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ABSTRACT
Introduction  Type 1 diabetes (T1D) is an autoimmune-
mediated disorder caused by the destruction of 
pancreatic beta cells. Although there is an underlying 
genetic predisposition to developing T1D, the trigger is 
multifactorial and likely includes environmental factors. 
The intestinal microbiome has been identified as one such 
factor. Previous studies have illustrated differences in the 
microbiota of people with T1D compared with healthy 
controls. This study aims to describe the evolution of 
the microbiome and metabolome during the first year of 
clinical T1D, or stage 3 T1D diagnosis, and investigate 
whether there are differences in the microbiome and 
metabolome of children who present with and without 
diabetic ketoacidosis. The study will also explore possible 
associations between the microbiome, metabolome, 
glycaemic control and beta cell reserve.
Methods and analysis  This prospective cohort study 
will include children with newly diagnosed T1D and 
sibling controls (n=100, males and females) and their 
faecal microbiome will be characterised using shotgun 
metagenomic sequencing at multiple time points during 
the first year of diagnosis. We will develop a microbial 
culture biobank based on culturomic studies of stool 
samples from the healthy controls that will support 
future investigation. Metabolomic analysis will aim to 
identify additional biomarkers which may be involved in 
disease presentation and progression. Through this initial 
exploratory study, we aim to identify specific microbial 
biomarkers which may be used as future interventional 
targets throughout the various stages of T1D progression.
Ethics and dissemination  This study has been approved 
by the Clinical Research Ethics Committee of the Cork 
Teaching Hospitals. Study results will be available to 
patients with T1D and their families, carers, support 
networks and microbiome societies and other researchers.
Trial registration number  The ​clinicaltrials.​gov 
registration number for this trial is NCT06157736.

INTRODUCTION
The incidence of type 1 diabetes (T1D) has 
been increasing over the past few decades, 
especially in young children.1–6 T1D is caused 
by autoimmune-mediated destruction of 

pancreatic beta cells. This leads to a complete 
deficiency of insulin with affected individuals 
requiring lifelong exogenous insulin admin-
istration to achieve glucose homeostasis. 
The underlying aetiology of this condition 
is poorly understood but includes a genetic 
predisposition with a subsequent presumed 
environmental trigger7 8 that initiates and 
perpetuates the T-cell-mediated autoimmune 
process.9

Several large cohort studies have identified 
differences in the oral and faecal microbiome 
in those with T1D compared with healthy 
controls and suggest that microbiome compo-
sition may have a role in the pathogenesis of 
T1D.10–14 The composition of the intestinal 
microbiota is intimately linked to intestinal 
permeability and inflammation, providing a 
plausible causal association with T1D develop-
ment. Under specific conditions, disturbance 
in the regular microbiota colonising the intes-
tinal tract can occur, thus contributing to the 
onset of numerous diseases such as obesity,15 
rheumatoid arthritis,16 non-alcoholic fatty 
liver disease,17 cardiovascular diseases,18 
inflammatory bowel disease19 and psychiatric 
disorders.20 T1D may be among this list of 
diseases caused, or modulated by changes in 
the intestinal microbiota, supported by obser-
vational studies of children who develop 
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T1D.21 Under such conditions, the proliferation of proin-
flammatory bacteria may occur through interactions with 
the intestinal epithelium. This interaction triggers the 
release of cytokines, activating essential inflammatory 
pathways, thereby heightening morbidity and extending 
the duration of critical illness.22

The intestinal microbiome through the stages to T1D 
development
The development of T1D progresses through stages 
including genetic risk, immune activation, immune 
response, diabetes-related autoantibody development 
and the progressive decline in insulin production.23 This 
progression from genetic risk to established T1D can be 
characterised by four stages.24 Stage 1 is the presence of 
multiple islet autoantibodies. Stage 2 includes the pres-
ence of abnormal glucose tolerance. Stage 3 involves 
hyperglycaemia, and stage 4 is defined as established 
T1D. Associated microbiome characteristics have been 
described as early as the immune activation stage. A small 
study of 10 children with one positive diabetes-related 
autoantibody (ie, the immune activation stage) demon-
strated increased intestinal permeability and distinct 
differences in their intestinal microbiota compared 
with healthy controls.25 A low abundance of lactate- and 
butyrate-producing species has also been demonstrated.26 
These microbiome features also disrupt intestinal epithe-
lial barrier function. The converse appears to be true 
also, where intestinal microbiomes containing genes 
that promote the biosynthesis of short-chain fatty acids 
(SCFAs) and strengthen the intestinal barrier appear to 
have a protective effect against developing autoimmunity 
or T1D.12

At the time of diagnosis, small case-control studies 
have demonstrated a reduced Firmicutes/Bacteroides 
ratio,27–29 reduced microbial diversity30 and higher propor-
tion of non-buyrate-producing lactate-using bacteria13 in 
children with T1D. Lower numbers of specific species 
of Clostridium (clusters IV and XIVa),10 31 Prevotella13 and 
Akkermansia13 have also been identified in children with 
new-onset T1D. Rates of intestinal Candida colonisation 
are also higher in those with new-onset32 or established33 
T1D. Additionally, the oral microbiome has been studied 
in patients with T1D with significant differences demon-
strated between those with T1D and healthy controls.14

The intestinal microbiome may represent an important 
environmental trigger for T1D development. At the genus 
level, Bacteroides are frequently found to be present in 
higher abundance in the intestine of people with T1D or 
beta cell autoimmunity.13 26 29 34 35 Bacteroides species might 
contribute to the thinning of the intestinal mucus layer, 
increasing intestinal permeability and inflammation.35 
Increased intestinal permeability can facilitate bacterial 
and dietary antigens to translocate into the circulation, 
promoting systemic inflammation.21 However, Cinek et 
al showed that Bacteroides caccae was inversely correlated 
with the onset of beta cell autoimmunity.36 Different 
mechanisms have been proposed to explain the role of 

Bacteroides in T1D. Vatanen et al hypothesised that the 
production of a lipopolysaccharide with immunoinhibi-
tory properties by Bacteroides dorei strains in early life alters 
immune development, contributing to the development 
of T1D.37 The conversion of lactate to butyrate by intes-
tinal bacteria increases mucin synthesis. However, Bacte-
roides species convert lactate to acetate, propionate and 
succinate instead, reducing mucin synthesis and contrib-
uting to the thinning of the intestinal mucus layer.13

The progression of T1D is affected by the levels of circu-
lating glutamic acid decarboxylase (GAD) antibodies.38 
GAD is commonly produced by pancreatic beta cells. It 
has been suggested that GABA production through the 
bacterial GAD system can lead to the miseducation of the 
host immune system, triggering autoimmunity against 
pancreatic beta cells, via molecular mimicry.21 Knowing 
that GABA production by Bacteroides GAD-system is a 
common trait in the human intestine,39 these findings 
suggest that Bacteroides may play a role in T1D progression. 
Phocaeicola dorei and Phocaeicola vulgatus were classified as 
Bacteroides until recently,40 so most studies investigating 
Bacteroides associations with T1D also include Phocaeicola 
species. Different studies found that P. vulgatus and P. 
dorei species were in lower relative abundance in patients 
with T1D than in control groups.31 34 41 However, Davis-
Richardson et al found that P. dorei and P. vulgatus domi-
nate the intestinal microbiota of Finnish children before 
the development of islet autoimmunity, making the role 
of Phocaeicola spp. in the disease unclear.42

