cesarean
delivery. ] Pediatr Gastroenterol Nutr. 1999;28(1):19-25. doi:
10.1097/00005176-199901000-00007.

Renz-Polster H, David MR, Buist AS, Vollmer WM, O’Connor EA,
Frazier EA, etal. Caesarean section delivery and the risk of allergic
disorders in childhood. Clin Exp Allergy. 2005;35(11):1466-72.
doi: 10.1111/j.1365-2222.2005.02356.X.

Decker E, Engelmann G, Findeisen A, Gerner P, Laass M, Ney
D, et al. Cesarean delivery is associated with celiac disease
but not inflammatory bowel disease in children. Pediatrics.
2010;125(6):e1433-40. doi: 10.1542/peds.2009-2260.
Horsthemke B, Wagstaff J. Mechanisms of imprinting of
the Prader-Willi/Angelman region. Am ] Med Genet A.
2008;146A(16):2041-52. doi: 10.1002/ajmg.a.32364.
Sonntag B, Stolze B, Heinecke A, Luegering A, Heidemann
J, Lebiedz P, et al. Preterm birth but not mode of delivery
is associated with an increased risk of developing

48

| Biomed Res Bull. 2025;3(1)


https://doi.org/10.4238/gmr.15028223
https://doi.org/10.1038/nrendo.2011.183
https://doi.org/10.1016/j.resmic.2007.12.007
https://doi.org/10.1016/j.resmic.2007.12.007
https://doi.org/10.1007/s00284-005-0020-3
https://doi.org/10.1007/s00284-005-0020-3
https://doi.org/10.1203/01.pdr.0000191137.12774.b2
https://doi.org/10.1136/gut.2004.041640
https://doi.org/10.1136/gut.2004.041640
https://doi.org/10.1002/(sici)1096-9136(199603)13:3%3c232::Aid-dia27%3e3.0.Co;2-7
https://doi.org/10.1002/(sici)1096-9136(199603)13:3%3c232::Aid-dia27%3e3.0.Co;2-7
https://doi.org/10.1007/bf00703134
https://doi.org/10.1007/bf00703134
https://doi.org/10.1136/bmj.302.6786.1178
https://doi.org/10.1111/j.1479-828x.1997.tb02408.x
https://doi.org/10.1016/s0168-8227(02)00152-3
https://doi.org/10.1016/0168-8227(94)01058-8
https://doi.org/10.1136/pgmj.2006.053744
https://doi.org/10.2337/diabetes.49.12.2201
https://doi.org/10.2337/dc09-0947
https://doi.org/10.1038/emm.2016.7
https://doi.org/10.1038/nature05616
https://doi.org/10.1038/nature05616
https://doi.org/10.1002/jcb.28788
https://doi.org/10.1002/jcb.28572
https://doi.org/10.1056/NEJMra0906948
https://doi.org/10.1155/2020/3198671
https://doi.org/10.1073/pnas.0407076101
https://doi.org/10.1038/nature11450
https://doi.org/10.4103/2230-8210.119508
https://doi.org/10.1016/j.clp.2011.03.008
https://doi.org/10.1097/01.Aog.0000255663.47512.23
https://doi.org/10.1097/01.Aog.0000255663.47512.23
https://doi.org/10.3945/jn.112.166231
https://doi.org/10.1093/jn/138.9.1796S
https://doi.org/10.1111/j.1651-2227.1999.tb01300.x
https://doi.org/10.1111/j.1651-2227.1999.tb01300.x
https://doi.org/10.1097/00005176-199901000-00007
https://doi.org/10.1111/j.1365-2222.2005.02356.x
https://doi.org/10.1542/peds.2009-2260
https://doi.org/10.1002/ajmg.a.32364

Type 2 diabetes mellitus and the gut flora

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

inflammatory bowel disease later in life. Inflamm Bowel Dis.
2007;13(11):1385-90. doi: 10.1002/ibd.20206.

