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Impact of type 1 diabetes on the composition and functional potential of gut 
microbiome in children and adolescents: possible mechanisms, current 
knowledge, and challenges
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ABSTRACT
Diabetes prevalence and incidence among youth have been increasing globally. Type 1 Diabetes 
(T1D) in children or adolescents accounts for 5–10% of all diagnosed cases of diabetes. Emerging 
evidence indicates that genetic factors, especially genes in the human leukocyte antigen region, are 
not the only factors involved in the predisposition of an individual to T1D. The pathogenesis and 
development of T1D is driven by both genetic predisposition and environmental factors. Studies 
indicate that gut microbiota is one of the potential environmental influencers involved in the 
pathophysiology of TID. Gut microbiota mediates the development of diabetes by altering intest
inal permeability, modifying intestinal immunity, and molecular mimicry. The gut microbial diver
sity, taxonomic profile, and functional potential of gut microbes are significantly altered in 
individuals with T1D as compared to healthy individuals. However, studies are still needed to 
identify the specific microbes and microbial metabolites that are involved in the development 
and pathogenesis of T1D. This will help the development of microbiome-based therapeutic 
strategies for the prevention and treatment of T1D. The present review article highlights the 
following: (i) the current knowledge and knowledge gaps in understanding the association 
between T1D and gut microbiome specifically focusing on the composition and functional poten
tial of gut microbiome in children and adolescents, (ii) the possible mechanisms involved in gut 
microbiome-mediated T1D pathogenesis, and (iii) challenges and future direction in this field.

Abbreviations: B/F ratio: Bacteroidetes to Firmicutes ratio; F/B ratio: Firmicutes to Bacteroidetes 
ratio; FDR: First-degree relatives; GPR: G protein-coupled receptors; HLA: human leucocyte antigen; 
IL: interleukin; IFN- γ: interferon-γ; KEGG: Kyoto Encyclopedia of Genes and Genomes; LPS: lipopo
lysaccharide; mTOR: mammalian target of rapamycin; PICRUSt: Phylogenetic Investigation of 
Communities by Reconstruction of Unobserved States; SCFA: short chain fatty acids; T1D: Type 1 
diabetes; T2D: Type 2 diabetes; TJ: tight junction; Tregs: regulatory T cells.
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INTRODUCTION

Diabetes is a chronic progressive autoimmune dis
ease that imposes a substantial clinical and health 
burden due to the challenges of disease manage
ment and the risks of numerous associated 
complications.1,2 Diabetes prevalence and inci
dence among youth have been increasing 
globally.1,2 SEARCH is a multicenter study for dia
betes in youth in the United States that has aimed to 
learn more about diabetes among children and 
adolescents since 2000. The results of this study in 
2011–2012 indicated an annual relative increase of 
1.8% and 4.8% from 2002 to 2011–2012 for Type 1 
diabetes mellitus (T1D) and Type 2 diabetes melli
tus (T2D), respectively.2 Approximately, 193,000 of 

the 23 million people diagnosed with diabetes in 
2015 were children and adolescents younger than 
age 20.2 The International Diabetes Federation 
revealed that more than one million subjects 
younger than 20 years old were affected by T1D in 
2017 and approximately 86,000 children were diag
nosed with T1D every year.3 Indeed, T1D onset 
occurs in children or adolescents accounts for 
5–10% of all diagnosed cases of diabetes.4

T1D is an autoimmune disorder characterized by 
an absolute insulin deficiency caused by the 
immune cell-mediated destruction of ß- cells in 
the pancreas.5 The loss of ß- cells which produce 
insulin results in a life-long exogenous insulin 
dependency and the development of T1D.5 Recent 
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studies indicate that genetic factors especially genes 
in the human leukocyte antigen (HLA) region is 
not the only factor involved in the predisposition of 
an individual to T1D and acceleration of 
diabetes.6,7 Studies conducted on identical twins 
show that only a fraction of the individuals who 
were genetically predisposed will develop Type 1 
diabetes.8,9 As genetic susceptibility alone is not 
enough to explain the casualty of T1D, the patho
genesis and development of the autoimmune dis
ease is thought to be majorly driven by both genetic 
predisposition and environmental factors.10–14 The 
intestinal microbiome which is known to interact 
with and influence the immune system of the host 
has drawn a considerable interest as a potential 
environmental influencer of T1D.15

The human body contains trillions of bacterial, 
viral, and fungal microorganisms. The cumulative 
size of the microbial ‘meta-genome’ in the human 
gut is 500-fold greater than the human genome.16,17 

The microbiota and mammalian host intimate coe
volution has created a symbiotic relationship for 
hundred thousands of years that contributes to 
a multitude of crucial physiological functions of 
the healthy human body including metabolic sig
naling, regulation of gut barrier integrity and mobi
lity, nutritional function, energy metabolism, 
immune system development, and brain 
function.18,19 The host lifestyle, diet, age, gender, 
geographical location, genetic background, 
hygiene, antibiotic use, and other medical practices 
results in extensive alterations in the diversity of the 
microorganisms.6,20,21 These factors play a pivotal 
role in modifying the composition and function of 
the microbiome that impacts the immune and 
metabolic systems, thereby contributing positively 
or negatively to the risk of T1D.6,22,23 Patients with 
diabetes have distinct gut microbiota in compari
son to healthy individuals that are linked to changes 
in intestinal permeability, inflammation, and insu
lin resistance.24

Gut microbiome dysbiosis is recognized as one 
of the major contributors to the development of 
diabetes.6,7,24 “Dysbiosis” is characterized by the 
imbalance of the gut microbiota which means 
lower microbial diversity, loss of beneficial micro
organism and/or the expansion of potentially 
harmful microorganisms.25,26 Studies show that 
gut dysbiosis contributes to immune dysfunction, 

metabolic disorders, insulin resistance, T1D, T2D, 
obesity, inflammatory bowel disease, and celiac 
disease.27–29 Despite the recent developments in 
the field of the gut microbiome, there are still cri
tical knowledge gaps in understanding the gut 
microbiome in children and adolescents with T1D 
and need further investigations. There are few 
review articles published on gut microbiome and 
T1D but the present review article is different from 
them in a number of ways. The present review 
article will focus on (i) the current knowledge and 
knowledge gaps in understanding the association 
between T1D and gut microbiome specifically 
focusing on the composition and functional poten
tial of gut microbiome in children and adolescents, 
(ii) the possible mechanisms involved, (iii) chal
lenges, and (iv) future direction.

REVIEW STRATEGY

A literature search was conducted using electronic 
databases such as PubMed and CINAHL to identify 
the research manuscripts for this review article that 
is focused on identifying the impact of gut micro
biome on T1D in children and adolescents. The 
following keywords were used in the PubMed 
advanced search builder: (((“Gastrointestinal 
Microbiome”[Mesh] OR microbiome OR micro
biota OR gut bacteria OR dysbiosis) AND (diabetes 
OR DM1 OR DM2))) AND (Infant* OR newborn* 
OR new-born* OR perinat* OR neonat* OR baby 
OR baby* OR babies OR toddler* OR minors OR 
minors* OR boy OR boys OR boyhood OR girl* OR 
kid OR kids OR child OR child* OR children* OR 
schoolchild* OR schoolchild OR school child[tiab] 
OR school child*[tiab] OR adolescen* OR juvenil* 
OR youth* OR teen* OR under*age* OR pubescen* 
OR pediatrics[mh] OR pediatric* OR paediatric* 
OR peadiatric* OR school[tiab] OR school*[tiab] 
OR prematur* OR preterm*). We used a validated 
pediatric search filter with high sensitivity in this 
review. Pubmed database provided 762 manuscripts 
and CINAHLE data base provided 40 manuscripts. 
Based on the abstract review, 231 manuscripts were 
selected out of these 802 manuscripts. The inclusion 
criteria for this review article include (i) articles 
published over the past 10 years 2010–2020, (ii) 
human studies, and (iii) the age range of birth to 
18 years old. The exclusion criteria include (i) 
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duplicates, (ii) review articles, (iii) irrelevant articles, 
and (iv) the articles published in a language other 
than English. Based on the inclusion and exclusion 
criteria 25 research manuscripts were selected out of 
231 manuscripts. These 25 research manuscripts 
that investigated the impact of T1D on the compo
sition and functional potential of gut microbiome in 
children and adolescents were selected for this 
review article (Figure 1).