Intestinal microbiome and permeability in T1D
The ‘leaky gut’ hypothesis links the microbiome with 
the pathogenesis of T1D.43–45 The intestinal micro-
bial ecosystem plays an active role in both immune 
responses and intestinal barrier integrity.46 Increased 
intestinal permeability is seen in rat models at high 
risk for developing T1D,47 48 and increases in gastric 
and small intestinal permeability are seen prior to 
the development of insulinitis and diabetes.47 In 
transgenic mice carrying a T cell receptor for a beta 
cell autoantigen, antibiotic-induced depletion of the 
intestinal microbiota can trigger the development of 
T1D,49 suggesting a protective role of the intestinal 
microbiota. In humans, increased intestinal perme-
ability has been demonstrated through increased 
mannitol50 or lactulose51 absorption, or serum zonulin 
levels52 at the time of diagnosis of T1D. Furthermore, 
children at risk for developing T1D have increased 
intestinal permeability and distinct differences in 
their intestinal microbiomes compared with healthy 
controls.25 Gastroenteritis caused by rotavirus can 
trigger seroconversion in children at risk for devel-
oping T1D,53 and this mechanism may include micro-
biome disruption.

Metabolomic associations with the intestinal microbiome
Although characteristic features of the microbiome have 
been described in small studies comparing children with 
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T1D and controls, additional information is required to 
understand the role of the microbiome in this context. 
Metabolic profiles of taxa present in the microbiome may 
help investigate microbial functional significance54 and 
possibly lead to the identification of therapeutic targets 
within microbial metabolic pathways.55 There have been 
limited studies exploring metabolomic profiles in chil-
dren with T1D, but triglycerides, methionine and phos-
pholipids have been shown to possibly play a role in the 
seroconversion stage of T1D development.56 Following 
the development of T1D-related autoantibodies in 
infants, analysis of stool metabolomic profiles in conjunc-
tion with microbiome analysis demonstrates a drop in 
alpha diversity with inflammation-favouring metabo-
lites.57 This further supports the hypothesis that the intes-
tinal microbiome represents a potential target in altering 
the progression of T1D.

In order to elucidate associations between the micro-
biome and the occurrence and evolution of T1D, establish 
mechanistic links and identify possible targets for inter-
ventions, we plan to initially perform short-read metag-
enomic sequencing followed by bioinformatic analysis. 
Additionally, we will establish untargeted metabolomic 
profiles followed by validation of biomarkers of interest. 
This correlation with microbiome profiles will establish 
potential microbial functions linking our observations 
with associated metabolic activities. Specifically, char-
acteristics of the microbiome at the onset of T1D could 
potentially be linked to immune9 58 59 and microRNA60–62 
markers. The interplay between these markers and the 
microbiome will further advance our understanding of 
potential mechanisms underlying any associations iden-
tified in this study.

By describing and analysing unique patterns of faecal 
microbiome biodiversity at the onset of T1D, this study 
will provide a basis for further interventional studies that 
aim to halt or modify the trajectory of disease progres-
sion. This appears to be a feasible target of future study as 
there are small but promising studies that have identified 
the intestinal microbiome as a potential target for inter-
vention in T1D.

Prior studies25–33 employed microbiome analysis 
techniques such as real-time quantitative PCR, 16S 
sequencing and culturing of stool samples to gain 
insights into microbial changes associated with T1D. 
A recent study has suggested correlation between the 
microbiome and T1D progression, and reported an 
association between C peptide levels and microbial 
diversity.63 The novelty of the present study lies in 
its longitudinal and in-depth approach, employing 
short-read shotgun metagenomic sequencing in a 
large cohort during the early stages of T1D. Enabling 
the examination of entire genomes, this methodology 
allows for the comprehensive analysis of both the 
composition and functionality of the faecal microbiota 
from the onset of disease diagnosis and throughout 
the first year. Additionally, culturing of stool samples, 
in parallel with metagenomic shotgun sequencing, 

will enable insights into the potential identification 
and characterisation of essential missing microbes 
during the first year of T1D progression for potential 
therapeutic interventions.

Advancing our understanding of the intestinal 
microbiome in this way may have therapeutic impli-
cations. In children with established T1D, prebi-
otics were associated with increased endogenous 
insulin production and a possible improvement in 
intestinal permeability.64 Restoring the intestinal 
microbiome via faecal transplant in adults with new-
onset T1D has been shown to delay the decline in 
beta cell function,65 suggesting that modulating the 
intestinal microbiome in those with newly diagnosed 
T1D may impact disease progression. Identifying 
putative therapeutic targets within the microbiome 
would allow for a more focused approach that could 
be effective in this population. While these studies 
provide compelling data in support of an associa-
tion between the microbiome and T1D, further data 
are required to identify specific microbiome inter-
ventional targets throughout the stages of diabetes 
progression.

This study is designed to bridge existing knowledge 
gaps and incorporates a robust methodology with specific 
strengths, augmenting the significance of its findings. 
The proposed study’s specimen collection strategy, imple-
mented at various time points over a 1-year period, aims 
to deepen our comprehension of the temporal dynamics 
of colonising microbiota and their interactions with host 
physiology. While multicentre trials capturing sufficient 
case numbers of T1D cases will offer robust conclusions, 
this study will offer valuable information on faecal micro-
biome and metabolome associations with disease progres-
sion in new-onset T1D. Subsequent research studies can 
leverage these findings to explore treatment strategies, 
potentially offering recommendations for the effective 
administration of probiotic strains and supplements to 
enhance faecal microbiota diversity and function for 
improved outcomes.

Objectives and outcomes
The primary aim of this study is to describe the evolution 
of the microbiome and metabolome in children during 
their first year with stage 3 T1D, compared with their 
siblings without diabetes.
Secondary objectives and outcomes:
1.	 To establish if there are differences in the microbiome 

or metabolome of children who present in diabetic 
ketoacidosis (DKA) versus those who present without 
DKA.

2.	 To establish if there are differences in the microbiome 
or metabolome in those presenting with mild, moder-
ate or severe DKA.

3.	 To establish if there is an association between the 
microbiome or metabolome and glycaemic control 
during the first year of diagnosis.
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4.	 To establish if there is an association between the mi-
crobiome or metabolome and beta cell reserve 1 year 
after T1D diagnosis.

5.	 To establish if there is an association between the mi-
crobiome or metabolome at the time of T1D diagnosis 
and preceding hyperglycaemia.