Onkamo P, Vaananen S, Karvonen M, Tuomilehto ). Worldwide
increase in incidence of type | diabetes--the analysis of
the data on published incidence trends. Diabetologia.
1999;42(12):1395-403. doi: 10.1007/s001250051309.
Everard A, Cani PD. Diabetes, obesity and gut microbiota.
Best Pract Res Clin Gastroenterol. 2013;27(1):73-83. doi:
10.1016/j.bpg.2013.03.007.

Shen J, Obin MS, Zhao L. The gut microbiota, obesity and
insulin resistance. Mol Aspects Med. 2013;34(1):39-58. doi:
10.1016/j.mam.2012.11.001.

Allin  KH, Nielsen T, Pedersen O. Mechanisms in
endocrinology: gut microbiota in patients with type 2 diabetes
mellitus. Eur ] Endocrinol. 2015;172(4):R167-77. doi:
10.1530/eje-14-0874.

LiuY, Qin'S, Feng Y, Song Y, Lv N, Liu F, et al. Perturbations
of gut microbiota in gestational diabetes mellitus patients
induce hyperglycemia in germ-free mice. J Dev Orig Health
Dis. 2020;11(6):580-8. doi: 10.1017/s2040174420000768.
Ramirez J, Guarner F, Bustos Fernandez L, Maruy A,
Sdepanian VL, Cohen H. Antibiotics as major disruptors of gut
microbiota. Front Cell Infect Microbiol. 2020;10:572912. doi:
10.3389/fcimb.2020.572912.

Anhé FF, Barra NG, Cavallari JF, Schertzer JD. The Type of
Bacterial Lipopolysaccharides Dictates Insulin Resistance,
GLP-1 and Insulin Secretion During Metabolic Endotoxemia.
2020. Available from: https://ssrn.com/abstract=3600557.
Akash MS, Rehman K, Chen S. Role of inflammatory
mechanisms in pathogenesis of type 2 diabetes mellitus. ] Cell
Biochem. 2013;114(3):525-31. doi: 10.1002/jcb.24402.
Ryan KK, Tremaroli V, Clemmensen C, Kovatcheva-Datchary
P, Myronovych A, Karns R, et al. FXR is a molecular target
for the effects of vertical sleeve gastrectomy. Nature.
2014;509(7499):183-8. doi: 10.1038/nature13135.
Chavez-Talavera O, Haas J, Grzych G, Tailleux A, Staels
B. Bile acid alterations in nonalcoholic fatty liver disease,
obesity, insulin resistance and type 2 diabetes: what do the
human studies tell? Curr Opin Lipidol. 2019;30(3):244-54.
doi: 10.1097/mol.0000000000000597.

Ahlin S, Cefalo C, Bondia-Pons I, Capristo E, Marini L,
Gastaldelli A, et al. Bile acid changes after metabolic surgery
are linked to improvement in insulin sensitivity. Br J Surg.
2019;106(9):1178-86. doi: 10.1002/bjs.11208.

Chen J, Thomsen M, Vitetta L. Interaction of gut microbiota
with dysregulation of bile acids in the pathogenesis of
nonalcoholic fatty liver disease and potential therapeutic
implications of probiotics. ] Cell Biochem. 2019;120(3):2713-
20. doi: 10.1002/jch.27635.

Singh V, Yeoh BS, Abokor AA, Golonka RM, Tian Y, Patterson
AD, etal. Vancomycin prevents fermentable fiber-induced liver
cancer in mice with dysbiotic gut microbiota. Gut Microbes.
2020;11(4):1077-91. doi: 10.1080/19490976.2020.1743492.
Miiller M, Hernandez MA, Goossens GH, Reijnders D, Holst
J), Jocken JW, et al. Circulating but not faecal short-chain
fatty acids are related to insulin sensitivity, lipolysis and GLP-
1 concentrations in humans. Sci Rep. 2019;9(1):12515. doi:
10.1038/5s41598-019-48775-0.