DATA EXTRACTION

The following variables were extracted indepen
dently by two authors: article title, authors, 
publication year, country, study design, participants 
age, gender/race, the number of participants, type of 
diabetes (T1D/T2D), blood parameters (blood glu
cose/HbA1C), analysis technique, microbiome 
diversity, relative abundance of microbiome at 

PubMed: 762 Manuscripts
CINAHLE: 40 Manuscripts

PubMed - Advanced Search &
CINAHL

((("Gastrointestinal Microbiome"[Mesh] OR microbiome OR microbiota OR
gut bacteria OR dysbiosis) AND (diabetes OR DM1 OR DM2))) AND (Infant*
OR newborn* OR new-born* OR perinat* OR neonat* OR baby OR baby*
OR babies OR toddler* OR minors OR minors* OR boy OR boys OR
boyfriend OR boyhood OR girl* OR kid OR kids OR child OR child* OR
children* OR schoolchild* OR schoolchild OR school child[tiab] OR school
child*[tiab] OR adolescen* OR juvenil* OR youth* OR teen* OR under*age*

OR pubescen* OR pediatrics[mh] OR pediatric* OR paediatric* OR
peadiatric* OR school[tiab] OR school*[tiab] OR prematur* OR preterm*)

Selection based on abstract review
231 Manuscripts

Selection based on full text review
and included in the review article

25 Manuscripts

Inclusion criteria
Publication years: 2010-2020

Human studies
Age: Birth-18 Years old
Exclusion criteria

Duplicates
Review articles
Irrelevant articles

Non-English language articles

Figure 1. Review strategy.
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different taxonomic levels, analysis of short chain 
fatty acids (SCFA), possible mechanisms, gut per
meability assessment, and functional analysis (pre
dictive or actual metagenomics).

ROLE OF GUT MICROBIOME IN THE 
DEVELOPMENT OF TYPE 1 DIABETES AND THE 
POSSIBLE MECHANISMS INVOLVED

Emerging evidence from animal and human studies 
indicate that gut microbiota and its products are 
involved in the pathophysiology of TID.9 Gut 
microbiome appears to play a pivotal role in the 
development of diabetes by altering intestinal per
meability, modifying intestinal immunity, and 
molecular mimicry in which microbial antigens 
can trigger autoimmunity by mimicking self- 
antigens due to sequence similarity between micro
bial peptides and autoantigens (Figure 2).30

Intestinal barrier dysfunction

Gut microbiome dysbiosis is defined as the major 
shifts in microbial community composition asso
ciated with a loss of important physiological func
tions. Dysbiosis leads to adverse effects on human 
health, and it has been implicated in T1D 
pathogenesis.31 Human and animal studies indicate 
the role of ‘leaky gut’ in the progression and the 
development of T1D.32–34 An increased intestinal 
permeability as a consequence of an impaired intest
inal integrity allows dietary antigens and immune 
stimulants such as exogenous antigens and the 
microbial components to translocate into the 
circulation.35 This can promote systemic inflamma
tion and autoimmune progression leading to the 
destruction of the pancreatic β-cells.32,36 Gut micro
biome can modulate gut integrity through the for
mation of SCFAs.76 SCFAs such as butyrate, acetate, 
and propionate are produced when non-digestible 
carbohydrates such as dietary fibers undergo bacter
ial fermentation.76,37 Emerging evidence indicate 
that butyrate-producing microbes are negatively cor
related with the risk of T1D.38,39 Butyrate plays 
a pivotal role in maintaining intestinal integrity and 
intestinal epithelial cell growth. Butyrate reduces gut 
permeability, inhibits bacterial translocation, and 
possesses anti-inflammatory properties.40 It regu
lates the assembly of tight junction (TJ) by affecting 
the expression of TJ proteins which include claudin2, 
cingulin, occludin, and zonula occludens.41,42 TJ and 
its associated proteins contribute to the construction 
of intestinal tight junction barrier.43 Indeed, dis
rupted intestinal epithelial TJ barrier is reported in 
the development of a number of diseases.43 

Conversely, propionate, acetate, and succinate pro
ducing bacteria such as Bacteroides are shown to be 
positively associated with the development of 
T1D.39,44–48 These bacteria can reduce the TJ assem
bly, which results in a consequential increase in gut 
permeability and eventually promoting T1D- 
associated autoimmunity.44,49

Although the mechanisms by which the gut 
microbiota modulates intestinal permeability and 
epithelial barrier function remain unclear, higher 
levels of Zonulin is one of the proposed mechan
isms for the impaired gut integrity mediated meta
bolic disorders. Zoulin is a physiological modulator 
and a fundamental regulator of intercellular tight 

Figure 2. Gut microbiota dysbiosis influence type 1 diabetes.
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junctions and intestinal barrier function in meta
bolic disorders.47,50 Zoulin as an epithelial cell tight 
junction’s molecule sense microorganism toxins 
and microbial antigens that consequently increase 
bacterial translocation and gut permeability. The 
Zonulin production is up-regulated into the gut 
lumen due to imbalanced bacterial colonization.51 

The receptors localized on the surface of the intest
inal epithelial cells recognize the released zonulin 
and provoke alterations in the TJ dynamics.32 

These changes in TJ dynamics compromise 
Zoulin-1 and occluding phosphorylation and cytos
keleton remodeling32,51 Thus the disassembly of TJ 
results in an increased gut permeability.32 Aberrant 
microbial composition, overabundance of opportu
nistic pathobionts, decreased microbial diversity, 
decreased butyrate-producer and mucin-degrader 
bacteria lead to disruption of the intestinal barrier 
integrity with an increase in gut permeability which 
can lead to the pathogenesis of T1D.

Only limited studies assessed the gut permeability 
in children with diabetes. A recent study evaluated 
the gut permeability by measuring the plasma level 
of Zonulin and showed an increased gut permeabil
ity in children with T1D.47 Another study assessed 
the gut permeability in T1D using lactulose/manni
tol tests, which involved the administration of an 
oral dose of probes (lactose and mannitol) and 
measuring their urinary excretion after 5 hours.52 

This study reported a significant increase in urinary 
lactulose in children at risk for T1D compared to 
healthy controls. These evidence indicate that the 
altered microbial composition and elevated gut per
meability are simultaneously related to pre- 
pathological condition of T1D.

Altered immune and inflammatory response

Gut microbiota is an essential part of the healthy 
mammalian immune system development.53 

Indeed, the crucial role of the gut microbiota in 
maturation of the host immune system is becoming 
increasingly evident.32,53 The gut microbiota con
tinuously educates the immune system to discrimi
nate between commensal and pathogenic bacteria, 
and as a consequence, pathogenic bacteria provoke 
a pro-inflammatory response while commensal 
bacteria an anti-inflammatory response.54 The gut 
microbiota promotes the differentiation and 

expansion of key mediators of immune tolerance 
such as regulatory T cells (Tregs).54 The gut micro
biome affects T cell differentiation through modu
lating the neutrophils migration and function.54 

The formation of SCFAs such as butyrate, acetate, 
and propionate is an important mechanism 
through which the gut microbiome regulates the 
immune system.76,37 Once the bacterial SCFA is 
absorbed in T lymphocytes, SCFAs regulate the 
fate of T cells through activation of G protein- 
coupled receptors (GPR) such as GPR41/GPR43 
signaling cascade, inhibition of histone deacety
lases, and alteration of metabolic status by upregu
lating the activity of the mammalian target of 
rapamycin (mTOR) complex.37 Such interaction 
between T cell immunometabolism and SCFAs 
lead to mucosal Tregs expansion, inflammatory cas
cades inhibition, reduced production of anti- 
inflammatory cytokine such as interleukin (IL)-10 
and an increased production of pro-inflammatory 
cytokine such as interferon-γ (IFN-γ).37,54 Gut 
microbiome dysbiosis caused by prolonged devia
tion from the microbial homeostasis may lead to 
intestinal inflammation and consequently develop
ment of autoimmunity.55 This can induce pro- 
inflammatory environment in the intestinal lumen 
as well as the mucosa by increasing the production 
of the inflammatory cytokines (TNFα, IFNγ, IL1β, 
IL-6, and IL-17), and translocation of microbial 
products to the gastrointestinal tract and adjacent 
organs. Subsequently, the disrupted immunity 
maturation and appearance of self-antigens lead 
to immune-mediated diseases such as T1D.55

IMPACT OF T1D ON GUT MICROBIAL DIVERSITY

Diversity is a measure utilized to describe the com
plexity of a microbial community. It is defined as 
the variety and abundance of species in a defined 
unit of study. Microbiome diversity can be mea
sured by α-diversity and β-diversity scales. α- 
diversity describe as evenness and richness within 
a habitant unit. Species richness measures the num
ber of functionally related taxa observed in the 
community regardless of their frequencies whereas 
evenness represents the similarity and equitability 
of proportions of taxa frequencies in a community.
56 β-diversity is defining the expression of the simi
larity between the microbial community.56
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The associations between gut microbiome diver
sity and T1D are well documented in the literature 
though few studies do not find such an 
association.27,39,46,47,57–61 A study conducted in 
Finland showed that the level of microbial diversity 
diminishes overtime and the development of T1D 
in young children with T1D-associated 
autoimmunity.58 In another study, Finnish children 
were recruited from two intervention trials and the 
composition of intestinal microbiota in autoanti
body-negative children was compared with chil
dren who have at least two diabetes-associated 
autoantibodies.47 In this study, the bacterial diver
sity diminishes in autoantibody-positive children 
when compared with autoantibody-negative chil
dren overtime.57 The results of this study was in 
agreement with a previous study which reported 
decreased microbial diversity with the development 
of T1D and increasing age.58 Another study exam
ined 33 HLA- matched infants from birth until 
3 years old to assess the alterations in the composi
tion of gut microbiome as T1D develops. The com
munity diversity decreased significantly in children 
who progress to T1D after seroconversion (a 
change from seronegative to a seropositive condi
tion) but before disease diagnosis.59 Further, 
a marked 25% drop in α-diversity observed in 
T1D progressors compared to controls. The decline 
in α-diversity accompanied by a spike in inflamma
tion-associated species, alterations to metabolic 
pathways and proinflammatory environment after 
seroconversion but before T1D onset.59,62 

