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Background: Patients with diabetes mellitus (DM) are at increased risk for Clostridioides difficile (C. difficile) infection (CDI), in
part due to frequent exposure to antibiotics—particularly broad-spectrum agents—which represents the most important modifiable risk
factor for CDI.

Objective: To systematically evaluate the impact of DM on the incidence and recurrence risk of CDI, explore underlying mechan-
isms, and provide evidence-based guidance for prevention and control in high-risk populations.

Methods: A systematic search was conducted in PubMed, Embase, and Web of Science to identify cohort and case-control studies
reporting on the association between diabetes and the risk or outcomes of CDI. The ROBINS-I tool was used for risk of bias
assessment. Random-effects models were applied to pool odds ratios (ORs) and 95% confidence intervals (CIs). Subgroup analyses,
sensitivity analyses, and cumulative meta-analyses were performed. The quality of evidence for the primary outcomes was graded
according to the GRADE approach. The study protocol was registered in PROSPERO (registration number: CRD420251128182).
Results: A total of 12 international studies (including 8 reporting recurrence outcomes) and covering more than 3. 5 million participants
from North America, Europe, and East Asia were included. Meta-analysis showed that diabetes significantly increased the risk of CDI
(OR=1. 46, 95% CI: 1. 20-1. 77), as well as the risk of recurrence (OR=3. 11, 95% CI: 1. 98—4. 87). Subgroup and sensitivity analyses
yielded consistent results, and cumulative meta-analysis indicated that effect sizes became stable over time. Mechanistic analyses suggested
that immune dysfunction, gut microbiota imbalance, and exposure to high-risk medications were key contributing factors. Based on
GRADE assessment, the quality of evidence for the primary outcomes was moderate, with a low risk of publication bias.

Conclusion: Diabetes is an independent risk factor for both CDI and its recurrence. It is recommended that clinicians strengthen CDI
risk assessment and integrated prevention strategies for patients with diabetes, with a focus on optimizing antibiotic stewardship,
reducing unnecessary broad-spectrum antibiotic use, and microbiota-targeted interventions. High-quality prospective studies are
needed to further improve prevention strategies and elucidate underlying mechanisms.

Plain Language Summary: This is the first meta-analysis to assess both the risk of developing and recurring C. difficile infection
(CDI) in people with diabetes.

Diabetes increases CDI risk due to immune system problems, gut microbiota changes, and chronic inflammation.

We carefully considered antibiotic and proton pump inhibitor (PPI) use, making our results more reliable.

The findings support better infection control and prevention strategies for diabetic patients.

Special attention is needed in China and East Asia, where antibiotic use and gut microbiota patterns differ from Western countries.
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Introduction
Background

Clostridioides difficile (C. difficile) is a leading cause of hospital-acquired diarrhea worldwide. The incidence and mortality of
Clostridioides difficile infection (CDI) have risen significantly in recent years, posing a serious public health challenge.' In the
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United States, CDI accounted for an estimated 453,000 infections and nearly 29,300 deaths in 2011.? Molecular epidemio-
logical studies from China also report a growing prevalence of CDI and the emergence of hypervirulent strains in hospital
settings.” Only toxigenic C. difficile strains are clinically relevant, as their pathogenicity depends on the production of toxins
A (TcdA) and B (TcdB); some strains also produce a binary toxin, which may increase disease severity. Hypervirulent strains,
such as ribotype 027, are associated with more severe and recurrent infections.* CDI not only increases in-hospital mortality
and healthcare burden, but is also associated with prolonged hospital stays and higher medical costs.” With the ongoing aging
of the population and increasing prevalence of chronic diseases, the demographic structure of populations susceptible to CDI
and at risk for poor outcomes is changing.

Diabetes mellitus (DM) is a globally prevalent metabolic disorder with a rising incidence.'> Due to impaired immune
function and alterations in gut microbiota, patients with diabetes are more susceptible to infections, especially intestinal
infections such as CDL® Several large retrospective studies have found that the risk of CDI is significantly higher in
patients with diabetes than in those without, and this risk has been increasing over time.'* In hospitalized patients,
diabetes is not only an independent risk factor for CDI, but is also associated with higher risks of recurrence, severe
disease, and mortality.>® Patients with CDI and comorbid diabetes often have additional underlying conditions, such as
heart failure, renal insufficiency, or malignancies, further exacerbating the disease burden and risk of poor outcomes.’

