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ABSTRACT
Background: Early-life antibiotic use may increase the risk of childhood type 1 diabetes (T1D), potentially through gut micro-
biota dysbiosis and associated effects on immune development. This meta-analysis evaluated associations between early-life 
antibiotic use and T1D.
Methods: A systematic search of PubMed, MEDLINE, Scopus and Web of Science was conducted up to June 2025, which focused 
on studies reporting associations between antibiotic use in the pre- and postnatal periods and childhood T1D. Pooled effect sizes 
were assessed using random effects models separately for prenatal and postnatal antibiotic exposure, with subgroup analyses by 
antibiotic course, class and spectrum. Study quality was assessed using the Newcastle-Ottawa Quality Assessment Scale (NOS).
Results: The analysis included 20 studies (11 cohort, 9 case-control), encompassing > 1.5 million participants for prenatal and 
over 4 million for postnatal antibiotic exposure. A pooled effect size of 1.05 (95% CI 0.98–1.11) for prenatal exposure was found. 
Further analysis by antibiotic spectrum yielded no significant associations, likely due to the small number of studies. For postna-
tal antibiotic exposure, a pooled effect size of 1.07 (95% CI 1.01–1.14) was found, with estimates increasing with increased number 
of antibiotic courses: ≥ 2 courses, 1.11, 95% CI 1.02–1.20; and ≥ 5 courses, 1.14, 95% CI 1.00–1.30. Associations were stronger for 
broad-spectrum (1.13, 95% CI 1.03–1.23) than for narrow-spectrum antibiotics (1.08, 95% CI 0.93–1.26) but no significant asso-
ciations were observed by antibiotic class. The impact of mode of obstetric delivery remained inconclusive across studies. The 
quality of the evidence was high.
Conclusion: This meta-analysis suggests that early-life antibiotic use is associated with an increased risk of T1D, particularly 
with repeated courses and broad-spectrum agents. However, confidence in these findings is constrained by variability in study 
design and exposure definitions, as well as the potential for confounding by indication. While the observed associations are 
modest, they highlight the importance of judicious antibiotic prescribing in early life. Further large, well-designed prospective 
cohort studies are needed to clarify causality and better disentangle the effects of antibiotics from those of underlying infections.

1   |   Introduction

Type 1 diabetes (T1D) is the second most common autoim-
mune disease among children and adolescents and its inci-
dence has increased significantly over the past few decades 

[1, 2], although substantial variability exists by age, geographic 
region and country-income classification [3]. In the 0–14-
year age group, the highest incidence is observed in Northern 
Europe (23.96/100 000), Australia/New Zealand (22.8/100 000) 
and North America (18.02/100 000), whilst the lowest is 
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observed in Melanesia, Western Africa and South America (all 
< 1/100 000) [3].

The pathogenesis of T1D is complex and involves both genetic 
and environmental factors such as lifestyle, air pollution, mi-
crobial factors and diet in early-life [4–6]. In particular, there 
is increasing evidence that the gut microbiome in early life 
and the downstream effects on immune system development 
and homeostasis, may play a critical role in the development of 
autoimmune related conditions such as T1D [7], as shown in 
both human studies [8] and animal models [2, 9]. However, as 
the infant and child microbiome is shaped by multiple external 
factors, including the maternal gut microbiome [10, 11], mode 
of delivery [12], breastfeeding practices [13] and maternal and 
child antibiotic consumption [14], causal pathways are likely 
complex and, as a result, they remain poorly understood.

The role of rapidly increasing antibiotic consumption rates, which 
increased by 39%–65% between 2000 and 2015 [15, 16], as a sig-
nificant driver of gut microbiome disruption has received con-
siderable attention, with several epidemiological studies showing 
associations between early-life antibiotic exposure and T1D 
[17, 18]. An indication of a dose–response has also been reported 
in some studies [18, 19]. However, results have not always been 
consistent, with some large-scale register-based studies showing 
no associations between early-life antibiotic use and T1D [20–22]; 
also, although biologically plausible, reverse causation cannot be 
excluded. Maternal antibiotic use during pregnancy may also 
increase this risk of T1D [17] as resulting microbial dysbiosis in 
the mother may delay or prevent the transmission of beneficial 
microflora to the child [14], but the evidence is mixed [22, 23].