Emerging evidence indicate that α-diversity, β- 
diversity and community richness are dissimilar 
in T1D vs healthy control subjects.27,39,47,61 

Children with diabetes demonstrated a notably 
lower gut microbiota diversity and richness com
pared to control groups.27 This is consistent to 
another study which reported different patterns of 
β-diversity clustering in children with T1D com
pared to healthy controls.47 Further, higher loss of 
diversity of the dominant bacterial community in 
T1D children might be pertinent to the autoim
mune process.47 Studies conducted in Northern 
Italy reported a lower α-diversity in adolescents 
with T1D and 27% less diversity in children with 
T1D and as compared to healthy controls.60,61 The 
above studies reported a signficant decrease in the 
microbial diversity in children genetically 

predisposed to T1D and children with T1D. 
However, few studies did not find such an associa
tion between T1D and microbial 
diversity.15,31,45,46,63,64 German BABYDIET study 
cohort which analyzed stool samples from children 
within the first 3 years of their life did not find 
significant differences in bacterial diversity between 
islet cell autoantibody–positive and anti-islet cell 
autoantibody–negative children.63 In a Southeast 
Sweden study, the effect of HLA alleles on the 
human gut microbiome composition and diversity 
was assessed. The authors suggested that HLA does 
not affect gut microbiome diversity considering the 
lack of significant differences in diversity between 
risk groups.15 Findings from a study of four geo
graphically distant African and Asian countries 
demonstrated that α-diversity and β-diversity mea
sures did not show appreciable differences between 
children with T1D and healthy controls, which is 
aligned with the results of a study conducted in 
Mexican children.46,64 In a recent prospective 
cohort study conducted in three different centers 
in Australia observed no differences in α and β- 
diversity between children with T1D, children with 
2 or more auto antibodies, sibling and unrelated 
controls.31

IMPACT OF T1D ON GUT MICROBIAL 
TAXONOMIC PROFILES

Gut microbiota is composed of microorganisms 
such as bacteria, archeae, fungi, yeast, and viruses. 
Bacterial classification includes the major taxo
nomic ranks such as phyla, classes, orders, families, 
genera, and species. Recent studies analyzed the 
microbial profile at various taxonomic and com
munity levels to identify specific taxa associated 
with T1D in children. Evidence from these studies 
indicate that there is a significant difference in the 
microbial community at different taxonomic level 
exist in between healthy children and children with 
T1D.45,58,65

Alterations at the phyla level

Actinobacteria, Bacteroidetes, Firmicutes, 
Fusobacteria, Proteobacteria, and Verrucomicrobia 
are considered the dominant gut microbial phyla. 
The two phyla Firmicutes and Bacteroidetes 
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represent 90% of gut microbiota.66 The gut micro
biome composition of children is dominated by 
Bacteroidetes and Firmicutes, followed by 
Actinobacteria and Proteobacteria.27,39,45,47,61,67

Actinobacteria
Actinobacteria, one of the largest bacterial phyla are 
Gram-positive bacteria with high guanine + cytosine 
(G + C) DNA content and mainly represented by the 
Bifidobacterium genus.66 Bifidobacterium genus pre
sented in the human gut have a significant role in 
maintaining health not only within the gastrointest
inal tract but in the rest of the body.68 Bifidobacterium 
genera contribute to butyrate production and inhibit
ing bacterial translocation.68 Human studies show that 
the gut microbiome composition is different in chil
dren with T1D and healthy controls. At the phylum 
level, the bacterial number of Actinobacteria was 
shown to decrease significantly in children with T1D 
compared to healthy children.45,47 However, another 
study conducted in Finland reported higher abun
dance of Actinobacteria in children with T1D.44

Bacteroidetes
Bacteroidetes phylum shown to exhibit diabetogenic 
properties and belong to gram-negative bacteria.39 

Bacteroidetes impair the barrier function of the 
epithelial cells which favors chronic inflammation.49 

Specifically Bacteroides genus which belong to 
Bacteroidetes play a key role in the development of 
T1D possibly through glutamate decarboxylase pro
duction which might provokes glutamic acid decar
boxylase autoimmunity via molecular mimicry.39 

Bacteroides acquires a substantial amount of antibio
tics resistance genes and hence an increased antibiotic 
usage especially in developed countries leads to 
Bacteroides over abundance.61,69 Studies showed 
a successive increase in Bacteroidetes abundance at 
phylum level in children with T1D and children who 
develop T1D over time.45,58,65 In contrast, few studies 
indicate that the Bacteroidetes were found to be less 
abundant in healthy control children as they become 
more abundant in T1D children.39,57,69 Two studies 
conducted on Finish children analyzed the gut micro
bial composition in children who had HLA-conferred 
susceptibility to T1D and tested positive for at least 
two diabetes-associated autoantibodies and matched 
healthy control children.46,61 In this study, abundance 
of Bacteroidetes phylum was different in 

autoantibody-positive children before, at, and after 
islet autoantibody seroconversion. In addition, the 
Bacteroidetes were more common in autoantibody- 
positive children with respect to autoantibody nega
tive matches.57,58

Firmicutes
Firmicutes belong to gram-negative bacteria and one 
of the major phyla that has the most common organ
isms in human gut microbiota. The intestinal micro
biota of healthy people is dominated by Firmicutes 
phyla.27,45 It is well documented that the proportions 
of Firmicutes phyla are higher in healthy control 
group as compared to children with T1D.44,45,47,58,69 

Indeed, the Firmicutes sequences convey an inverse 
pattern in the microbiome composition of the chil
dren with T1D. Firmicutes sequences decline overtime 
in T1D whereas increase in healthy children.58 

A recent study analyzed the gut microbiome in four 
different groups that include newly diagnosed T1D 
children, children who tested positive for one to four 
autoantibodies, seronegative first-degree relatives and 
healthy controls.65 The abundance of Firmicutes were 
different among the four groups suggesting the possi
ble link between seropositive group with more than 
one autoantibody and alteration in the abundance of 
Firmicutes bacterium.65 These results are consistent 
with two other studies conducted in Finland.57,58

Firmicutes/Bacteroidetes ratio
Firmicutes and Bacteroidetes are the most abundant 
taxa of gut microbiome despite their huge inter- 
individual variations and dramatic dynamics.70 

Studies indicate that the distribution ratio of the 
most abundant phyla such as Bacteroidetes, 
Firmicutes and Actinobacteria are different between 
healthy children and children with T1D.45,58,65 Indeed, 
children develop autoimmune diabetes overtime as 
the Firmicutes abundance decline and Bacteroidetes 
abundance increase.27,58,61,64,65 Human and animal 
studies suggested Firmicutes to Bacteroidetes ratio 
(F/B ratio) and Bacteroidetes to Firmicutes ratio (B/F 
ratio) as an index of the health of gut microbes.70,71 

Evidence suggest that there is a correlation between 
seropositivity with more than one autoantibody and 
alteration in the proportion of bacteria within the 
Bacteroidetes and Firmicutes phyla.65 Further, F/B 
ratio was significantly different between children 
who develop T1D and healthy children. Studies 
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indicate that B/F ratio significantly increase over time 
in children with T1D and children who eventually 
progressed to clinical T1D whereas B/F ratio decrease 
in nondiabetic children.45,47,58 However, two studies 
performed in Mexican and Chinese children did not 
find any significant difference in B/F ratio between 
children with T1D and healthy children.27,46 Hence, 
the influence of F/B or B/F ratio on T1D is not well 
established and yet to be studied.