Jacob N, Jaiswal S, Maheshwari D, Nallabelli N, Khatri N,
Bhatia A, etal. Butyrate induced Tregs are capable of migration
from the GALT to the pancreas to restore immunological
tolerance during type-1 diabetes. Sci Rep. 2020;10(1):19120.
doi: 10.1038/541598-020-76109-y.

Zhao XY, Zhou L, Chen Z, Ji Y, Peng X, Qi L, et al. The
obesity-induced adipokine sST2 exacerbates adipose Treg
and ILC2 depletion and promotes insulin resistance. Sci Adv.
2020;6(20):eaay6191. doi: 10.1126/sciadv.aay6191.

Dickson I. Intestinal gluconeogenesis prevents hepatic

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

steatosis. Nat Rev Gastroenterol Hepatol. 2020;17(6):316.
doi: 10.1038/s41575-020-0301-0.

Goodrich JK, Waters JL, Poole AC, Sutter JL, Koren O,
Blekhman R, et al. Human genetics shape the gut microbiome.
Cell. 2014;159(4):789-99. doi: 10.1016/j.cell.2014.09.053.
Waters JL, Ley RE. The human gut bacteria Christensenellaceae
are widespread, heritable, and associated with health. BMC
Biol. 2019;17(1):83. doi: 10.1186/s12915-019-0699-4.
Douglas GM, Bielawski JP, Langille MGI. Re-evaluating the
relationship between missing heritability and the microbiome.
Microbiome. 2020;8(1):87. doi: 10.1186/s40168-020-00839-4.
Chinniah R, Vijayan M, Sivanadham R, Ravi P,
Panneerselvam D, Kannan A, et al. Diversity and association
of HLA/KIR receptors with type 2 diabetes in South India. Int
J Immunogenet. 2019;46(3):166-78. doi: 10.1111/iji.12417.
Rauch M, Lynch SV. The potential for probiotic manipulation
of the gastrointestinal microbiome. Curr Opin Biotechnol.
2012;23(2):192-201. doi: 10.1016/j.copbio.2011.11.004.
Nishijima K, Shukunami K, Kotsuji F. Probiotics affects
vaginal flora in pregnant women, suggesting the possibility of
preventing preterm labor. J Clin Gastroenterol. 2005;39(5):447-
8. doi: 10.1097/01.mcg.0000159269.58480.4b.

Tanaka A, Jung K, Benyacoub ], Prioult G, Okamoto N,
Ohmori K, et al. Oral supplementation with Lactobacillus
rhamnosus CGMCC 1.3724 prevents development of atopic
dermatitis in NC/NgaTnd mice possibly by modulating local
production of IFN-gamma. Exp Dermatol. 2009;18(12):1022-
7. doi: 10.1111/j.1600-0625.2009.00895.x.

Lomax AR, Calder PC. Prebiotics, immune function, infection
and inflammation: a review of the evidence. Br ] Nutr.
2009;101(5):633-58. doi: 10.1017/s0007114508055608.
Roberfroid M, Gibson GR, Hoyles L, McCartney AL, Rastall
R, Rowland I, et al. Prebiotic effects: metabolic and health
benefits. Br J Nutr. 2010;104 Suppl 2:51-63. doi: 10.1017/
s0007114510003363.

Seifert S, Watzl B. Inulin and oligofructose: review of
experimental data on immune modulation. ) Nutr.2007;137(11
Suppl):2563S-7S. doi: 10.1093/jn/137.11.2563S.

Hedin C, Whelan K, Lindsay JO. Evidence for the use of
probiotics and prebiotics in inflammatory bowel disease: a
review of clinical trials. Proc Nutr Soc. 2007;66(3):307-15.
doi: 10.1017/50029665107005563.

Spiller R. Review article: probiotics and prebiotics in irritable
bowel syndrome. Aliment Pharmacol Ther. 2008;28(4):385-
96. doi: 10.1111/j.1365-2036.2008.03750.x.