METHODS AND ANALYSIS
This study will recruit 50 children at the time of diag-
nosis and 50 unaffected sibling controls and will employ 
a prospective cohort study methodology to investigate the 
faecal microbiome of children with newly diagnosed T1D 
in the first year of diagnosis. All children with newly diag-
nosed T1D will be assessed for eligibility for enrolment in 
this study. Inclusion and exclusion criteria are outlined 
separately in the recruitment strategy outline. Parents of 
eligible cases and controls will be approached for consent. 
If a case does not have siblings, they will still be eligible 
for recruitment. If a case has multiple siblings, more than 
one sibling can be recruited as a control. Recruitment 
will be conducted over a 1-year period. Consent for enrol-
ment for both cases and controls will be obtained during 
the first hospital visit on diagnosis of the index case. The 
study started in October 2023 and is planned to finish by 
September 2026.

At each time point (0, 4, 8, 52 weeks), stool will be 
collected for microbiome analysis from all cases and 
controls (n=100). Urine for metabolomics will be 
collected from all study participants at the same time 
points. A food frequency questionnaire will be completed 
by all cases and controls at the first and fourth study visits 
(0 and 52 weeks, respectively). Clinical data, including 
insulin dosing, glycaemic control and blood results, will 
be documented at each visit for cases. Cases will be asked 
to participate in a mixed meal tolerance test (MMTT) 
at study visit four (52 weeks). This will quantify stimu-
lated C peptide. This result will help to establish if there 
is a correlation between microbiome and metabolome 
evolution and beta cell reserve at 1 year. Shotgun metag-
enome sequencing will be conducted on faecal samples 
and urine metabolomic analysis will be employed to 
detect metabolic biomarkers. The study will explore the 
impact of the underlying diagnosis and environmental 
factors. The mode of delivery plays a crucial role in 
shaping the composition and function of the neonatal 
microbiome.66 67 Caesarean section delivery affects early 
microbiota transmission from mother to infant and the 
subsequent priming of the immune system, with delivery-
dependent differences early in gut microbiota coloni-
sation continuing through the first year of life.66 67 Due 
to this, we will record the mode of delivery in our data 
collection with ethical approval to access patient charts 
and will perform shotgun sequencing to compare cases 
with age-matched controls from 6 months onwards, 
should any become available.

In addition, the establishment of a microbial biobank 
will be achieved based on culturomics of stool samples 

from healthy sibling controls solely as a source of microbes 
to develop a microbial culture biobank that will support 
future investigations. Culturomics is solely performed on 
faecal samples from healthy siblings, and not index cases, 
with the hope to culture and preserve beneficial bacterial 
strains that are present in the healthy microbiome but 
potentially missing or depleted in individuals with T1D. 
We hypothesise that the microbiome of sibling controls, 
which is likely healthier than that of the index cases, may 
contain key bacterial species involved in immune regu-
lation and metabolic health that are absent or depleted 
in individuals with T1D. By focusing on healthy controls, 
we aim to identify beneficial microbial species that may 
play a protective role in delaying or preventing the onset 
of T1D. The preservation and study of these strains hold 
the potential for developing therapeutic targets aimed at 
slowing the onset and progression of the disease.

Public and patient involvement
During study development, parents were invited to discuss 
the study and provide feedback through an online virtual 
meeting. This input was integrated into the study design 
prior to finalising the approach.

Study participation and recruitment of subjects
This is a prospective observational cohort study including 
children with newly diagnosed T1D and their healthy 
sibling controls. Participants will be recruited from the 
diabetes service at Cork University Hospital (CUH). We 
aim to recruit approximately 50 of these children (cases). 
Healthy siblings of cases will be eligible to be recruited 
as controls for the study, and we aim to recruit approxi-
mately 50 controls. The inclusion and exclusion criteria 
are summarised in table 1. The study timeline is shown 
in table 2.

Screening and visit 1
Screening will take place during the case’s admission 
to hospital following their diagnosis with T1D. After 
reviewing the inclusion and exclusion criteria, once a 
participant is deemed eligible, they are then offered 
participation in the study. The aim of the study and the 
procedures to be undertaken will be explained to all 
potential participants and their parents/guardians, and 
they will be provided with a Patient Information Leaflet 
(PIL) and an Informed Consent Form (ICF) and an age-
appropriate Information Leaflet and Assent Form for 
the participant if relevant. The researcher will review the 
information outlined in the PIL and the age-appropriate 
information leaflet with the parent/guardian and poten-
tial participant and answer any questions they might have. 
If the child and their parents/guardians agree to take part 
in the study, they will be asked to read and sign the assent 
form and the ICF, respectively. Participants will receive a 
signed copy to keep. Demographics and medical history, 
height and weight measurements will be taken at this 
visit. A food frequency questionnaire will be completed 
by cases and controls during this visit. Samples of stool 
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and urine will also be collected from cases and controls 
at this visit. The date of sampling is recorded. Patient 
status, including whether or not they were acidotic at the 
time of sampling, will be noted. Clinical data, including 
insulin dosing and glycaemic control and blood results 
of cases, will be documented at this visit. Parents or 
guardians will also be interviewed regarding their child’s 
history of medication use. The information pertaining to 
any medications administered will be documented in the 
participant’s medical records, when accessible, and in the 
study’s Case Report Form (CRF).

Study visits 2 and 3
The second and third study visits will take place when 
the participant (case) returns to CUH for their routine 
follow-up appointment with the Diabetes Team approxi-
mately 1 and 2 months after T1D diagnosis. At these visits, 
cases and controls will be asked to provide stool and urine 
samples to the study team. Clinical data, including insulin 
dosing and glycaemic control, will be documented. Cases 
will be examined and height and weight recorded.

Study visit 4
The fourth study visit will take place approximately 
12 months after T1D diagnosis. At this visit, cases and 
controls will be asked to provide stool and urine samples 
to the study team. They will also be asked to complete 
a food frequency questionnaire. Clinical data, including 
insulin dosing, glycaemic control and blood results, will 
be documented. Height and weight will be recorded for 
all study participants. Cases will undergo their MMTT at 
this visit. If the case opts out of the 2-hour MMTT, they 
can have a shortened test where a single blood draw is 
taken at 90 min. If the case does not wish to take part 

in any MMTT, the results of routine clinical bloods, 
including fasting glucose and fasting C peptide levels, will 
be recorded instead. This will help to establish whether 
there is a correlation between microbiome and metab-
olome evolution and beta cell reserve. Serum for HLA-
typing will be taken at this visit also.

Controls will undergo phlebotomy for HLA-typing, 
diabetes autoantibodies and HbA1c analysis at this study 
visit. Parent(s) will be given these results if requested. 
There will be flexibility in the timing of phlebotomy for 
controls enrolled in the study. Their blood can be taken 
at any stage during the study (between study visit 1 and 
the end of the study) to ensure it is convenient for the 
family and the control.

Subject withdrawal/exclusion
In accordance with the Declaration of Helsinki, the partic-
ipant can discontinue their involvement in the study at 
any point if either they or their parent/guardian wishes 
to be withdrawn from the study.