Proteobacteria
Proteobacteria is one of the major phyla belongs to 
gram negative bacteria. Studies that assessed the asso
ciation between the abundance of Proteobacteria and 
T1D reported contradictory results. Two studies 
showed a significant positive association between 
Proteobacteria and T1D while other studies reported 
a significantly higher abundance of Proteobacteria in 
control groups compared to T1D.44,47,64,69 One study 
did not find any association between the relative abun
dance of Proteobacteria between healthy individuals 
and T1D patients.45

Alterations at the genus level

Emerging evidence indicates major alterations in the 
bacterial composition at the genus level between 
healthy individuals and children and adolescent 
with T1D.44,58,61 These studies showed that the chil
dren with T1D presented with higher abundance of 
12 genera including Escherichia, Bacteroides, 
Clostridium, Veillonella, Ruminococcus, Blautia, 
Streptococcus, Sutterella, Enterobacter, Lactobacillus, 
Lactococcus, and Bifidobacterium.27,39,44–47,58,60,64,69 

Despite the immense variability of the gut microbiota 
in children with T1D regardless of the confounding 
variables (geography, age, ethnicity, and diet), by far 
Bacteroides is the dominant genus reported in most 
published studies.46,47 Bacteroides is a gram-negative, 
acetate- and propionate-producing bacterium, which 
contribute to chronic inflammation.49 It is speculated 
that Bacteroides genera provokes dysbiosis, epithelial 
cell barrier dysfunction and consequently 
T1D.44,46,49 A study which investigated the role of 
Bacteroides by comparing the microbiome composi
tion of autoantibody-positive and autoantibody- 
negative revealed complementary results.57 The 
investigators showed an increase in the abundance 
of Bacteroides in autoantibody-positive male 

children compared to healthy children.57 Further, 
one study which sought to determine the composi
tion of the gut microbiome in children who devel
oped anti-islet cell autoimmunity, they did not find 
the difference in the abundance of Bacteroides 
between autoantibody-positive and autoantibody- 
negative children after adjusting for confounding 
factors and correction for multiple testing. 
However, they hypothesized that children with auto
antibody-positive presented with compromised bac
terial network which could potentially be associated 
with the development of anti-islet cell 
autoimmunity.63 The gastrointestinal of the healthy 
children is enriched with genera such as Prevotela, 
Akkermansia, Bifidobacterium, Lachnospira, and the 
butyrate producer genera including Roseburia, 
Anaerostipes, Faecalibacterium, Eubacterium, and 
Subdoligranulum.44–47,58,64 Specifically, the propor
tion of Prevotella and Akkermansia was shown to 
have 20 and 140 fold higher abundance in healthy 
children compared to children with T1D, 
respectively.44 The overabundance of butyrate pro
ducer and mucin degraders in the gut microbiome of 
healthy children is the indicator of the beneficial 
effects of these genera on gut integrity.44,72

Alterations at the species level

Children with T1D exhibit altered gut microbiome 
composition at the species level as compared to 
their healthy peers. Apparently, the gut micro
biome evolution of diabetic children is one step 
behind with aberrant direction.39 Shotgun metage
nomics studies provide evidence for the alterations 
of gut microbiome at species level. A spike in 
Bacteroides clarus, Alistipes obesi, Bifidobacterium 
longum, Dialister invisus, Gemella sanguinis, 
Bifidobacterium longum, Clostridium stercorarium, 
Ruminococcus gnavus and Streptococcus infantarius 
was reported in T1D children.39,52,59,61 A study 
aimed to investigate the gut microbiome develop
ment in children with higher genetic risk for T1D 
in Finland showed that the Bacteroides dorei and 
Bacteroides vulgatus are the dominant species in 
T1D.69 It was suggested that Bacteroides dorei pro
duce a lipopolysaccharide which has immunoinhi
bitory properties that contribute to the 
development of T1D by preventing early immune 
development.73 A different study showed 
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contradictory results which were thought to be 
attributed to variation due to age, geographical 
regions and different metabolic function of the 
same bacteria determined by its methylation 
patterns.67,74 A study that investigated the differ
ences in the intestinal microbiota composition of 
children with at least two diabetes-associated auto
antibodies and autoantibody-negative children 
revealed correlations with β-cell autoimmunity at 
the species level.57 This study reported that the 
abundance of the important short-chain fatty 
acid–producing species including Bifidobacterium 
adolescentis, B. Pseudocatenulatum, 
Faecalibacterium prausnitzii, Clostridium clostri
dioforme, and Roseburia faecis are inversely asso
ciated with the number of diabetes-associated 
autoantibodies in children implicating four auto
antibodies acquire significantly less short-chain 
fatty acid producer species.57 Clostridium clusters 
IV and XIVa are butyrate-producing species found 
to be higher in healthy children as compared to 
diabetic children.39,64 Consistently, a recent study 
in Finland found that Clostridium clusters IV and 
XIVa were negatively correlated with the number of 
diabetes-specific autoantibodies in Finish 
children.57 A study in which the stool samples 
were collected at three different time points 
revealed striking results.58 In this study, the gut 
microbiome of the children who eventually devel
oped T1D overtime enriched with bacterium mpn- 
isolate group 18, Bacteroides ovatus, Bacteroides sp. 
CJ78, Bacteroides thetaiotaomicron and Bacteroides 
uniformis species.58 Further, Bacteroides ovatus 
species composes approximately 24% of the total 
increase in T1D children as compared to healthy 
controls. These findings are in line with another 
study which confirms the overabundance of 
Bacteroides ovatus in the diabetic children.69 On 
the contrary, in healthy control group Bacteroides 
fragilis, Bacteroides. vulgatus, Eubacterium eligens, 
Eubacteriumrectale, Faecalibacterium prausnitzii, 
human intestinal firmicute CB47 and human intest
inal firmicute CO19 species were observed to be 
significantly higher in comparison with the T1D 
diabetic individuals.58 Of those species, the human 
firmicute strain CO19 comprised nearly 20% of the 
increase as to cases overtime.58 A study conducted 
in Turkey showed an increase in Enterobacteriaceae 
spp colonization with an decrease in 

Bifidobacterium spp. in T1D children as compared 
to healthy individuals.75 Previous study confirms 
these findings emphasizing the importance of buty
rate-producing bacteria in the β-cell autoimmunity 
development.57 The Environmental Determinants 
of Diabetes (TEDDY) study was conducted in six 
clinical research centers including in United States 
(Colorado, Georgia/Florida, Washington) and in 
Europe (Finland, Germany and Sweden) .23 The 
primary goal of this prospective cohort study was 
to determine the environmental causes of T1D. 
They collected monthly samples from 783 children 
at the age of three months until they develop islet 
autoimmunity or T1D.23 In this study, T1D chil
dren had higher abundance of Bifidobacterium 
pseudocatenulatum, Roseburiahominis and 
Alistipes shahii species whereas the healthy indivi
duals presented higher abundance of Streptococcus 
thermophilus and Lactococcus lactis species. They 
also found geographical variations in the overabun
dance of different species for instance, higher level 
of Streptococcus mitis/oralis/pneumoniae species in 
Finish children with T1D, higher level of 
Streptococcus thermophilus in Colorado healthy 
individuals, and higher level of Bacteroides vulgatus 
in Swedish T1D children.23 A recent study in Italian 
children and adolescents features over abundance 
of Bifidobacterium stercoris, Bacteroides intestinalis, 
Bacteroides cellulosilyticus, and Bacteroides fragilis 
species in T1D patients and Bacteroides vulgatus in 
helathy controls.60 All these evidence justifies the 
importance and the need for considering the geo
graphical location while studying the gut micro
biome composition.

IMPACT OF T1D ON THE FUNCTIONAL 
POTENTIAL OF GUT MICROBIOME

A limited number of studies conducted the metage
nomic analysis to map the differences in the func
tional potential of gut microbiome between 
individuals with T1D and healthy 
individuals.23,44,47,48,59,60,73 These studies reported 
the impact of T1D on the alteration in metabolic 
pathways. Healthy individuals have more functionally 
diverse microbiome composition compared to T1D 
and healthy controls have eight times more functions 
with greater abundance.44 The bacterial fermentation 

GUT MICROBES e1926841-13



pathways involve in the production of SCFA such as 
butyrate, acetate and propionate.77 A case-control 
comparison in TEDDY study reported an increase 
in bacterial fermentation pathways in healthy controls 
compared to individuals with T1D.23 Specifically, the 
degradation of L-arginine, putrescine, 4-aminobu
tanoate, acetylene, l-1,2-propanediol and the fermen
tation of acetyl coenzyme A pathways that are 
involved in the biosynthesis of butyrate, acetate, pro
pionate and butanoate were more abundant in 
healthy controls.23 The findings of the TEDDY 
study confirm existing evidence regarding the protec
tive role of SCFAs in T1D in human.39,57 A study 
conducted in Finland assessed metabolic pathways in 
samples collected from healthy controls and from 
children after presenting with two autoimmune 
antibodies.44 In this study, a robost functional differ
ence in 911 functions was observed in between the 
two groups out of the total 3,849 functions identified. 
Further, 797 functions were prevalent in healthy chil
dren and 114 functions were more prevalent in chil
dren presenting autoimmune antibodies. 
Interestingly, the samples collected from children pre
senting autoimmune antibodies exhibited different 
functionality between each other and healthy controls. 
However, all healthy controls exhibited similar func
tions. Further, the authors identified 1,061 pathways 
using Kyoto Encyclopedia of Genes and Genomes 
(KEGG) maps which is a reference database for path
way mapping. In this analysis, 166 pathways were 
significantly more prevalent in healthy controls 
while only 24 pathways were statistically prevalent in 
children presenting autoimmune antibodies. This 
study also support the previous studies which showed 
a great level of butyrate production in healthy 
individuals.45,78 In healthy controls the major func
tional categories including carbohydrate metabolism, 
amino acid metabolism, DNA Metabolism, RNA 
metabolism, cell wall and capsule proteins, nucleo
tides and nucleosides, cofactors and vitamins, motility 
and chemotaxis, nitrogen metabolism, membrane 
transport, phosphorous metabolism, virulence, and 
respiration expressed significantly higher relative 
abundance of read.44 The samples collected from 
children presenting autoantibodies showed lower 
functional diversity indicating that their microbiome 
composition possesses fastidious bacteria which 
require more nutrient in the external environment 
to survive and grow.44

Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States (PICRUSt) is 
a bioinformatics software which predicts metagenome 
function from marker gene (e.g. 16s rRNA) surveys. 
PICRUSt analysis in previous studies indicated that 
numerous bacterial functions were over- or under
represented in individuals with diabetes vs healthy 
individuals related to their different microbiome 
composition.47,60 An impairment in the pathways 
related to glucose metabolism and iron complex levels 
was predicted in Italian children and adolecents with 
T1D.60 Another study predicted that the abundance 
of genes related to energy and carbohydrate metabo
lism pathways deplete in T1D group compared to 
healthy controls.47 However, the genes linked with 
lipid metabolism and amino acid metabolism, LPS 
biosynthesis, arachidonic acid metabolism, ATP- 
binding-cassette transport, antigen processing and 
presentation, and chemokine signaling pathways 
related to inflammation and immune response were 
overrepresented in T1D.47 Further, this study demon
strated a significant increase in LPS, proinflammatory 
cytokines (IL-1β, IL-6, TNF-α) and a significant 
depletion of anti-inflammatory cytokines (IL-10 and 
IL-13) in subjects with T1D. This situation together 
with lower abundance of anti-inflammatory bacteria, 
promotes dysregulation of epithelial integrity and 
autoimmune responses in T1D.47,79

KNOWLEDGE GAPS, CHALLENGES AND FUTURE 
DIRECTION

Gut dysbiosis is implicated in a number of diseases 
and understanding the gut microbiome composition 
should be one of the priorities for the prevention and 
treatment of metabolic diseases such as diabetes. 
Despite recent developments in the field of the gut 
microbiome, there are significant knowledge gaps in 
understanding the role of gut microbiome in T1D 
especially in children and adolescents. In addition, 
the alterations in the diversity and relative abundance 
of gut microbes reported in T1D are not consistent in 
some of the studies (Table 1). This could be because of 
number of factors that could influence the micro
biome data which includes but not limited to partici
pants (geographical location, age, gender, dietary 
pattern, physical activity, severity of T1D, etc.), meth
ods used for sample collection, DNA isolation 
method, microbial profiling method (16 s rRNA 
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gene amplification and shotgun metagenomics), and 
the bioinformatics tools used for the analysis. Hence, 
these factors should be considered in the future 
studies.

Future studies should focus on novel approaches to 
understand the association between gut microbes and 
T1D, and to develop microbiome-based therapeutic 
strategies for the prevention and treatment of diabetes. 
(1) Based on the current knowledge, it is challenging 
to identify whether the alteration of gut microbiota is 
a cause and/or consequence of T1D. As discussed 
previously, a study assessed HLA-matched infants 
from birth until 3 years old to determine the altera
tions in the composition of gut microbiome as T1D 
develops. This type of studies should be expanded to 
identify whether alteration of gut microbiota is a cause 
or consequence of T1D. (2) Evidence indicate micro
bial metabolites such as SCFAs modulate the develop
ment or prevention of T1D. In addition to SCFAs, gut 
microbes mediate the production of number of meta
bolites. Future studies should focus on identifying the 
impact of these microbial metabolites on T1D and the 
molecular mechanisms involved. (3) The current 
knowledge about the functional potential of gut 
microbiome and the gut microbiota at species level 
are limited in T1D. It is important to identify the gut 
microbiome composition at species level and deter
mine the functional potential of gut microbiome by 
using latest high throughput sequencing technologies 
such as Shotgun metagenomics. (4) Identifying speci
fic microbe(s) involved in the pathogenesis of T1D will 
also lead to the early detection of T1D in genetically 
susceptible children. (5) Emerging evidence indicates 
the role of gut virome in T1D but the studies are 
limited. Studies focusing on T1D and gut microbes 
should include virome analysis. (6) The composition 
and functional potential of gut microbiome is exten
sively altered by a number of factors including diet, 
age, gender, geographical location, genetic back
ground, hygiene, antibiotic use, and other medical 
practices. These factors should be considered when 
analyzing the data as they may skew the results of 
microbiome data. Further, future studies should con
sider controlling the possible experimental variables. 
(7) Geographical location has a major impact on the 
alteration in gut microbiome. Understanding the 
composition of the gut microbiome in a specific geo
graphical location is necessary to develop micro
biome-based therapeutic strategies tailored based on 

location. (8) Identifying the effect of diet and physical 
activity on gut microbiome is also important for devel
oping microbiome-based therapeutic strategies. (9) 
Finally, future intervention studies should focus on 
diets that contain the probiotics and/or prebiotics to 
prevent the development of T1D. This can lead to the 
development of effective microbiome-based strategy 
to complement existing traditional therapies for treat
ing and/or preventing diabetes in children and 
adolescents.

Funding

Supported by research funds from the National Institute of 
Health and USDA-National Institute of Foods and Agriculture 
(to P.V.A.B.).

ORCID

Pari Mokhtari http://orcid.org/0000-0003-0451-1580
Julie Metos http://orcid.org/0000-0003-4531-7725
Pon Velayutham Anandh  Babu http://orcid.org/0000- 
0002-8424-5421

References

1. Shrestha SS, Zhang P, Thompson TJ, Gregg EW, 
Albright A, Imperatore G. Medical expenditures asso
ciated with diabetes among youth with medicaid 
coverage. Med Care. 2017;55(7):646–653. doi:10.1097/ 
MLR.0000000000000725.

2. Mayer-Davis EJ, Lawrence JM, Dabelea D, Divers J, Isom 
S, Dolan L, Imperator G, Linder B, Marcovina S, Pettitt 
DJ, et al. Incidence trends of type 1 and type 2 diabetes 
among youths, 2002-2012. The New England Journal of 
Medicine. 2017;376(15):1419–1429. doi:10.1056/ 
NEJMoa1610187.

3. International Diabetes F. IDF diabetes atlas. Global and 
regional diabetes prevalence estimates for 2019 and pro
jections for 2030 and 2045: Results from the International 
Diabetes Federation Diabetes Atlas 2019; 9th Edition; 
2019.

4. American Diabetes A 2.Classification and diagnosis of 
diabetes: standards of medical care in diabetes-2020. 
Diabetes Care. 2020;43(1):S14–S31. doi:10.2337/dc20- 
S002.

5. Knip M, Siljander H. The role of the intestinal micro
biota in type 1 diabetes mellitus. Nat Rev Endocrinol. 
2016;12(3):154–167. doi:10.1038/nrendo.2015.218.

6. Semenkovich CF, Danska J, Darsow T, Dunne JL, 
Huttenhower C, Insel RA, McElvaine AT, Ratner RE, 
Shuldiner, AR, Blaser JM. American diabetes association 
and JDRF research symposium: diabetes and the 

GUT MICROBES e1926841-15

https://doi.org/10.1097/MLR.0000000000000725
https://doi.org/10.1097/MLR.0000000000000725
https://doi.org/10.1056/NEJMoa1610187
https://doi.org/10.1056/NEJMoa1610187
https://doi.org/10.2337/dc20-S002
https://doi.org/10.2337/dc20-S002
https://doi.org/10.1038/nrendo.2015.218


microbiome. Diabetes. 2015;64(12):3967–3977. 
doi:10.2337/db15-0597.

7. Nielsen DS, Krych L, Buschard K, Hansen CH, 
Hansen AK. Beyond genetics. Influence of dietary factors 
and gut microbiota on type 1 diabetes. FEBS Lett. 2014;588 
(22):4234–4243. doi:10.1016/j.febslet.2014.04.010.

8. Barrett JC, Clayton DG, Concannon P, Akolkar B, Cooper 
JD, Erlich HA, Julier C, Morahan G, Nerup J, Nierras 
C, et al. Genome-wide association study and 
meta-analysis find that over 40 loci affect risk of type 1 
diabetes. Nat Genet. 2009;41(6):703–707. doi:10.1038/ 
ng.381.

9. Hu C, Wong FS, Wen L. Type 1 diabetes and gut 
microbiota: friend or foe? Pharmacol Res. 
2015;98:9–15. doi:10.1016/j.phrs.2015.02.006.

10. Dedrick S, Sundaresh B, Huang Q, Brady C, Yoo T, 
Cronin C, Rudnicki C, Flood M, Momeni B, 
Ludvigsson J, et al. The role of gut microbiota and 
environmental factors in type 1 diabetes pathogenesis. 
Front Endocrinol (Lausanne). 2020;11:78.