Thus, given the conflicting findings of individual studies and 
concerns regarding residual confounding, it remains unclear 
whether increasing antibiotic-consumption may be involved 
in the increased incidence of T1D observed in the past few de-
cades, as hypothesised [17, 24]. An improved understanding of 
associations between antibiotic-use and T1D is important as it 
may guide the development of interventions to halt the worry-
ing increase in T1D observed in many parts of the world. This 
paper presents a meta-analysis of reported associations between 
maternal and early-life antibiotic-use and subsequent child-
hood T1D.

2   |   Methods

2.1   |   Data Sources and Search Strategy

For this meta-analysis we used the Preferred Reporting Items 
for Systematic Reviews and Meta-analyses (PRISMA) report-
ing guideline [25]. A literature search was completed on 15 
December 2025 on PubMed, MEDLINE, Scopus and Web of 
Science using the search terms:

pregnan* OR gestation* OR labor* OR labour* OR childbirth* 
OR peripartum OR postpartum OR preterm* OR prematur* OR 
postmatur* OR pre-nat* OR prenat* OR “post-nat*” OR post-
nat* OR perinat* OR neonat* OR newborn* OR “new born*” OR 
infan* OR baby* OR babies OR toddler* OR preschool* OR child* 

OR “early life” OR “early-life” OR pediat* OR paediat* (Topic) 
and antibiotic* OR anti-biotic* OR antimedic* OR anti-medic* 
OR “anti medic*” OR antibacterial* OR anti-bacterial* OR “anti 
bacterial*” OR antimicrobial* OR anti-microbial* OR “anti mi-
crobial*” OR antimycobacterial* OR anti-mycobacterial* OR 
“anti mycobacterial*” OR bacteriocid* OR bacteriostat* (Topic) 
and T1D OR T1DM OR “type 1 diabet*” OR “diabet* mellitus 
type 1” OR “diabet* type1” (Topic).

All databases were searched from inception through to June 
2025. The search was limited to English-language publications 
involving human participants. Bibliographies of eligible articles 
and relevant review articles were also screened.

2.2   |   Inclusion and Exclusion Criteria

Studies were eligible for inclusion if they met all of the follow-
ing criteria: (i) populations of pregnant women, or children; (ii) 
included a control or reference group; (iii) reported on exposure 
to any antibiotics during early life (pre-natal or post-natal) prior 
to T1D diagnosis; and (iv) reported effect estimates such as odds 
ratios (OR), relative risks (RR), or hazard ratios (HR), with 95% 
confidence intervals (CI). Further, we excluded studies focused 
solely on sub-populations with specific health outcomes (e.g., 
pre-term infants) or disease predispositions (e.g., genetic risk 
for T1D).

2.3   |   Study Selection

Study selection was conducted independently by MC and AE, 
who each screened 50% of the titles and abstracts, while SR 
screened all records. Following this initial stage, all three re-
viewers met to discuss any discrepancies and to reach consen-
sus on the studies to include or exclude. Subsequently, the full 
text for each study considered potentially relevant after abstract 
screening was retrieved. A list of all studies excluded after full-
text assessment, with the specific reasons for their exclusion, is 
provided in Table S1.

2.4   |   Data Extraction and Management

For all studies selected for data extraction, SR extracted data 
from every paper. In parallel, MC and AE each independently 
extracted data from 50% of the papers, such that all studies 
underwent double data extraction. A standardised data ex-
traction form was used to ensure consistency. The following 
information was extracted: author; year of publication; study 
location; study design; control source (for case-control stud-
ies); sample size; timing of antibiotic exposure; antibiotic ex-
posure (yes vs. no, and where available, the number of courses 
prescribed or taken; antibiotic spectrum and classes); data 
source for exposure; follow-up period; source/methods of T1D 
case identification (e.g., pharmaceutical prescriptions, self-
reports, hospitalisation data or a combination); covariates; 
and effect sizes with 95% CIs. Any discrepancies between ex-
tractors were discussed collectively among SR, MC and AE 
until consensus was reached. When multiple effect estimates 
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were reported, we prioritised those adjusted for the largest set 
of covariates.