Participants may be excluded from the study if they 
exhibit a condition that contradicts the initial criteria or 
if, at any stage, they are deemed unfit to continue the 
study at the investigator’s discretion. Any decision to 
withdraw will be documented in the source records and 
the relevant CRF. Subsequently, individuals who choose 
to withdraw from the study will be substituted. Samples 
from those who opt to no longer participate in the study 
will be preserved and may undergo analysis within the 
research. Furthermore, participants who are excluded 
from the study after giving their consent will also be 
replaced.

Table 1  Inclusion and exclusion criteria

Cases Controls

Inclusion criteria

Males and females with newly diagnosed T1D First-degree family members of cases

Aged between 6 months and 18 years at their first study visit Do not have T1D

Consent provided by parent/guardian to participate in this study Aged at least 6 months and no older than 18 years at the 
first study visit

Age-dependent assent or consent obtained for participants aged 
6–18 years

Consent provided by parent/guardian to participate in this 
study

Exclusion criteria

Are less than 6 months or older than 18 years at the time of their first study visit

Individuals who have a known diagnosis of inflammatory bowel disease or another medical condition which the study team 
deems might interfere with the microbiome

Individuals with complex medical or behavioural needs that would deem the participant unable to participate in the study

Have a significant acute or chronic coexisting illness (cardiovascular, gastrointestinal, endocrinological, immunological, 
metabolic) or any condition which contraindicates entry to the study according to the investigator’s judgement

Participants who are receiving treatment involving experimental medications

Have a malignant disease or any concomitant end-stage organ disease

T1D, type 1 diabetes.
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Sample collection and analysis
Sample collection
Stool and urine
Stool and urine samples will be collected by the partic-
ipant (or parent/guardian depending on the age of 
the participant) in the hospital using a collection kit 
and instructions that will be provided. If the samples 
are required to be collected at home, participants are 
informed that the samples provided should be as fresh as 
possible, ideally within 12 hours or less. Index cases and 
sibling control urine samples are collected in standard 
Steriline containers. Index cases are instructed to place 
their stool samples into a standard collection box, while 
the stool samples of sibling controls are collected anaer-
obically using the GutAlive anaerobic stool collection kit 
for culturomics. The GutAlive kit preserves the viability 
of anaerobic bacteria without altering the overall micro-
biome composition, ensuring that valid comparisons can 
be made between index cases and sibling controls despite 
the slight difference in sample collection methods. This 
distinction in collection methods was necessary due 

to the differing objectives of the study for each group; 
however, both groups follow consistent handling and 
storage protocols. The stool samples are then placed in 
an empty biohazard bag. It is then stored at 4°C. Freezer 
bags are provided to all participants to ensure samples 
remain cold when being transported to the hospital. A 
research nurse transfers samples from the participants’ 
homes to the laboratory if the participants are not sched-
uled for a hospital appointment close to the time of 
sample collection.

Once at the laboratory, the stool and urine samples are 
stored at −80°C for long-term preservation. Stool samples 
from sibling controls, collected anaerobically using the 
GutAlive anaerobic stool collection kit, aim to maintain 
microbial integrity and allow for the culturing of highly 
sensitive anaerobic bacteria. Anaerobic samples are imme-
diately cultured under anaerobic conditions on arrival 
to the laboratory, while the remaining stool is stored at 
−80°C for future analysis. Anaerobic stool samples are 
serially diluted and plated on five different media (Brain 
Heart Infusion; De Man, Rogosa and Sharpe; Tryptic Soy 

Table 2  Study visits

Cases

Visit number 1 2 3 4

Study week 1 4 8 52

Informed consent/assent X

Review inclusion/exclusion criteria X

Demographics/medical history X

Height and weight X X X X

Clinical data extraction (insulin doses, glycaemic control, blood results) X X X X

Food frequency questionnaire X X

Laboratory tests

Stool for microbiome analysis X X X X

Urine for metabolomic analysis X X X X

Mixed Meal Test for C peptide X

Serum for HLA-typing X

Controls

Visit number 1 2 3 4

Study week 1 4 8 52

Informed consent/assent X

Review inclusion/exclusion criteria X

Demographics/medical history X

Height and weight X

Food frequency questionnaire X X

Laboratory tests

Stool for microbiome analysis X X X X

Urine for metabolomic analysis X X X X

Serum for HbA1c measurement X

Serum for HLA-typing X

Serum for diabetes autoantibodies X
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Broth; Yeast Casitone Fatty Acids; M17 Medium; Gifu 
Anaerobic Medium) to target a broad spectrum of taxa.

Serum for diabetes autoantibodies
Serum will be collected from controls at study visit 4 to 
look for the presence of diabetes autoantibodies. This test 
will have been carried out in all cases, as per standard 
medical practice when first diagnosed with T1D.

Serum for HbA1C
A blood sample will be collected from controls to measure 
their HbA1C at study visit 4.

Serum for HLA-typing
Approximately 5 mL of serum will be collected from cases 
and controls at study visit 4.

Mixed meal tolerance test
Cases will be asked to participate in a MMTT at study visit 
4 at CUH. They will be asked to fast from 22:00 the night 
before the test but continue to take their normal long-
acting insulin, including on the morning of the test. Cases 
on an insulin pump can continue to take their normal 
background (basal) insulin before, during and after the 
test.

To proceed with the test, the case’s glucose level must 
be between 4 and 11.1 mM before the beginning of the 
test. Serum for HLA-testing will be taken from the intra-
venous line during the test.

Sample analysis
Stool will be analysed by the APC Microbiome Ireland 
laboratory. Stool samples will be stored at −80°C. The 
extraction of DNA from faecal matter will be conducted 
using the QIAmp Fast DNA Stool Mini Kit (QIAGEN, 
Manchester, UK), which includes an initial bead-beating 
step in the process.68 Microbiome analysis of stool will 
be performed using shotgun metagenomics sequencing. 
Initially, the DNA will undergo fragmentation, where it is 
sheared into fragments of approximately 400–600 bp and 
tagged with Illumina adaptor sequences. Subsequently, 
an indexing PCR will be carried out to uniquely index 
each sample, facilitating the pooling of samples on a 
single-flow cell and subsequent bioinformatic demulti-
plexing. Following Illumina Nextera XT protocols, PCR 
amplicons will be cleaned and normalised. To ensure an 
even distribution of samples for pooling, qPCR will be 
conducted. All metagenomic samples will be sequenced 
on the Illumina NextSeq platform. Raw reads will be 
filtered based on quality, quantity and length of reads, 
as well as the removal of human reads. Stool microbiota 
composition and functionality will be analysed using state-
of-the-art methods. Faecal SCFAs will be measured in all 
study participants as SCFAs have previously been reported 
to have a protective effect against developing autoimmu-
nity.69–72 Faecal SCFAs will be analysed by gas chromatog-
raphy flame ionisation detection using a Varian 3800 GC 
system, fitted with a DB-FFAP column (30 m L × 0.32 mm 
ID × 0.25 µm df; Agilent, California, USA) and a flame 

ionisation detector. Urine for metabolomics will be stored 
at −80°C and later analysed for untargeted metabolomics 
at University College Cork. Mass spectrometry methods 
for biomarker identification, followed by targeted/
hypothesis-driven metabolomics methods for biomarker 
verification, will be conducted.