11. Rai E, Wakeland EK. Genetic predisposition to auto
immunity–what have we learned? Semin Immunol. 
2011;23(2):67–83. doi:10.1016/j.smim.2011.01.015.

12. Ceccarelli F, Agmon-Levin N, Perricone C. Genetic 
Factors of Autoimmune Diseases 2017. J Immunol 
Res. 2017;2017:2789242. doi:10.1155/2017/2789242.

13. Vojdani A, Pollard KM, Campbell AW. Environmental 
triggers and autoimmunity. Autoimmune Dis. 
2014;2014:798029.

14. Jorg S, Grohme DA, Erzler M, Binsfeld M, Haghikia A, 
Muller DN, Linker RA, Kleinewietfeld M. Environmental 
factors in autoimmune diseases and their role in multiple 
sclerosis. Cell Mol Life Sci. 2016;73(24):4611–4622. 
doi:10.1007/s00018-016-2311-1.

15. Russell JT, Roesch LFW, Ordberg M, Ilonen J, Atkinson 
MA, Schatz DA, Triplett EW, Ludvigsson J. Genetic risk 
for autoimmunity is associated with distinct changes in 
the human gut microbiome. Nat Commun. 2019;10 
(1):3621. doi:10.1038/s41467-019-11460-x.

16. Li J, Jia H, Cai X, Zhong H, Feng Q, Sunagawa S, 
Arumugam M, Kultima JR, Prifti E, Nielsen T, et al. 
An integrated catalog of reference genes in the human 
gut microbiome. Nature Biotechnology. 2014;32 
(8):834–841. doi:10.1038/nbt.2942.

17. Human Microbiome Project C. Structure, function and 
diversity of the healthy human microbiome. Nature. 
2012;486(7402):207–214. doi:10.1038/nature11234.

18. Schroeder BO, Backhed F. Signals from the gut micro
biota to distant organs in physiology and disease. Nat 
Med. 2016;22(10):1079–1089. doi:10.1038/nm.4185.

19. Brunkwall L, Orho-Melander M. The gut microbiome 
as a target for prevention and treatment of hyperglycae
mia in type 2 diabetes: from current human evidence to 
future possibilities. Diabetologia. 2017;60(6):943–951. 
doi:10.1007/s00125-017-4278-3.

20. Miller FW, Pollard KM, Parks CG, Germolec DR, Leung 
PS, Selmi C, Humble MC, and Rose NR. Criteria for 

environmentally associated autoimmune diseases. 
J Autoimmun. 2012;39(4):253–258. doi:10.1016/j. 
jaut.2012.05.001.

21. De Luca F, Shoenfeld Y. The microbiome in autoim
mune diseases. Clin Exp Immunol. 2019;195(1):74–85. 
doi:10.1111/cei.13158.

22. Heintz-Buschart A, May P, Laczny CC, Lebrun LA, 
Bellora C, Krishna A, Wampach L, Schneider JG, 
Hogan A, de Beaufort C, et al. Integrated multi-omics 
of the human gut microbiome in a case study of familial 
type 1 diabetes. Nat Microbiol. 2016;2(1):16180. 
doi:10.1038/nmicrobiol.2016.180.

23. Vatanen T, Franzosa EA, Schwager R, Tripathi S, Arthur 
TD, Vehik K, Lernmark A, Hagopian WA, Rewers MJ, She 
JX, et al. The human gut microbiome in early-onset type 1 
diabetes from the TEDDY study. Nature. 2018;562 
(7728):589–594. doi:10.1038/s41586-018-0620-2.

24. Kemppainen KM, Ardissone AN, Davis-Richardson AG, 
Fagen JR, Gano KA, Leon-Novelo LG, Vehik K, Casella G, 
Simell O, Ziegler AG, et al. Early childhood gut micro
biomes show strong geographic differences among sub
jects at high risk for type 1 diabetes. Diabetes Care. 2015;38 
(2):329–332. doi:10.2337/dc14-0850.

25. Petersen C, Round JL. Defining dysbiosis and its influence 
on host immunity and disease. Cellular Microbiology. 
2014;16(7):1024–1033. doi:10.1111/cmi.12308.

26. Vangay P, Ward T, Gerber JS, Knights D. Antibiotics, 
pediatric dysbiosis, and disease. Cell Host Microbe. 
2015;17(5):553–564. doi:10.1016/j.chom.2015.04.006.

27. Qi CJ, Zhang Q, Yu M, Xu JP, Zheng J, Wang T, Xiao XH. 
Imbalance of fecal microbiota at newly diagnosed type 1 
diabetes in chinese children. Chin Med J. 2016;129 
(11):1298–1304. doi:10.4103/0366-6999.182841.

28. Valdes AM, Walter J, Segal E, Spector TD. Role of the 
gut microbiota in nutrition and health. BMJ (Clinical 
Research Ed. 2018;361:k2179. doi:10.1136/bmj.k2179.

29. Parekh PJ, Balart LA, Johnson DA. The influence of the 
gut microbiome on obesity, metabolic syndrome and 
gastrointestinal disease. Clin Transl Gastroenterol. 
2015;6:e91. doi:10.1038/ctg.2015.16.

30. Zheng P, Li Z, Zhou Z. Gut microbiome in type 1 
diabetes: a comprehensive review. Diabetes Metab Res 
Rev. 2018;34(7):e3043. doi:10.1002/dmrr.3043.

31. Harbison JE, Roth-Schulze AJ, Giles LC, Tran CD, Ngui 
KM, Penno MA, Thomson RL, Wentworth JM, Colman 
PG, Craig ME, et al. Gut microbiome dysbiosis and 
increased intestinal permeability in children with islet 
autoimmunity and type 1 diabetes: a prospective cohort 
study. Pediatr Diabetes. 2019;20(5):574–583. doi:10.1111/ 
pedi.12865.

32. Zhou H, Sun L, Zhang S, Zhao X, Gang X, Wang G. 
Evaluating the causal role of gut microbiota in type 1 
diabetes and its possible pathogenic mechanisms. Front 
Endocrinol (Lausanne). 2020;11:125. doi:10.3389/ 
fendo.2020.00125.

33. Sorini C, Cosorich I, Lo Conte M, De Giorgi L, Facciotti 
F, Luciano R, Rocchi M, Ferrarese R, Sanvito F, 

e1926841-16 T. MOKHTARI ET AL.

https://doi.org/10.2337/db15-0597
https://doi.org/10.1016/j.febslet.2014.04.010
https://doi.org/10.1038/ng.381
https://doi.org/10.1038/ng.381
https://doi.org/10.1016/j.phrs.2015.02.006
https://doi.org/10.1016/j.smim.2011.01.015
https://doi.org/10.1155/2017/2789242
https://doi.org/10.1007/s00018-016-2311-1
https://doi.org/10.1038/s41467-019-11460-x
https://doi.org/10.1038/nbt.2942
https://doi.org/10.1038/nature11234
https://doi.org/10.1038/nm.4185
https://doi.org/10.1007/s00125-017-4278-3
https://doi.org/10.1016/j.jaut.2012.05.001
https://doi.org/10.1016/j.jaut.2012.05.001
https://doi.org/10.1111/cei.13158
https://doi.org/10.1038/nmicrobiol.2016.180
https://doi.org/10.1038/s41586-018-0620-2
https://doi.org/10.2337/dc14-0850
https://doi.org/10.1111/cmi.12308
https://doi.org/10.1016/j.chom.2015.04.006
https://doi.org/10.4103/0366-6999.182841
https://doi.org/10.1136/bmj.k2179
https://doi.org/10.1038/ctg.2015.16
https://doi.org/10.1002/dmrr.3043
https://doi.org/10.1111/pedi.12865
https://doi.org/10.1111/pedi.12865
https://doi.org/10.3389/fendo.2020.00125
https://doi.org/10.3389/fendo.2020.00125


Canducci F, et al. Loss of gut barrier integrity triggers 
activation of islet-reactive T cells and autoimmune 
diabetes. Proc Natl Acad Sci U S A. 2019;116 
(30):15140–15149. doi:10.1073/pnas.1814558116.

34. Li N, Hatch M, Wasserfall CH, Douglas-Escobar M, 
Atkinson MA, Schatz DA, Neu J. Butyrate and type 1 
diabetes mellitus: can we fix the intestinal leak? J Pediatr 
Gastroenterol Nutr. 2010;51(4):414–417. doi:10.1097/ 
MPG.0b013e3181dd913a.

35. Viggiano D, Ianiro G, Vanella G, Bibbo S, Bruno G, 
Simeone G, Mele G. Gut barrier in health and disease: 
focus on childhood. Eur Rev Med Pharmacol Sci. 
2015;19(6):1077–1085.

36. Watts T, Berti I, Sapone A, Gerarduzzi T, Not T, Zielke 
R, Fasano A. Role of the intestinal tight junction mod
ulator zonulin in the pathogenesis of type I diabetes in 
BB diabetic-prone rats. Proc Natl Acad Sci U S A. 
2005;102(8):2916–2921. doi:10.1073/pnas.0500178102.