2.5   |   Risk of Bias and Quality Assessment

The Newcastle-Ottawa Scale (NOS) was used to evaluate the 
quality of studies according to the recommendation from the 
Cochrane collaboration [26]. NOS has eight criteria, and the 
scores range from 0 (high risk of bias) to 9 (low risk of bias). 
A total star rating of ≤ 5 was considered a high risk of bias, a 
star rating between 6 and 7 intermediate risk and a star rating 
≥ 8 low risk. Two authors completed the quality assessment 
independently. Discrepancies were resolved by consensus. 
Publication bias was assessed using visual inspection of fun-
nel plots.

2.6   |   Statistical Analysis

For the meta-analysis, we treated reported risk estimates OR, 
HR and RR as equivalent, as the outcome was rare, all case-
control studies used density (or incidence density) sampling and 
therefore the ORs and HRs approximated RRs. Meta-analyses 
were performed separately for the prenatal and post-natal early 
childhood periods if at least two studies reported an adjusted 
risk/crude estimate for the same exposure. Random effects 
models were used to pool risk estimates using STATA/BE 17.0. 
Between-study heterogeneity was assessed using I2 and the p-
value for heterogeneity (Cochrane's Q statistic). We conducted 
subgroup analyses for study design, antibiotic class and spec-
trum and course categories. We also conducted leave-one-out 
sensitivity analyses and repeated the analysis using the MoBa 
cohort estimate instead of the register-based estimate from Tapia 
et al. [20] to assess robustness for both the exposure assessment 
methods. For analysis of the number of antibiotic courses, we 
selected the highest course category compared to never exposed 
(unless stated otherwise).

3   |   Results

3.1   |   Search Results

We identified 837 records through database searches and one 
additional record through reference screening. After excluding 
duplicates, 529 abstracts were screened, which led to 35 full text 
articles being retrieved and evaluated for eligibility (Figure 1). 
Fifteen studies were excluded (a list of all studies excluded after 
full-text assessment, with the specific reasons for their exclusion 
is provided in Table S1), leaving 20 articles that met the inclusion 
criteria for the meta-analysis.

3.2   |   Study Characteristics

Information about the 20 eligible publications is presented in 
Table 1; of these, five examined prenatal (during pregnancy) 
antibiotic exposure only, 11 examined postnatal exposure 
only and four assessed both prenatal and postnatal antibiotic 
exposure. Eleven publications were cohort studies and nine 

case-control studies. All were published between 2000 and 
2025, and all conducted in high-income countries. Nineteen 
studies were of high quality and the mean quality assessment 
score of the 20 studies was 8.05 (see Table S2 for breakdown 
of scores).

Twelve studies specifically focussed on antibiotic exposure and 
T1D, whilst the remainder reported on antibiotic exposure as 
one of several risk factors for T1D, including four that focussed 
on infections. One study [20] examined two partially overlap-
ping cohorts: (i) a large, prospective, population-based Mother 
and Child Cohort Study (MoBa); and (ii) a nationwide register-
based cohort. For the meta-analyses, risk estimates from the 
register-based cohort were selected due to the larger size as well 
as the use of routinely collected data, in contrast to self-reported 
data in the MoBa cohort.

3.3   |   Prenatal Antibiotic-Use and Type 1 Diabetes

Eight studies (Table  1) assessed associations between pre-
natal antibiotic use and T1D in childhood, including four 
cohort studies [17, 20, 27, 28] and four case-control studies 
[24, 29–31]. These studies were conducted in Sweden (2 stud-
ies), Italy, Norway, Denmark, Malta, Finland (1 study) and 
multiple additional European regions, comprising a total of 
1 513 872 participants.

Among the studies included, only one [17] reported a borderline 
statistically significant increased risk. The pooled effect size 
was 1.05 (95% CI 0.98–1.11; Figure  2), with low heterogeneity 
(p = 0.433, I2 = 0.0%). Subgroup analysis by study design indi-
cated an association for cohort studies: pooled effect size 1.11 
(95% CI 1.01–1.21) but not for case-control studies: 1.00 (95% CI 
0.92–1.09). In a sensitivity analysis replacing the register-based 
estimate with the MoBa cohort estimate from Tapia et al. [20], 
the pooled effect estimate remained materially unchanged (1.04; 
95% CI 0.97–1.13), indicating that the overall association was not 
sensitive to exposure ascertainment method.