Statistical instruments for the analysis of microbiome 
data sets are continually being updated, and we will 
use the latest methodology available. Part of the faecal 
samples will be grown for analyses of culturable bacterial 
strains.

Serum for diabetes autoantibodies will be analysed by 
Exeter Clinical Laboratory in the UK. Serum for HLA-
typing will be analysed at the National Blood Centre, 
James’ Street, Dublin 8. Serum for HbA1C measure-
ment, glucose and C peptide analysis will be analysed at 
CUH. Samples will be stored securely in a UCC moni-
tored biobank until transfer for analytics to the relevant 
laboratory.

Bioinformatics and statistical analysis
Demographic and clinical data
Demographic and clinical data, as well as laboratory infor-
mation, will be subjected to a normality test using the 
Shapiro-Wilk test. Descriptive statistics will be employed 
to characterise data that conform to a normal distribu-
tion and will be presented as mean ± SD. Continuous data 
lacking a normal distribution will be presented using the 
median and IQRs. Categorical variables will be conveyed 
as counts and percentages. Group comparisons will 
involve χ2 tests for categorical variables and independent-
sample Student’s t-tests for continuous variables meeting 
the normal distribution criteria. In the case of variables 
that do not adhere to a normal distribution, the Mann-
Whitney U test will be employed.

Microbiome analysis
Metagenomic shotgun sequencing data will be analysed 
using bioBakery suite of tools (https://huttenhower.sph.​
harvard.edu/biobakery_workflows/). Trimmed and human 
reads filtered using KneadData (Harvard School of Public 
Health, Boston, Massachusetts, USA) with the default param-
eters. Quality-controlled data will be taxonomically profiled 
at the species level with relative abundance by MetaPhlAn4. 
Functional profiling will be performed using HUMAnN3 
(Harvard School of Public Health, Boston, Massachusetts, 
USA)73 and strain profiling using StrainPhlAn (University of 
Trento, Trento, Italy).74

Data collection and management
During the study, all data entered in the CRF will be pseud-
onymised with a unique identification code allocated at the 
time of enrolment into the study, and stored in a REDCap 
database. Identifiable data will be stored separately to this 
information. Only members of the research team will have 
access to these identifiers.

The electronic Investigator Site File will be maintained and 
updated as required during the study. Computers used to 

https://huttenhower.sph.harvard.edu/biobakery_workflows/
https://huttenhower.sph.harvard.edu/biobakery_workflows/
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collate the data will have limited access measures by encryp-
tion codes, username and passwords. Access will be restricted 
to authorised study personnel only. All identifiable data will 
be kept for 10 years as per our university Code of Research 
Conduct. Clinical information will not be released without 
the written permission of the participant, except as neces-
sary for monitoring, auditing or inspection by the relevant 
authorities. Published results will not contain any personal 
data that could allow identification of individual partici-
pants. All investigators and associated staff have completed 
good clinical practice in research training and will comply 
strictly with the requirements of the General Data Protection 
Regulation regarding the collection, storage, processing and 
disclosure of personal information and will uphold the Act’s 
core principles.

ETHICS AND DISSEMINATION
This study has been approved by the Clinical Research Ethics 
Committee of the Cork Teaching Hospitals. The outcomes 
of the study will be accessible to individuals diagnosed with 
T1D, along with their families, caregivers, support networks, 
microbiome societies and other researchers. The findings 
from the study aim to enhance our comprehension of the 
faecal microbiota in childhood T1D. Additionally, they 
will contribute valuable insights for managing the disease, 
including strategies to prioritise the preservation of faecal 
microbiota integrity.

Status of the study
The trial is ethically approved (registration number 
NCT06157736), and recruitment has commenced.

Author affiliations
1Department of Paediatrics and Child Health, University College Cork, Cork, Ireland
2INFANT Research Centre, University College Cork, Cork, Ireland
3Department of Anatomy & Neuroscience, University College Cork, Cork, Ireland
4APC Microbiome Ireland, University College Cork, Cork, Ireland
5Department of Neonatology, Cork University Maternity Hospital, Cork, Ireland
6Teagasc Food Research Centre Moorepark, Moorepark, Ireland
7Perelman School of Medicine, University of Pennsylvania, Philadelphia, 
Pennsylvania, USA

X Carol-Anne O’Shea @carolannoshea1

Acknowledgements  The authors are grateful to the Diabetes Team at Cork 
University Hospital (Conor Cronin, Laura Crowley, Lorraine Corrigan, Jennifer Barry, 
Ashling Hayes, Mary Essex, Annelise Hutch, Irene O’Mahony, Stephen O’Riordan) 
and all study participants for their support in performing this study.

Contributors  CPH, ECK, FCR, PR, AL, ED and CS devised the project and the main 
conceptual ideas. ECK, FCR, CS, CPH, AL, C-AO’S and ED were involved in the study 
design and writing of the manuscript. CPH, ECK, C-AO’S and FCR are involved in 
consenting participants, collecting samples and acquiring data. FCR, CS and PR 
are responsible for analysing study samples. All authors read manuscript revisions, 
approved the final manuscript and accept accountability for the accuracy and 
integrity of the work. CPH acted as the guarantor.

Funding  This publication has emanated from research conducted with financial 
support of Science Foundation Ireland (SFI) under Grant No. 12/RC/2273_P2. ECK 
has also received funding from the INFANT Research Centre to support this work.

Competing interests  None declared.

Patient and public involvement  Patients and/or the public were involved in the 
design, or conduct, or reporting, or dissemination plans of this research. Refer to 
the Methods section for further details.

Patient consent for publication  Not applicable.

Provenance and peer review  Not commissioned; externally peer reviewed.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution 4.0 Unported (CC BY 4.0) license, which permits 
others to copy, redistribute, remix, transform and build upon this work for any 
purpose, provided the original work is properly cited, a link to the licence is given, 
and indication of whether changes were made. See: https://creativecommons.org/​
licenses/by/4.0/.

ORCID iD
Elaine Catherine Kennedy http://orcid.org/0000-0002-4610-701X

REFERENCES
	 1	 Vehik K, Hamman RF, Lezotte D, et al. Increasing incidence of type 

1 diabetes in 0- to 17-year-old Colorado youth. Diabetes Care 
2007;30:503–9. 

	 2	 Soltesz G, Patterson CC, Dahlquist G, et al. Worldwide childhood 
type 1 diabetes incidence--what can we learn from epidemiology? 
Pediatr Diabetes 2007;8 Suppl 6:6–14. 

	 3	 Patterson CC, Harjutsalo V, Rosenbauer J, et al. Trends and cyclical 
variation in the incidence of childhood type 1 diabetes in 26 
European centres in the 25 year period 1989-2013: a multicentre 
prospective registration study. Diabetologia 2019;62:408–17. 