Steed H, Macfarlane GT, Macfarlane S. Prebiotics, synbiotics
and inflammatory bowel disease. Mol Nutr Food Res.
2008;52(8):898-905. doi: 10.1002/mnfr.200700139.

Cani PD, Lecourt E, Dewulf EM, Sohet FM, Pachikian BD,
Naslain D, et al. Gut microbiota fermentation of prebiotics
increases satietogenic and incretin gut peptide production
with consequences for appetite sensation and glucose
response after a meal. Am J Clin Nutr. 2009;90(5):1236-43.
doi: 10.3945/ajcn.2009.28095.

Parnell JA, Reimer RA. Weight loss during oligofructose
supplementation is associated with decreased ghrelin and
increased peptide YY in overweight and obese adults. Am |
Clin Nutr. 2009;89(6):1751-9. doi: 10.3945/ajcn.2009.27465.
Peters HP, Boers HM, Haddeman E, Melnikov SM, Quvyjt F.
No effect of added beta-glucan or of fructooligosaccharide on
appetite or energy intake. Am J Clin Nutr. 2009;89(1):58-63.
doi: 10.3945/ajcn.2008.26701.

Dehghan P, Pourghassem Gargari B, Asghari Jafar-Abadi M,
Aliasgharzadeh A. Inulin controls inflammation and metabolic
endotoxemia in women with type 2 diabetes mellitus: a
randomized-controlled clinical trial. Int J Food Sci Nutr.
2014;65(1):117-23. doi: 10.3109/09637486.2013.836738.
Ranganathan N, Friedman EA, Tam P, Rao V, Ranganathan P,

Biomed Res Bull. 2025; 3(1) | 49


https://doi.org/10.1002/ibd.20206
https://doi.org/10.1007/s001250051309
https://doi.org/10.1016/j.bpg.2013.03.007
https://doi.org/10.1016/j.mam.2012.11.001
https://doi.org/10.1530/eje-14-0874
https://doi.org/10.1017/s2040174420000768
https://doi.org/10.3389/fcimb.2020.572912
https://ssrn.com/abstract=3600557
https://doi.org/10.1002/jcb.24402
https://doi.org/10.1038/nature13135
https://doi.org/10.1097/mol.0000000000000597
https://doi.org/10.1002/bjs.11208
https://doi.org/10.1002/jcb.27635
https://doi.org/10.1080/19490976.2020.1743492
https://doi.org/10.1038/s41598-019-48775-0
https://doi.org/10.1038/s41598-020-76109-y
https://doi.org/10.1126/sciadv.aay6191
https://doi.org/10.1038/s41575-020-0301-0
https://doi.org/10.1016/j.cell.2014.09.053
https://doi.org/10.1186/s12915-019-0699-4
https://doi.org/10.1186/s40168-020-00839-4
https://doi.org/10.1111/iji.12417
https://doi.org/10.1016/j.copbio.2011.11.004
https://doi.org/10.1097/01.mcg.0000159269.58480.4b
https://doi.org/10.1111/j.1600-0625.2009.00895.x
https://doi.org/10.1017/s0007114508055608
https://doi.org/10.1017/s0007114510003363
https://doi.org/10.1017/s0007114510003363
https://doi.org/10.1093/jn/137.11.2563S
https://doi.org/10.1017/s0029665107005563
https://doi.org/10.1111/j.1365-2036.2008.03750.x
https://doi.org/10.1002/mnfr.200700139
https://doi.org/10.3945/ajcn.2009.28095
https://doi.org/10.3945/ajcn.2009.27465
https://doi.org/10.3945/ajcn.2008.26701
https://doi.org/10.3109/09637486.2013.836738

Tayebi Khosroshahi and Mardomi

73.

74.

75.

76.

Dheer R. Probiotic dietary supplementation in patients with
stage 3 and 4 chronic kidney disease: a 6-month pilot scale
trial in Canada. Curr Med Res Opin. 2009;25(8):1919-30. doi:
10.1185/03007990903069249.