Evidence of publication bias was not observed as shown by the 
funnel plot (Figure S1).

Given the limited number of studies, subgroup analyses were re-
stricted to antibiotic spectrum (three studies) and course catego-
ries (two studies; see Figures S2 and S3). One study [17] reported 
a greater risk for narrow spectrum (HR 1.17; 95% CI 0.99–1.39) 
compared to broad spectrum (HR 1.10; 95% CI 0.86–1.40) but 
this did not reach statistical significance. A study by Haupt-
Jørgensen et al. [28] did not observe significant associations by 
spectrum, but only a relatively small number of cases (n = 336) 
were included. The two studies [20, 28] that examined the num-
ber of prescribed courses showed no evidence of an association. 
The same two studies examined specific time windows during 
pregnancy [28]: trimester-specific antibiotic exposure [20]; ear-
ly- (< 17 weeks); and late-term (≥ 17 weeks) but these showed no 
significant associations with T1D.

In the study by Wernroth et  al. [17], the authors assessed 
whether the type of infection for which antibiotics were pre-
scribed influenced the associations with T1D. Prescriptions for 
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urinary tract or skin infections were associated with a higher 
risk of T1D compared to no antibiotics (1.29; 95% CI 1.05–1.60), 
whereas prescriptions for otitis media and respiratory tract in-
fections showed a weaker and non-significant association (1.12; 
95% CI 0.93–1.33). Mother's prescribed antibiotics for both types 
of infections showed no increased risk (0.82; 95% CI 0.54–1.24). 
None of the included studies assessed whether the association 
between prenatal antibiotic exposure and T1D risk differed by 
mode of delivery.

3.4   |   Postnatal Antibiotic-Use and Type 1 Diabetes

Fifteen studies (Table 1) assessed associations with early child-
hood antibiotics, including nine cohort studies [17, 20–23, 32–
35] and six case-control studies [18, 19, 24, 36–38]. Together, 
these studies included a total of 4 672 362 participants and were 

conducted in Denmark [5], Finland [3], Sweden [2], United 
Kingdom [2], Norway [1], Wales [1] and South Korea [1]. As with 
the analysis of prenatal antibiotic exposure, we only included the 
register-based cohort for the study conducted by Tapia et al. [20].

The risk estimates from individual studies varied from 0.81 to 
1.39; 12 reported positive associations; however, only two were 
statistically significant [17, 18]. The primary pooled effect es-
timate was 1.07 (95% CI 1.01–1.14; Figure  3), with moderate 
heterogeneity across studies (p = 0.032, I2 = 44.6%). Subgroup 
analysis by study design showed similar results for cohort 
(1.06; 95% CI 0.98–1.15) and case-control studies (1.09; 95% CI 
0.97–1.23). Leave-one-out sensitivity analysis showed that se-
quential exclusion of each study yielded pooled estimates rang-
ing from 1.05 to 1.09, with no material change in statistical 
significance or heterogeneity (Figure S4). This indicates that the 
overall association was not driven by any single study.

FIGURE 1    |    Flow chart of study selection. *A list of all studies excluded after full-text assessment, with the specific reasons for their exclusion, is 
provided in Table S1.
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Excluding the five studies that did not report ‘ever versus never’ 
exposure did not affect the result: 1.06 (95% CI 0.99–1.13), nor did 
replacing the register-based estimate with the MoBa cohort es-
timate from Tapia et al. [20]: (1.08; 95% CI 1.01–1.12). Four stud-
ies applied sibling matched designs to account for confounding 
(e.g., shared genetics and breastfeeding) and none of the studies 
found any association between antibiotic use in the first year 
of life and T1D in the sibling-matched analysis [17, 20, 22, 34]. 
Evidence of publication bias was not observed as shown by the 
funnel plot (Figure S5).