	 4	 Divers J, Mayer-Davis EJ, Lawrence JM, et al. Trends in Incidence of 
Type 1 and Type 2 Diabetes Among Youths - Selected Counties and 
Indian Reservations, United States, 2002-2015. MMWR Morb Mortal 
Wkly Rep 2020;69:161–5. 

	 5	 Mayer-Davis EJ, Dabelea D, Lawrence JM. Incidence Trends of Type 
1 and Type 2 Diabetes among Youths, 2002–2012. N Engl J Med 
2017;377:301. 

	 6	 Lipman TH, Levitt Katz LE, Ratcliffe SJ, et al. Increasing incidence of 
type 1 diabetes in youth: twenty years of the Philadelphia Pediatric 
Diabetes Registry. Diabetes Care 2013;36:1597–603. 

	 7	 Redondo MJ, Jeffrey J, Fain PR, et al. Concordance for islet 
autoimmunity among monozygotic twins. N Engl J Med 
2008;359:2849–50. 

	 8	 Pociot F, Lernmark Å. Genetic risk factors for type 1 diabetes. Lancet 
2016;387:2331–9. 

	 9	 Mathieu C, Lahesmaa R, Bonifacio E, et al. Immunological 
biomarkers for the development and progression of type 1 diabetes. 
Diabetologia 2018;61:2252–8. 

	10	 de Goffau MC, Fuentes S, van den Bogert B, et al. Aberrant gut 
microbiota composition at the onset of type 1 diabetes in young 
children. Diabetologia 2014;57:1569–77. 

	11	 Knip M, Siljander H. The role of the intestinal microbiota in type 1 
diabetes mellitus. Nat Rev Endocrinol 2016;12:154–67. 

	12	 Vatanen T, Franzosa EA, Schwager R, et al. The human gut 
microbiome in early-onset type 1 diabetes from the TEDDY study. 
Nature New Biol 2018;562:589–94. 

	13	 Brown CT, Davis-Richardson AG, Giongo A, et al. Gut Microbiome 
Metagenomics Analysis Suggests a Functional Model for the 
Development of Autoimmunity for Type 1 Diabetes. PLoS ONE 
2011;6:e25792. 

	14	 de Groot PF, Belzer C, Aydin Ö, et al. Distinct fecal and oral 
microbiota composition in human type 1 diabetes, an observational 
study. PLoS One 2017;12:e0188475. 

	15	 Cox AJ, West NP, Cripps AW. Obesity, inflammation, and the gut 
microbiota. Lancet Diabetes Endocrinol 2015;3:207–15. 

	16	 Guerreiro CS, Calado Â, Sousa J, et al. Diet, Microbiota, and Gut 
Permeability-The Unknown Triad in Rheumatoid Arthritis. Front Med 
(Lausanne) 2018;5:349. 

	17	 Brandl K, Schnabl B. Intestinal microbiota and nonalcoholic 
steatohepatitis. Curr Opin Gastroenterol 2017;33:128–33. 

	18	 Forkosh E, Ilan Y. The heart-gut axis: new target for atherosclerosis 
and congestive heart failure therapy. Open Heart 2019;6:e000993. 

	19	 Michielan A, D’Incà R. Intestinal Permeability in Inflammatory Bowel 
Disease: Pathogenesis, Clinical Evaluation, and Therapy of Leaky 
Gut. Mediators Inflamm 2015;2015:628157. 

	20	 Kelly JR, Kennedy PJ, Cryan JF, et al. Breaking down the barriers: 
the gut microbiome, intestinal permeability and stress-related 
psychiatric disorders. Front Cell Neurosci 2015;9:392. 

	21	 Mokhtari P, Metos J, Anandh Babu PV. Impact of type 1 diabetes 
on the composition and functional potential of gut microbiome in 
children and adolescents: possible mechanisms, current knowledge, 
and challenges. Gut Microbes 2021;13:1–18. 

	22	 Colella M, Charitos IA, Ballini A, et al. Microbiota revolution: How gut 
microbes regulate our lives. World J Gastroenterol 2023;29:4368–83. 

https://x.com/carolannoshea1
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-4610-701X
http://dx.doi.org/10.2337/dc06-1837
http://dx.doi.org/10.1111/j.1399-5448.2007.00280.x
http://dx.doi.org/10.1007/s00125-018-4763-3
http://dx.doi.org/10.15585/mmwr.mm6906a3
http://dx.doi.org/10.15585/mmwr.mm6906a3
http://dx.doi.org/10.1056/NEJMc1706291
http://dx.doi.org/10.2337/dc12-0767
http://dx.doi.org/10.1056/NEJMc0805398
http://dx.doi.org/10.1016/S0140-6736(16)30582-7
http://dx.doi.org/10.1007/s00125-018-4726-8
http://dx.doi.org/10.1007/s00125-014-3274-0
http://dx.doi.org/10.1038/nrendo.2015.218
http://dx.doi.org/10.1038/s41586-018-0620-2
http://dx.doi.org/10.1371/journal.pone.0025792
http://dx.doi.org/10.1371/journal.pone.0188475
http://dx.doi.org/10.1016/S2213-8587(14)70134-2
http://dx.doi.org/10.3389/fmed.2018.00349
http://dx.doi.org/10.3389/fmed.2018.00349
http://dx.doi.org/10.1097/MOG.0000000000000349
http://dx.doi.org/10.1136/openhrt-2018-000993
http://dx.doi.org/10.1155/2015/628157
http://dx.doi.org/10.3389/fncel.2015.00392
http://dx.doi.org/10.1080/19490976.2021.1926841
http://dx.doi.org/10.3748/wjg.v29.i28.4368


9Kennedy EC, et al. BMJ Open 2025;15:e089206. doi:10.1136/bmjopen-2024-089206

Open access

	23	 Quattrin T, Haller MJ, Steck AK, et al. Golimumab and Beta-Cell 
Function in Youth with New-Onset Type 1 Diabetes. N Engl J Med 
2020;383:2007–17. 

	24	 Besser REJ, Bell KJ, Couper JJ, et al. ISPAD Clinical Practice 
Consensus Guidelines 2022: Stages of type 1 diabetes in children 
and adolescents . Pediatr Diabetes 2022;23:1175–87. 

	25	 Maffeis C, Martina A, Corradi M, 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;32:700–9. 

	26	 de Goffau MC, Luopajärvi K, Knip M, et al. Fecal microbiota 
composition differs between children with β-cell autoimmunity and 
those without. Diabetes 2013;62:1238–44. 

	27	 Demirci M, Bahar Tokman H, Taner Z, et al. Bacteroidetes and 
Firmicutes levels in gut microbiota and effects of hosts TLR2/TLR4 
gene expression levels in adult type 1 diabetes patients in Istanbul, 
Turkey. J Diabetes Complicat 2020;34:107449. 

	28	 Huang Y, Li S-C, Hu J, et al. Gut microbiota profiling in Han Chinese 
with type 1 diabetes. Diabetes Res Clin Pract 2018;141:256–63. 