37. Luu M, Visekruna A. Short-chain fatty acids: bacterial 
messengers modulating the immunometabolism of T 
cells. Eur J Immunol. 2019;49(6):842–848. doi:10.1002/ 
eji.201848009.

38. De Groot PF, Belzer C, Aydin O, Levin E, Levels JH, 
Aalvink S, Boot F, Holleman F, van Raalte DH, 
Scheithauer TP,  et al. Distinct fecal and oral microbiota 
composition in human type 1 diabetes, an observational 
study. PloS One. 2017;12(12):e0188475. doi:10.1371/jour
nal.pone.0188475.

39. De Goffau MC, Fuentes S, van den Bogert B, Honkanen 
H, de Vos WM, Welling GW, Hyoty H, Harmsen 
HJ, et al. Aberrant gut microbiota composition at the 
onset of type 1 diabetes in young children. Diabetologia. 
2014;57(8):1569–1577. doi:10.1007/s00125-014-3274-0.

40. Mills S, Stanton C, Lane JA, Smith GJ, Ross RP. Precision 
nutrition and the microbiome, part i: current state of the 
science. Nutrients. 2019;11(4):4. doi:10.3390/ 
nu11040923.

41. Ploger S, Stumpff F, Penner GB, Schulzke JD, Gabel G, 
Martens H, Shen Z, Gunzel D, Aschenbach JR et al. 
Microbial butyrate and its role for barrier function in 
the gastrointestinal tract. Ann N Y Acad Sci. 
2012;1258:52–59. doi:10.1111/j.1749-6632.2012.06553.x.

42. Suzuki T. Regulation of the intestinal barrier by nutri
ents: the role of tight junctions. Anim Sci J. 2020;91(1): 
e13357. doi:10.1111/asj.13357.

43. Feng Y, Huang Y, Wang Y, Wang P, Song H, Wang F. 
Antibiotics induced intestinal tight junction barrier dys
function is associated with microbiota dysbiosis, acti
vated NLRP3 inflammasome and autophagy. PloS One. 
2019;14(6):e0218384. doi:10.1371/journal. 
pone.0218384.

44. Brown CT, Davis-Richardson AG, Giongo A, Gano KA, 
Crabb DB, Mukherjee N, Casella G, Drew JC, Ilonen J, 
Knip M,  et al. Gut microbiome metagenomics analysis 
suggests a functional model for the development of 
autoimmunity for type 1 diabetes. PloS One. 2011;6 
(10):e25792. doi:10.1371/journal.pone.0025792.

45. Murri M, Leiva I, Gomez-Zumaquero JM, Tinahones FJ, 
Cardona F, Soriguer F, Queipo-Ortuno MI. Gut micro
biota in children with type 1 diabetes differs from that in 
healthy children: a case-control study. BMC Med. 
2013;11(1):46. doi:10.1186/1741-7015-11-46.

46. Mejia-Leon ME, Petrosino JF, Ajami NJ, Dominguez- 
Bello MG, de la Barca AM. Fecal microbiota imbalance 
in Mexican children with type 1 diabetes. Scientific 
Reports. 2014;4(1):3814. doi:10.1038/srep03814.

47. Leiva-Gea I, Sanchez-Alcoholado L, Martin-Tejedor B, 
Castellano-Castillo D, Moreno-Indias I, Urda-Cardona A, 
Tinahones FJ, Fernandez-Garcia JC, and Queipo-Ortuno 
MI. Gut microbiota differs in composition and function
ality between children with type 1 diabetes and MODY2 
and healthy control subjects: a case-control study. Diabetes 
Care. 2018;41(11):2385–2395. doi:10.2337/dc18-0253.

48. Pinto E, Anselmo M, Calha M, Bottrill A, Duarte I, 
Andrew PW, Faleiro ML. The intestinal proteome of 
diabetic and control children is enriched with different 
microbial and host proteins. Microbiology (Reading). 
2017;163(2):161–174. doi:10.1099/mic.0.000412.

49. Tlaskalova-Hogenova H, Stepankova R, Kozakova H, 
Hudcovic T, Vannucci L, Tuckova L, Rossmann P, 
Hrncir T, Kverka M, Zakostelska Z,  et al. The role of gut 
microbiota (commensal bacteria) and the mucosal barrier 
in the pathogenesis of inflammatory and autoimmune 
diseases and cancer: contribution of germ-free and gnoto
biotic animal models of human diseases. Cell Mol 
Immunol. 2011;8(2):110–120. doi:10.1038/cmi.2010.67.

50. Zak-Golab A, Kocelak P, Aptekorz M, Zientara M, 
Juszczyk Ł, Martirosian G, Chudek J, Olszanecka- 
Glinianowicz M. Gut microbiota, microinflammation, 
metabolic profile, and zonulin concentration in obese 
and normal weight subjects. Int J Endocrinol. 
2013;2013:674106. doi:10.1155/2013/674106.

51. Fasano A. All disease begins in the (leaky) gut: role of 
zonulin-mediated gut permeability in the pathogenesis 
of some chronic inflammatory diseases. F1000Res. 
2020;9:9. doi:10.12688/f1000research.20510.1.

52. Maffeis C, Martina A, Corradi M, Quarella S, Nori N, 
Torriani S, Plebani M, Contreas G, Felis GE, et al. 
Association between intestinal permeability and faecal 
microbiota composition in Italian children with beta cell 
autoimmunity at risk for type 1 diabetes. Diabetes Metab 
Res Rev. 2016;32(7):700–709. doi:10.1002/dmrr.2790.

53. Thaiss CA, Zmora N, Levy M, Elinav E. The micro
biome and innate immunity. Nature. 2016;535 
(7610):65–74. doi:10.1038/nature18847.

54. Durazzo M, Ferro A, Gruden G. Gastrointestinal micro
biota and type 1 diabetes mellitus: the state of art. J Clin 
Med. 2019;8(11):11. doi:10.3390/jcm8111843.

55. Siljander H, Honkanen J, Knip M. Microbiome and type 
1 diabetes. EBioMedicine. 2019;46:512–521. 
doi:10.1016/j.ebiom.2019.06.031.

56. Wagner BD, Grunwald GK, Zerbe GO, Mikulich- 
Gilbertson SK, Robertson CE, Zemanick ET, Harris 
JK. On the use of diversity measures in longitudinal 

GUT MICROBES e1926841-17

https://doi.org/10.1073/pnas.1814558116
https://doi.org/10.1097/MPG.0b013e3181dd913a
https://doi.org/10.1097/MPG.0b013e3181dd913a
https://doi.org/10.1073/pnas.0500178102
https://doi.org/10.1002/eji.201848009
https://doi.org/10.1002/eji.201848009
https://doi.org/10.1371/journal.pone.0188475
https://doi.org/10.1371/journal.pone.0188475
https://doi.org/10.1007/s00125-014-3274-0
https://doi.org/10.3390/nu11040923
https://doi.org/10.3390/nu11040923
https://doi.org/10.1111/j.1749-6632.2012.06553.x
https://doi.org/10.1111/asj.13357
https://doi.org/10.1371/journal.pone.0218384
https://doi.org/10.1371/journal.pone.0218384
https://doi.org/10.1371/journal.pone.0025792
https://doi.org/10.1186/1741-7015-11-46
https://doi.org/10.1038/srep03814
https://doi.org/10.2337/dc18-0253
https://doi.org/10.1099/mic.0.000412
https://doi.org/10.1038/cmi.2010.67
https://doi.org/10.1155/2013/674106
https://doi.org/10.12688/f1000research.20510.1
https://doi.org/10.1002/dmrr.2790
https://doi.org/10.1038/nature18847
https://doi.org/10.3390/jcm8111843
https://doi.org/10.1016/j.ebiom.2019.06.031


sequencing studies of microbial communities. Front 
Microbiol. 2018;9:1037. doi:10.3389/fmicb.2018.01037.

57. De Goffau MC, Luopajarvi K, Knip M, Ilonen J, 
Ruohtula T, Harkonen T, Orivuori L, Hakala S, 
Welling GW, Harmsen HJ,  et al. Fecal microbiota 
composition differs between children with beta-cell 
autoimmunity and those without. Diabetes. 2013;62 
(4):1238–1244. doi:10.2337/db12-0526.

58. Giongo A, Gano KA, Crabb DB, Mukherjee N, Novelo LL, 
Casella G, Drew JC, Ilonen J, Knip M, Hyoty H, et al. 
Toward defining the autoimmune microbiome for type 1 
diabetes. ISME J. 2011;5(1):82–91. doi:10.1038/ 
ismej.2010.92.

59. Kostic AD, Gevers D, Siljander H, Vatanen T, 
Hyotylainen T, Hamalainen AM, Peet A, Tillmann V, 
Poho P, Mattila I, et al. The dynamics of the human 
infant gut microbiome in development and in progres
sion toward type 1 diabetes. Cell Host Microbe. 2015;17 
(2):260–273. doi:10.1016/j.chom.2015.01.001.