Subgroup analyses showed no significant association for 
narrow-spectrum antibiotics (pooled effect size: 1.08; 95% CI 
0.93–1.26; I2 = 67.2%) while broad-spectrum antibiotic-use 
was significantly associated with T1D (1.13; 95% CI 1.03–1.23; 
I2 = 0%; Figure S6). Only one study [17] reported a higher risk 
for narrow spectrum antibiotics (1.26; 95% CI 1.09–1.47) but 
no statistically significant associations was found for broad 
spectrum antibiotics (1.06; 95% CI 0.80–1.40). The authors 
attributed the non-significant association of broad-spectrum 
antibiotics to the fact that these are not as commonly used in 
this Swedish cohort. The other two studies [18, 23] reported a 
modest increased risk for broad spectrum antibiotics; however 
narrow- and broad-spectrum antibiotics exposure were not re-
ported as mutually exclusive categories. In the subgroup anal-
ysis by antibiotic class, no statistically significant association 
with T1D risk was observed for any specific class (Figure S7). 
Specifically, the pooled HRs were: penicillins (1.06; 95% CI 
0.99–1.14), macrolides (1.03; 95% CI 0.98–1.09), extended-
spectrum penicillins (1.07; 95% CI 0.98–1.16), cephalosporins 
(1.00; 95% CI 0.92–1.09) and sulphonamides and trimethoprim 

(1.11; 95% CI 0.75–1.64). Children in many of the included 
studies were frequently exposed to multiple antibiotic types, 
and it is therefore difficult to examine the independent effect 
of each specific class.

Of the 13 studies that examined associations with ≥ 2 courses, 
11 reported positive associations, although only one was sta-
tistically significant. The pooled estimate was 1.11 (95% CI 
1.02–1.20). The studies reporting on ≥ 5 antibiotic courses yielded 
a pooled estimate of 1.14 (95% CI 1.00–1.30) (see Figures S8 and 
S9). All studies that focused on post-natal exposure and exam-
ined course-response associations used ‘no exposure’ as the ref-
erence except for the study by Räisänen et al. [38] that used ‘< 4 
courses’ as the reference and the study by Lee et al. [33] that used 
a ‘cumulative defined daily dose’ (cDDD) of 0–29 as the refer-
ence. Kilkkinen et al. [19] also examined 7+ versus < 7 antibiotic 
courses, which resulted in an OR of 1.66 (95% CI 1.24–2.24).

Three studies [17, 34, 36] focused on antibiotic exposure during 
the first year of life (0–1 year), whilst three others [22, 23, 32] 
examined exposures between 0 and 2 years. The remaining 
studies encompassed a broader range of antibiotic exposure pe-
riods, including, but not limited to, 0–3, 3–6, 6–12, 0–18 months 
and exposures extending until the diagnosis of T1D. Townson 
et al. [37] focussed on different time periods within 1 year prior 
to T1D diagnosis.

Three studies conducted detailed analyses of the timing of post-
natal antibiotic exposure to identify potential ‘critical windows’ 
of vulnerability during infancy. Brandt et al. [34] examined age 
of first antibiotic use at 0 to < 3, 3 to < 6, 6 to < 9 and 9–12 months 

FIGURE 2    |    Meta-analysis of prenatal antibiotic exposure (vs. no exposure) and T1D risk, by study design.

 14631326, 0, D
ow

nloaded from
 https://dom

-pubs.pericles-prod.literatum
online.com

/doi/10.1111/dom
.70636 by M

assey U
niversity L

ibrary, W
iley O

nline L
ibrary on [22/03/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



14 Diabetes, Obesity and Metabolism, 2026

for children who received only one course of antibiotic; Lee 
et al. [33] assessed exposure at 0–119, 120–239 and ≥ 240 days; 
and Hviid and Svanstrom [21] evaluated exposure during 0–2 
and 3–11 months in infancy, as well as additional windows at 
1 and ≥ 2 years. None of these studies identified a specific time 
window within which antibiotic exposure was associated with a 
higher risk of T1D. When restricting the analysis to studies that 
focussed on 0–1 year, the pooled effect estimate was 1.06 (95% 
CI: 0.99–1.13) (Figure S10).