	29	 Murri M, Leiva I, Gomez-Zumaquero JM, et al. Gut microbiota in 
children with type 1 diabetes differs from that in healthy children: a 
case-control study. BMC Med 2013;11:46. 

	30	 Leiva-Gea I, Sánchez-Alcoholado L, Martín-Tejedor B, et al. Gut 
Microbiota Differs in Composition and Functionality Between 
Children With Type 1 Diabetes and MODY2 and Healthy Control 
Subjects: A Case-Control Study. Diabetes Care 2018;41:2385–95. 

	31	 Cinek O, Kramna L, Mazankova K, et al. The bacteriome at the onset 
of type 1 diabetes: A study from four geographically distant African 
and Asian countries. Diabetes Res Clin Pract 2018;144:51–62. 

	32	 Gürsoy S, Koçkar T, Atik SU, et al. Autoimmunity and intestinal 
colonization by Candida albicans in patients with type 1 diabetes at 
the time of the diagnosis. Korean J Pediatr 2018;61:217–20. 

	33	 Soyucen E, Gulcan A, Aktuglu‐Zeybek AC, et al. Differences in the 
gut microbiota of healthy children and those with type 1 diabetes. 
Pediatr Int 2014;56:336–43. 

	34	 Traversi D, Rabbone I, Ignaccolo MG, et al. Gut microbiota diversity 
and T1DM onset: Preliminary data of a case-control study. Human 
Microbiome Journal 2017;5–6:11–3. 

	35	 Mejía-León ME, Petrosino JF, Ajami NJ, et al. Fecal microbiota 
imbalance in Mexican children with type 1 diabetes. Sci Rep 
2014;4:3814. 

	36	 Cinek O, Kramna L, Lin J, et al. 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;18:588–98. 

	37	 Vatanen T, Kostic AD, d’Hennezel E, et al. Variation in Microbiome 
LPS Immunogenicity Contributes to Autoimmunity in Humans. Cell 
2016;165:842–53. 

	38	 Towns R, Pietropaolo M. GAD65 autoantibodies and its role as 
biomarker of Type 1 diabetes and Latent Autoimmune Diabetes in 
Adults (LADA). Drugs Future 2011;36:847. 

	39	 Otaru N, Ye K, Mujezinovic D, et al. GABA Production by Human 
Intestinal Bacteroides spp.: Prevalence, Regulation, and Role in Acid 
Stress Tolerance. Front Microbiol 2021;12:656895. 

	40	 García-López M, Meier-Kolthoff JP, Tindall BJ, et al. Analysis of 
1,000 Type-Strain Genomes Improves Taxonomic Classification of 
Bacteroidetes Front Microbiol 2019;10:2083. 

	41	 Giongo A, Gano KA, Crabb DB, et al. Toward defining the 
autoimmune microbiome for type 1 diabetes. ISME J 2011;5:82–91. 

	42	 Davis-Richardson AG, Ardissone AN, Dias R, 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. 

	43	 Peters A, Wekerle H. Autoimmune diabetes mellitus and the leaky 
gut. Proc Natl Acad Sci USA 2019;116:14788–90. 

	44	 de Kort S, Keszthelyi D, Masclee AAM. Leaky gut and diabetes 
mellitus: what is the link? Obes Rev 2011;12:449–58. 

	45	 Vaarala O. The role of the gut in beta-cell autoimmunity and type 1 
diabetes: a hypothesis. Pediatr Diabetes 2000;1:217–25. 

	46	 Natividad JMM, Verdu EF. Modulation of intestinal barrier by 
intestinal microbiota: pathological and therapeutic implications. 
Pharmacol Res 2013;69:42–51. 

	47	 Neu J, Reverte CM, Mackey AD, et al. Changes in intestinal 
morphology and permeability in the biobreeding rat before the onset 
of type 1 diabetes. J Pediatr Gastroenterol Nutr 2005;40:589–95. 

	48	 Meddings JB, Jarand J, Urbanski SJ, et al. Increased gastrointestinal 
permeability is an early lesion in the spontaneously diabetic BB rat. 
Am J Physiol 1999;276:G951–7. 

	49	 Sorini C, Cosorich I, Lo Conte M, 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;116:15140–9. 

	50	 Carratù R, Secondulfo M, de Magistris L, et al. Altered intestinal 
permeability to mannitol in diabetes mellitus type I. J Pediatr 
Gastroenterol Nutr 1999;28:264–9. 

	51	 Bosi E, Molteni L, Radaelli MG, et al. Increased intestinal 
permeability precedes clinical onset of type 1 diabetes. Diabetologia 
2006;49:2824–7. 

	52	 Sapone A, de Magistris L, Pietzak M, et al. Zonulin upregulation is 
associated with increased gut permeability in subjects with type 1 
diabetes and their relatives. Diabetes 2006;55:1443–9. 

	53	 Honeyman MC, Coulson BS, Stone NL, et al. Association between 
rotavirus infection and pancreatic islet autoimmunity in children at 
risk of developing type 1 diabetes. Diabetes 2000;49:1319–24. 

	54	 Zhang X, Li L, Butcher J, et al. Advancing functional and translational 
microbiome research using meta-omics approaches. Microbiome 
2019;7:154. 

	55	 Zhu W, Winter MG, Byndloss MX, et al. Precision editing of the gut 
microbiota ameliorates colitis. Nature New Biol 2018;553:208–11. 

	56	 Oresic M, Simell S, Sysi-Aho M, et al. Dysregulation of lipid and 
amino acid metabolism precedes islet autoimmunity in children who 
later progress to type 1 diabetes. J Exp Med 2008;205:2975–84. 

	57	 Kostic AD, Gevers D, Siljander H, et al. The dynamics of the human 
infant gut microbiome in development and in progression toward 
type 1 diabetes. Cell Host Microbe 2015;17:260–73. 

	58	 Bonifacio E. Predicting type 1 diabetes using biomarkers. Diabetes 
Care 2015;38:989–96. 

	59	 Speake C, Bahnson HT, Wesley JD, et al. Systematic Assessment 
of Immune Marker Variation in Type 1 Diabetes: A Prospective 
Longitudinal Study. Front Immunol 2019;10:2023. 

	60	 Assmann TS, Recamonde-Mendoza M, De Souza BM, et al. 
MicroRNA expression profiles and type 1 diabetes mellitus: 
systematic review and bioinformatic analysis. Endocr Connect 
2017;6:773–90. 

	61	 Miao C, Chang J, Zhang G, et al. MicroRNAs in type 1 diabetes: 
new research progress and potential directions. Biochem Cell Biol 
2018;96:498–506. 

	62	 Santos AS, Cunha Neto E, Fukui RT, et al. Increased Expression 
of Circulating microRNA 101-3p in Type 1 Diabetes Patients: New 
Insights Into miRNA-Regulated Pathophysiological Pathways for 
Type 1 Diabetes. Front Immunol 2019;10:1637. 

	63	 Vatanen T, de Beaufort C, Marcovecchio ML, et al. Gut microbiome 
shifts in people with type 1 diabetes are associated with glycaemic 
control: an INNODIA study. Diabetologia 2024;67:1930–42. 