60. Biassoni R, Di Marco E, Squillario M, Barla A, 
Piccolo G, Ugolotti E, Gatti C, Minuto N, Patti G, 
Maghnie M, et al. Gut microbiota in T1DM-onset 
pediatric patients: machine-learning algorithms to clas
sify microorganisms as disease linked. J Clin Endocrinol 
Metab. 2020;105(9):9. doi:10.1210/clinem/dgaa407.

61. Traversi D, Rabbone I, Ignaccola MG, Carletto G, Recca I, 
Vallini C, Andriola V, Cadario F, Savastio S, Siliquini R, 
et al. Gut microbiota diversity and T1DM onset: prelimin
ary data of a case-control study. Human Microbiome 
Journal. 2017;5-6:11–13. doi:10.1016/j.humic.2017.11.002.

62. Gao X, Huynh BT, Guillemot D, Glaser P, Opatowski L. 
Inference of significant microbial interactions from 
longitudinal metagenomics data. Front Microbiol. 
2018;9:2319. doi:10.3389/fmicb.2018.02319.

63. Endesfelder D, zu Castell W, Ardissone A, et al. 
Compromised gut microbiota networks in children 
with anti-islet cell autoimmunity. Diabetes. 2014;63 
(6):2006–2014. doi:10.2337/db13-1676.

64. Cinek O, Kramna L, Mazankova K, Odeh R, Alassaf A, 
Ibekwe MU, Ahmadov G, Elmahi BME, Mekki H, Lebl J, 
et al. The bacteriome at the onset of type 1 diabetes: a study 
from four geographically distant African and Asian 
countries. Diabetes Research and Clinical Practice. 
2018;144:51–62. doi:10.1016/j.diabres.2018.08.010.

65. Alkanani AK, Hara N, Gottlieb PA, Ir D, Robertson CE, 
Wagner BD, Frank DN, Zipris D. Alterations in intestinal 
microbiota correlate with susceptibility to type 1 diabetes. 
Diabetes. 2015;64(10):3510–3520. doi:10.2337/db14-1847.

66. Arumugam M, Raes J, Pelletier E, Le Paslier D, Yamada T, 
Mende DR, Fernandes GR, Tap J, Bruls T, Batto JM,  et al. 
Enterotypes of the human gut microbiome. Nature. 
2011;473(7346):174–180. doi:10.1038/nature09944.

67. Cinek O, Kramna L, Lin J, Oikarinen S, Kolarova K, Ilonen 
J, Simell O, Veijola R, Autio R, Hyoty H. Imbalance of 
bacteriome profiles within the finnish diabetes prediction 
and prevention study: parallel use of 16S profiling and 
virome sequencing in stool samples from children with 

islet autoimmunity and matched controls. Pediatr 
Diabetes. 2017;18(7):588–598. doi:10.1111/pedi.12468.

68. Arboleya S, Watkins C, Stanton C, Ross RP. Gut bifido
bacteria populations in human health and aging. Front 
Microbiol. 2016;7:1204. doi:10.3389/fmicb.2016.01204.

69. Davis-Richardson AG, Ardissone AN, Dias R, Simell V, 
Leonard MT, Kemppainen KM, Drew JC, Schatz D, 
Atkinson MA, Kolaczkowski  B,  et al. Bacteroides dorei 
dominates gut microbiome prior to autoimmunity in 
Finnish children at high risk for type 1 diabetes. Front 
Microbiol. 2014;5:678. doi:10.3389/fmicb.2014.00678.

70. Li W, Ma ZS. FBA ecological guild: trio of 
firmicutes-bacteroidetes alliance against actinobacteria 
in human oral microbiome. Scientific Reports. 2020;10 
(1):287. doi:10.1038/s41598-019-56561-1.

71. Tseng CH, Wu CY. The gut microbiome in obesity. 
J Formos Med Assoc. 2019;118(Suppl 1):S3–S9. 
doi:10.1016/j.jfma.2018.07.009.

72. Van Passel MW, Kant R, Zoetendal EG, Plugge CM, 
Derrien M, Malfatti SA, Chain PS, Woyke T, Palva A, de 
Vos WM, Smidt H et al. The genome of Akkermansia 
muciniphila, a dedicated intestinal mucin degrader, and 
its use in exploring intestinal metagenomes. PloS One. 
2011;6(3):e16876. doi:10.1371/journal.pone.0016876.

73. Vatanen T, Kostic AD, d'Hennezel E, Siljander H, 
Franzosa EA, Yassour M, Kolde R, Vlamakis H, 
Arthur TD, Hamalainen AM, et al. Variation in micro
biome LPS immunogenicity contributes to autoimmu
nity in humans. Cell 2016;165(4):842–853. doi:10.1016/ 
j.cell.2016.04.007.

74. Leonard MT, Davis-Richardson AG, Ardissone AN, 
Kemppainen KM, Drew JC, Ilonen J, Knip M, Simell 
O, Toppari J, Veijola R, et al. The methylome of the gut 
microbiome: disparate Dam methylation patterns in 
intestinal Bacteroides dorei. Front Microbiol. 
2014;5:361. doi:10.3389/fmicb.2014.00361.

75. Soyucen E, Gulcan A, Aktuglu-Zeybek AC, Onal H, 
Kiykim E, Aydin A. Differences in the gut microbiota 
of healthy children and those with type 1 diabetes. 
Pediatr Int. 2014;56(3):336–343. doi:10.1111/ped.12243.

76. LeBlanc JG, Chain F, Martin R, Bermudez-Humaran LG, 
Courau S, Langella P. Beneficial effects on host energy 
metabolism of short-chain fatty acids and vitamins pro
duced by commensal and probiotic bacteria. Microb Cell 
Fact. 2017;16(1):79. doi:10.1186/s12934-017-0691-z.

77. Marino E, Richards JL, McLeod KH, Stanley D, Yap YA, 
Knight J, McKenzie C, Kranich J, Oliveira AC, Rossello 
FJ,  et al. Gut microbial metabolites limit the frequency of 
autoimmune T cells and protect against type 1 diabetes. 
Nat Immunol 2017;18(5):552–562. doi:10.1038/ni.3713.

78. Li Q, Chang Y, Zhang K, Chen H, Tao S, Zhang Z. 
Implication of the gut microbiome composition of type 2 
diabetic patients from northern China. Scientific Reports. 
2020;10(1):5450. doi:10.1038/s41598-020-62224-3.

79. Vaarala O. Is the origin of type 1 diabetes in the gut? 
Immunol Cell Biol. 2012;90(3):271–276. doi:10.1038/ 
icb.2011.115.

e1926841-18 T. MOKHTARI ET AL.

https://doi.org/10.3389/fmicb.2018.01037
https://doi.org/10.2337/db12-0526
https://doi.org/10.1038/ismej.2010.92
https://doi.org/10.1038/ismej.2010.92
https://doi.org/10.1016/j.chom.2015.01.001
https://doi.org/10.1210/clinem/dgaa407
https://doi.org/10.1016/j.humic.2017.11.002
https://doi.org/10.3389/fmicb.2018.02319
https://doi.org/10.2337/db13-1676
https://doi.org/10.1016/j.diabres.2018.08.010
https://doi.org/10.2337/db14-1847
https://doi.org/10.1038/nature09944
https://doi.org/10.1111/pedi.12468
https://doi.org/10.3389/fmicb.2016.01204
https://doi.org/10.3389/fmicb.2014.00678
https://doi.org/10.1038/s41598-019-56561-1
https://doi.org/10.1016/j.jfma.2018.07.009
https://doi.org/10.1371/journal.pone.0016876
https://doi.org/10.1016/j.cell.2016.04.007
https://doi.org/10.1016/j.cell.2016.04.007
https://doi.org/10.3389/fmicb.2014.00361
https://doi.org/10.1111/ped.12243
https://doi.org/10.1186/s12934-017-0691-z
https://doi.org/10.1038/ni.3713
https://doi.org/10.1038/s41598-020-62224-3
https://doi.org/10.1038/icb.2011.115
https://doi.org/10.1038/icb.2011.115

	Abstract
	INTRODUCTION
	REVIEW STRATEGY
	DATA EXTRACTION
	ROLE OF GUT MICROBIOME IN THE DEVELOPMENT OF TYPE 1 DIABETES AND THE POSSIBLE MECHANISMS INVOLVED
	Intestinal barrier dysfunction
	Altered immune and inflammatory response

	IMPACT OF T1D ON GUT MICROBIAL DIVERSITY
	IMPACT OF T1D ON GUT MICROBIAL TAXONOMIC PROFILES
	Alterations at the phyla level
	Actinobacteria
	Bacteroidetes
	Firmicutes
	Firmicutes/Bacteroidetes ratio
	Proteobacteria

	Alterations at the genus level
	Alterations at the species level

	IMPACT OF T1D ON THE FUNCTIONAL POTENTIAL OF GUT MICROBIOME
	KNOWLEDGE GAPS, CHALLENGES AND FUTURE DIRECTION
	Funding
	ORCID
	References