Four studies [17, 23, 24, 32] assessed whether mode of obstet-
ric delivery affected associations between postnatal antibiotic-
use and T1D. Clausen et  al. [23] showed that the association 
between antibiotic-use in the first 2 years of life and T1D was 
strongly modified by mode of obstetric delivery (p-value for 
interaction: 0.0023). In particular, broad-spectrum antibiot-
ics were associated with an increased risk of T1D in children 
delivered by either intrapartum caesarean section (HR 1.70; 
95% CI 1.15–2.51) or prelabour caesarean section (1.63; 95% CI 
1.11–2.39), but not in vaginally delivered children (1.05; 95% CI 
0.94–1.18). In a Swedish nationwide cohort, Wernroth et al. [17] 

likewise reported evidence of interaction between antibiotic ex-
posure in the first year of life and mode of delivery (p for in-
teraction = 0.016), with an elevated risk of T1D among children 
delivered by caesarean section (1.60; 95% CI 1.22–2.08) but not 
among those delivered vaginally (1.10; 95% CI 0.96–1.28). In con-
trast, both Antvorskov et al. [32] and Hakola et al. [24] showed 
no difference in association when comparing different modes of 
obstetric delivery.

4   |   Discussion

In this meta-analysis, we found that antibiotic exposure was as-
sociated with a modest increase in the risk of childhood T1D 
both prenatally (pooled effect size 1.06, 95% CI 0.98–1.21) and 
postnatally (pooled effect size 1.07, 95% CI 1.01–1.15); however, 
the associations reached statistical significance for postnatal 
exposure only. Stronger summary estimates were observed at 
higher exposure levels, suggesting a possible dose–response re-
lationship and subgroup analyses indicated a significant associ-
ation for postnatal broad-spectrum antibiotics.

FIGURE 3    |    Meta-analysis of studies on postnatal antibiotic exposure and T1D risk, stratified by study design. (1) Lee et al. (2021): Exposure to 
highest Cumulative Daily Defined Doses (cDDD) of ≥ 60. (2) Townson et al. (2018): Used OR for antibiotic prescription for symptoms during 181–
366 days prior to T1D diagnosis. (3) Räisänen et al. (2021): < 4 courses (ref) versus > 8 courses. (4) Mikkelsen et al. (2016): 0 (ref) versus ≥ 5 courses 
for 0–2-year period. (5) Kilkkinen et al. (2004): 0 (ref) versus > 7 purchases. (6) For all other studies: No antibiotics (ref) versus Exposed. For studies 
with multiple exposure windows, we used 0–1 year when it was the only early-life estimate and 0–2 years when both 0–1 and 0–2 were available. For 
Hakola et al. (2005) (0–1, 1–3, and 3–5), we selected 0–1 year to align with early-life windows used in other studies.
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A central challenge in interpreting these findings is the pos-
sibility of confounding by indication. Infections themselves 
may influence immune development and T1D risk, making 
it difficult to disentangle the effects of antibiotics from those 
of the underlying infection. Two studies examined the rea-
son for antibiotic prescriptions [17, 20]. Wernroth et  al. [17] 
reported an increased risk for antibiotics in early childhood 
recommended for otitis media and other respiratory tract in-
fections (HR 1.19, 95% CI 1.04–1.36) but not for antibiotics rec-
ommended for urinary tract or skin and soft tissue infection 
(HR 1.06, 95% CI 0.70–1.62). This suggests that the observed 
association between early-life antibiotic use and T1D may dif-
fer by infection type; however, their classification relied partly 
on anatomical therapeutic chemical (ATC) codes and indica-
tion data were incomplete, raising concerns about misclassi-
fication and selection bias. Results of the Mother and Baby 
(MoBa) cohort [20] were adjusted for infections, with risk es-
timates showing a similar non-significant modestly increased 
risk (HR 1.11; 95% CI 0.81–1.50) when compared to results of 
the register-based cohort (included in our meta-analysis) that 
were not adjusted for infections, thus suggesting that the ef-
fects of antibiotic use may be independent of the infection. 
In addition, findings from the MoBa study also showed that 
early life infections were generally not associated with T1D 
(when adjusted for antibiotic use), except for hospitalisation 
for gastroenteritis (aHR 2.27, 95% CI 1.21–4.29). Taken to-
gether, these findings suggest that infection alone is unlikely 
to fully account for the observed associations, although resid-
ual confounding cannot be excluded. Reverse causation is an-
other concern, as early symptoms of undiagnosed T1D could 
increase infection risk and subsequent antibiotic prescribing. 
Two studies addressed this by introducing lag periods or ex-
cluding prescriptions close to diagnosis [17, 18]. Associations 
persisted despite these approaches, indicating that reverse 
causation is unlikely to fully explain the findings.