Ranganathan N, Ranganathan P, Friedman EA, Joseph
A, Delano B, Goldfarb DS, et al. Pilot study of probiotic
dietary supplementation for promoting healthy kidney
function in patients with chronic kidney disease. Adv Ther.
2010;27(9):634-47. doi: 10.1007/512325-010-0059-9.
Tayebi-Khosroshahi H, Habibzadeh A, Khoshbaten M,
Rahbari B, Chaichi P, Badiee AH. Lactulose for reduction of
nitrogen products in patients with chronic kidney disease. Iran
J Kidney Dis. 2014;8(5):377-81.

Tayebi-Khosroshahi H, Habibzadeh A, Niknafs B, Ghotaslou
R, Yeganeh Sefidan F, Ghojazadeh M, et al. The effect of
lactulose supplementation on fecal microflora of patients with
chronic kidney disease; a randomized clinical trial. ] Renal Inj
Prev. 2016;5(3):162-7. doi: 10.151 71/jrip.2016.34.

Ejtahed HS, Mohtadi-Nia J, Homayouni-Rad A, Niafar M,
Asghari-Jafarabadi M, Mofid V, et al. Effect of probiotic yogurt
containing Lactobacillus acidophilus and Bifidobacterium
lactis on lipid profile in individuals with type 2 diabetes
mellitus. ] Dairy Sci. 2011;94(7):3288-94. doi: 10.3168/
jds.2010-4128.

77.

78.

79.

80.

81.

Naito E, Yoshida Y, Makino K, Kounoshi Y, Kunihiro S,
Takahashi R, et al. Beneficial effect of oral administration of
Lactobacillus casei strain Shirota on insulin resistance in diet-
induced obesity mice. ] Appl Microbiol. 2011;110(3):650-7.
doi: 10.1111/j.1365-2672.2010.04922 x.

Tonucci LB, Olbrich Dos Santos KM, Licursi de Oliveira L,
Rocha Ribeiro SM, Duarte Martino HS. Clinical application of
probiotics in type 2 diabetes mellitus: a randomized, double-
blind, placebo-controlled study. Clin Nutr. 2017;36(1):85-92.
doi: 10.1016/j.cInu.2015.11.011.

Tao YW, Gu YL, Mao XQ, Zhang L, Pei YF. Effects of probiotics
on type Il diabetes mellitus: a meta-analysis. ] Transl Med.
2020;18(1):30. doi: 10.1186/s12967-020-02213-2.
Ardeshirlarijani E, Tabatabaei-Malazy O, Mohseni S,
Qorbani M, Larijani B, Baradar Jalili R. Effect of probiotics
supplementation on glucose and oxidative stress in type 2
diabetes mellitus: a meta-analysis of randomized trials. Daru.
2019;27(2):827-37. doi: 10.1007/540199-019-00302-2.
Kocsis T, Molndr B, Németh D, Hegyi P, Szakdcs Z, Bélint A,
et al. Probiotics have beneficial metabolic effects in patients
with type 2 diabetes mellitus: a meta-analysis of randomized
clinical trials. Sci Rep. 2020;10(1):11787. doi: 10.1038/
541598-020-68440-1.

50

| Biomed Res Bull. 2025;3(1)


https://doi.org/10.1185/03007990903069249
https://doi.org/10.1007/s12325-010-0059-9
https://doi.org/10.15171/jrip.2016.34
https://doi.org/10.3168/jds.2010-4128
https://doi.org/10.3168/jds.2010-4128
https://doi.org/10.1111/j.1365-2672.2010.04922.x
https://doi.org/10.1016/j.clnu.2015.11.011
https://doi.org/10.1186/s12967-020-02213-2
https://doi.org/10.1007/s40199-019-00302-2
https://doi.org/10.1038/s41598-020-68440-1
https://doi.org/10.1038/s41598-020-68440-1