	64	 Ho J, Nicolucci AC, Virtanen H, et al. Effect of Prebiotic on 
Microbiota, Intestinal Permeability, and Glycemic Control in Children 
With Type 1 Diabetes. J Clin Endocrinol Metab 2019;104:4427–40. 

	65	 de Groot P, Nikolic T, Pellegrini S, et al. Faecal microbiota 
transplantation halts progression of human new-onset type 1 
diabetes in a randomised controlled trial. Gut 2021;70:92–105. 

	66	 Wampach L, Heintz-Buschart A, Fritz JV, et al. Birth mode is 
associated with earliest strain-conferred gut microbiome functions 
and immunostimulatory potential. Nat Commun 2018;9:5091. 

	67	 Busi SB, de Nies L, Habier J, et al. Persistence of birth mode-
dependent effects on gut microbiome composition, immune system 
stimulation and antimicrobial resistance during the first year of life. 
ISME Commun 2021;1:8. 

	68	 Yu Z, Morrison M. Improved extraction of PCR-quality community 
DNA from digesta and fecal samples. Biotechniques 2004;36:808–12. 

	69	 Luu M, Pautz S, Kohl V, et al. The short-chain fatty acid pentanoate 
suppresses autoimmunity by modulating the metabolic-epigenetic 
crosstalk in lymphocytes. Nat Commun 2019;10:760. 

	70	 Mariño E, Richards JL, McLeod KH, et al. Gut microbial metabolites 
limit the frequency of autoimmune T cells and protect against type 1 
diabetes. Nat Immunol 2017;18:552–62. 

	71	 Mathewson ND, Jenq R, Mathew AV, et al. Gut microbiome-derived 
metabolites modulate intestinal epithelial cell damage and mitigate 
graft-versus-host disease. Nat Immunol 2016;17:505–13. 

	72	 Endesfelder D, Engel M, Davis-Richardson AG, et al. Towards a 
functional hypothesis relating anti-islet cell autoimmunity to the 
dietary impact on microbial communities and butyrate production. 
Microbiome 2016;4:17. 

	73	 Beghini F, McIver LJ, Blanco-Míguez A, et al. Integrating taxonomic, 
functional, and strain-level profiling of diverse microbial communities 
with bioBakery 3. Elife 2021;10:e65088. 

	74	 Truong DT, Tett A, Pasolli E, et al. Microbial strain-level population 
structure and genetic diversity from metagenomes. Genome Res 
2017;27:626–38. 

http://dx.doi.org/10.1056/NEJMoa2006136
http://dx.doi.org/10.1111/pedi.13410
http://dx.doi.org/10.1002/dmrr.2790
http://dx.doi.org/10.1002/dmrr.2790
http://dx.doi.org/10.2337/db12-0526
http://dx.doi.org/10.1016/j.jdiacomp.2019.107449
http://dx.doi.org/10.1016/j.diabres.2018.04.032
http://dx.doi.org/10.1186/1741-7015-11-46
http://dx.doi.org/10.2337/dc18-0253
http://dx.doi.org/10.1016/j.diabres.2018.08.010
http://dx.doi.org/10.3345/kjp.2018.61.7.217
http://dx.doi.org/10.1111/ped.12243
http://dx.doi.org/10.1016/j.humic.2017.11.002
http://dx.doi.org/10.1016/j.humic.2017.11.002
http://dx.doi.org/10.1038/srep03814
http://dx.doi.org/10.1111/pedi.12468
http://dx.doi.org/10.1111/pedi.12468
http://dx.doi.org/10.1016/j.cell.2016.04.007
http://dx.doi.org/10.1358/dof.2011.036.11.1710754
http://dx.doi.org/10.3389/fmicb.2021.656895
http://dx.doi.org/10.3389/fmicb.2019.02083
http://dx.doi.org/10.1038/ismej.2010.92
http://dx.doi.org/10.3389/fmicb.2014.00678
http://dx.doi.org/10.1073/pnas.1909224116
http://dx.doi.org/10.1111/j.1467-789X.2010.00845.x
http://dx.doi.org/10.1046/j.1399543x.2000.010408.x
http://dx.doi.org/10.1016/j.phrs.2012.10.007
http://dx.doi.org/10.1097/01.mpg.0000159636.19346.c1
http://dx.doi.org/10.1152/ajpgi.1999.276.4.G951
http://dx.doi.org/10.1073/pnas.1814558116
http://dx.doi.org/10.1097/00005176-199903000-00010
http://dx.doi.org/10.1097/00005176-199903000-00010
http://dx.doi.org/10.1007/s00125-006-0465-3
http://dx.doi.org/10.2337/db05-1593
http://dx.doi.org/10.2337/diabetes.49.8.1319
http://dx.doi.org/10.1186/s40168-019-0767-6
http://dx.doi.org/10.1038/nature25172
http://dx.doi.org/10.1084/jem.20081800
http://dx.doi.org/10.1016/j.chom.2015.01.001
http://dx.doi.org/10.2337/dc15-0101
http://dx.doi.org/10.2337/dc15-0101
http://dx.doi.org/10.3389/fimmu.2019.02023
http://dx.doi.org/10.1530/EC-17-0248
http://dx.doi.org/10.1139/bcb-2018-0027
http://dx.doi.org/10.3389/fimmu.2019.01637
http://dx.doi.org/10.1007/s00125-024-06192-7
http://dx.doi.org/10.1210/jc.2019-00481
http://dx.doi.org/10.1136/gutjnl-2020-322630
http://dx.doi.org/10.1038/s41467-018-07631-x
http://dx.doi.org/10.1038/s43705-021-00003-5
http://dx.doi.org/10.2144/04365ST04
http://dx.doi.org/10.1038/s41467-019-08711-2
http://dx.doi.org/10.1038/ni.3713
http://dx.doi.org/10.1038/ni.3400
http://dx.doi.org/10.1186/s40168-016-0163-4
http://dx.doi.org/10.7554/eLife.65088
http://dx.doi.org/10.1101/gr.216242.116

	Observational study protocol: the faecal microbiome in the acute stage of new-­onset paediatric type 1 diabetes in an Irish cohort
	Abstract
	Introduction﻿﻿
	The intestinal microbiome through the stages to T1D development
	Intestinal microbiome and permeability in T1D
	Metabolomic associations with the intestinal microbiome
	Objectives and outcomes

	Methods and analysis
	Public and patient involvement
	Study participation and recruitment of subjects
	Screening and visit 1
	Study visits 2 and 3
	Study visit 4
	Subject withdrawal/exclusion
	Sample collection and analysis
	Sample collection
	Stool and urine
	Serum for diabetes autoantibodies
	Serum for HbA1C
	Serum for HLA-typing
	Mixed meal tolerance test

	Sample analysis

	Bioinformatics and statistical analysis
	Demographic and clinical data
	Microbiome analysis
	Data collection and management


	Ethics and dissemination
	Status of the study

	References