4.1   |   Potential Mechanisms

Several biologically plausible mechanisms may underlie the 
observed associations. Antibiotic-associated gut microbial dys-
biosis and resultant effects on the developing immune system, 
including autoimmune diseases, could explain why antibiotics 
may increase the risk of T1D [39, 40]. Limited evidence is pro-
vided by studies that have shown altered gut microbiota in T1D 
patients [41], although this may also be the result of treatment 
or a consequence of the condition. Alternative explanations in-
clude the effect antibiotics may have on pancreatic beta cells in 
susceptible individuals [42], and a lower abundance of beneficial 
butyrate-producing bacteria such as Lachnospiraceae, which 
have been associated with impaired intestinal barrier function 
and increased autoimmune activity [40].

The reason why maternal antibiotic-use may affect childhood 
T1D is unknown, but likely involves a change in maternal mi-
crobiota, which in turn affects the colonisation of the infant's 
gut after birth [42]. Although largely speculative, animal mod-
els have shown that maternal antibiotic treatment during preg-
nancy can alter the offspring's gut microbiota and increase T1D 
susceptibility [43–46]. Alternatively, maternal antibiotic-use 
may affect pancreatic islet development and subsequent immune 

system development in the offspring [42], potentially triggering 
an autoimmune response, including T1D [47].

4.2   |   Timing of Exposure

Most included studies focused on pregnancy and the first 2 years 
of life, which reflects the assumption that the gut microbiome 
undergoes significant development and maturation during this 
time, making it more susceptible to perturbations from anti-
biotics [48]. The few studies that examined specific time win-
dows during the first 2 years of life did not identify a specific 
window within which antibiotic exposure was associated with 
a higher risk of T1D. Three studies examined associations be-
yond the 0–2 years time window [19, 35, 38] and observed mod-
est associations although these were not statistically significant. 
Additionally, restricting the meta-analysis to studies that con-
sidered only the first year of life (0–1 year) did not significantly 
alter the pooled effect size, suggesting that effects are not limited 
to early-life antibiotic exposure. Pooling of data for narrower 
windows during the prenatal period, such as by trimesters or 
smaller intervals for the postnatal period, was not feasible due 
to high heterogeneity in the timing of exposure across studies.

Among the three studies that examined both prenatal and post-
natal exposure, none reported associations for cumulative expo-
sure across both periods. Also, they did not explicitly indicate 
that postnatal exposure was adjusted for prenatal exposure, or 
vice versa: thus, the potential interactions between pre- and 
postnatal antibiotic exposures in relation to T1D risk remain un-
clear and this is an important consideration for future research.

4.3   |   Antibiotics Spectrum and Class

Subgroup analysis revealed a positive and statistically signifi-
cant association between postnatal broad-spectrum antibiotics 
and T1D. In contrast, prenatal broad-spectrum antibiotics did 
not show a significant association, although this finding is based 
on three studies only. Broad-spectrum antibiotics likely lead to 
greater disruption of the microbial ecosystem, potentially hav-
ing a stronger impact on immune dysregulation and resultant 
autoimmunity responses [49, 50]. No consistent associations 
were observed according to antibiotic class; however, studies 
varied on how antibiotic use was defined for specific classes or 
spectra of antibiotics [23] and it is therefore difficult to disen-
tangle the independent effects, particularly as patients often use 
multiple classes of antibiotics over time.

4.4   |   Mode of Obstetric Delivery

Two out of four studies [17, 23] showed a greater risk of T1D for 
antibiotic exposure in children who were delivered by Caesarean 
section (CS) compared to those delivered vaginally. This is be-
lieved to be attributed to differences in the initial gut colonisa-
tion and subsequent microbiome development in CS-delivered 
infants [51]. CS-delivered infants lack exposure to maternal 
vaginal and faecal microbiota during birth, which may lead to 
an altered gut microbiota composition characterised by lower di-
versity and a reduced abundance of beneficial bacteria, such as 
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Bacteroides and Bifidobacterium species [52]. This, as noted be-
fore, may impair early immune system programming, increas-
ing susceptibility to autoimmune conditions like T1D [53, 54].

4.5   |   Strength and Limitations

The main strength of this meta-analysis is its novelty, as no pre-
vious meta-analysis has focussed on the association between 
early life exposure and T1D. Half of the studies were cohort 
studies, which utilised routine records for both assessment of 
antibiotic exposure and T1D case ascertainment, which reduces 
the possibility of recall bias. In addition, data linkage reduces 
the risk of loss to follow-up or response bias. Overall, the studies 
generally had high quality scores.

There are several limitations. First, only twenty studies were 
included in the meta-analysis and most included < 500 cases. 
There was also heterogeneity in reporting of antibiotic type, 
number of courses prescribed, reference categories and tim-
ing of antibiotic exposure, which made a pooled analysis more 
challenging. Although subgroup analyses were conducted on 
antibiotic spectra, analyses fully examining the independent 
effects of antibiotic class or trimesters of exposure were not fea-
sible due to insufficient data; also, it was not possible with the 
limited number of studies available to explore course-response 
associations in more detail. Another limitation is that, as dis-
cussed above, no studies considered the combined effect of 
prenatal and postnatal exposure or at the very least, mutually 
adjusted for pre- and postnatal antibiotic use to assess whether 
associations were independent of one another. The studies also 
varied widely in their adjustment for covariates, particularly 
the reason for antibiotic prescription. Finally, all studies were 
conducted in high-income countries, and therefore our results 
may not be applicable to populations in low- and middle-income 
countries or to sub-populations with different economic, ethnic, 
or healthcare-access characteristics. In addition, our search was 
limited to English-language publications, which may introduce 
language bias and result in the exclusion of potentially relevant 
non-English studies.

4.6   |   Quality of Evidence

Although a formal GRADE assessment was not undertaken, the 
included studies generally demonstrated good methodological 
quality, with a high mean Newcastle–Ottawa Scale score. The 
average scores for the selection and exposure/outcome domains 
were 3.9 and 2.85, respectively (Table S1), further supporting the 
methodological quality of the evidence base.

The pooled estimate for prenatal exposure was not statistically 
significant, whereas postnatal exposure was associated with a 
statistically significant effect with relatively narrow confidence 
intervals. This association was consistent across both cohort and 
case-control study designs, suggesting limited inconsistency. 
Funnel plots did not reveal clear evidence of publication bias; 
however, the modest number of eligible studies limits the power 
to detect small-study effects. Indirectness was likely minimal, as 
most studies specifically examined antibiotic exposure in rela-
tion to T1D diabetes risk. Additionally, stronger summary effect 

estimates were observed for higher exposure levels (> 2 and > 5 
doses), supporting a possible dose–response relationship.

Overall, the available evidence appears to be of at least moderate 
certainty, characterised by low risk of bias, consistency across 
designs, minimal indirectness and suggestive dose–response 
effects, while some uncertainty remains due to the limited num-
ber of studies.

5   |   Conclusion

In conclusion, this meta-analysis suggests that early-life antibi-
otic exposure, particularly postnatal exposure, is associated with 
a modestly increased risk of childhood T1D. The associations 
appeared stronger for multiple courses and for broad-spectrum 
antibiotics. However, confidence in these findings is tempered 
by variability in study design, exposure definitions and outcome 
ascertainment across studies, as well as the potential for resid-
ual confounding by indication, particularly where underlying 
infections may influence prescribing patterns.

Although the observed effect sizes are modest, the high fre-
quency of antibiotic use in early life means that the population-
level impact could be considerable. If these associations are 
causal, they further reinforce the importance of judicious anti-
biotic prescribing and strengthened antimicrobial stewardship, 
especially during critical windows of immune development. 
Future research should more clearly disentangle the role of in-
fections, address reverse causation, examine potential interac-
tions with mode of obstetric delivery and clarify the independent 
effects of broad- versus narrow-spectrum and specific antibiotic 
classes.
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