Besides underlying diseases, widespread use of antibiotics and acid-suppressive agents is another important risk factor for
CDI.”'? Because of recurrent infections and complication treatments, diabetic patients are more frequently exposed to broad-
spectrum antibiotics and proton pump inhibitors (PPIs), increasing both their susceptibility to and complexity of CDI.>*'

Such increased antibiotic and PPI exposure is recognized as a primary driver of CDI risk, as these agents disrupt the
gut microbiota and diminish colonization resistance to C. difficile.>*""°

The epidemiology of CDI varies across geographic regions and healthcare settings. In environments such as nursing
homes and long-term care facilities, the incidence of CDI among diabetic patients is higher than in the general
population, and infections are more likely to be recurrent and persistent.”'" In patients with other underlying diseases,
such as inflammatory bowel disease (IBD), the coexistence of diabetes further increases the incidence and mortality of
CDI and related complications, reflecting a synergistic adverse effect.®

Immune dysfunction, gut microbiota imbalance, and frequent exposure to high-risk medications—especially broad-
spectrum antibiotics (eg, clindamycin, cephalosporins, fluoroquinolones) and proton pump inhibitors (PPIs)—make
diabetic patients a high-risk group for CDI.®*'® The combination of these factors leads to a substantially higher CDI
risk in diabetic compared to non-diabetic populations.

CDI in diabetic patients not only significantly increases disease burden, hospitalization, and mortality, but also
imposes greater pressure on healthcare resources. Therefore, early identification, precise prevention, and individualized
treatment of CDI in patients with diabetes are crucial for reducing recurrence and improving outcomes.'>~’

Although international studies have shown that diabetes significantly increases the risk of CDI, systematic compar-
isons across different ethnic groups, healthcare systems, and medication use backgrounds remain limited. Notably, Asian
countries and Western developed nations differ markedly in antibiotic stewardship, gut microbiota composition, and the
spectrum of underlying diseases.

China is among the world’s largest consumers of antibiotics; recent national surveillance reported antibiotic
consumption reaching 13.9 defined daily doses (DDD) per 1000 inhabitants per day in 2019, substantially higher than
most high-income Western countries.'? Both community and hospital antibiotic management face major challenges, and
the proportion of high-risk medications such as broad-spectrum antibiotics and proton pump inhibitors (PPIs) is also
considerably higher than in Western countries. These factors may lead to distinct epidemiological characteristics
regarding CDI susceptibility and recurrence among Chinese diabetic patients.

Additionally, East Asian populations differ from Western populations in the age of diabetes onset, complication
profiles, and gut microbiota structure. Therefore, there is an urgent need for large, multicenter systematic reviews and
meta-analyses to clarify the risk and outcomes of CDI among diabetic patients in China and East Asia and to provide
evidence-based guidance for local prevention and control strategies.However, high-quality systematic reviews and meta-
analyses on the association between diabetes and CDI risk in China are still scarce, and the underlying mechanisms and
effective interventions remain inadequately defined,">*'"*'3 highlighting a critical evidence gap in this field.
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Thus, systematically evaluating the impact of diabetes on the occurrence and prognosis of CDI is of great significance for
the precise identification of high-risk populations, optimization of prevention and control strategies, and improvement of
clinical outcomes.

Research Questions and Objectives

Previous studies suggest that diabetes mellitus may increase the risk of C. difficile infection (CDI) through multiple
mechanisms and may adversely affect clinical outcomes following infection.However, there is still insufficient systematic
evidence regarding the association between diabetes and CDI, particularly with respect to the impact on different outcomes
such as the risk of initial CDI, recurrence rates, severity, and mortality. This study aims to systematically evaluate, through
a systematic review and meta-analysis, the effects of diabetes on the risk of CDI and adverse outcomes, and to investigate the
modifying effects of key related covariates on this association. The specific research questions include:

(1) Does diabetes mellitus increase the risk of incident CDI (initial occurrence) among hospitalized or community-
dwelling adults?

(2) Among patients with confirmed CDI, does diabetes mellitus increase the risk of adverse outcomes such as
recurrence, severity, or mortality?

Methods
Study Design and Registration

This study was conducted as a systematic review and meta-analysis, designed and reported in strict accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) guidelines.'* The study protocol was registered in
the international PROSPERO database to ensure transparency and reproducibility (registration number: CRD420251128182).
This meta-analysis was carried out around pre-specified research questions, involving systematic literature search, screening, and
inclusion based on unified criteria for data extraction and quality assessment.The association between diabetes mellitus and the
risk and clinical outcomes of C. difficile infection was quantitatively synthesized and evaluated.

Literature Search Strategy

A systematic search was conducted in three major databases—PubMed, Embase, and Web of Science—from their
inception until August 2025, aiming to identify all studies related to the risk and outcomes of C. difficile infection in
patients with diabetes mellitus. The search strategy incorporated both MeSH terms and free-text keywords, with the main
search topics including “diabetes mellitus”, “Clostridium difficile infection”, “risk”, and “outcome”. The complete
English search strategies and the results for each database are detailed in Supplementary Table S1.

Inclusion and Exclusion Criteria
Inclusion Criteria:

(1) The study population comprised adults (>18 years) from either inpatient or community settings;

(2) Studies explicitly reported the association between diabetes mellitus and C. difficile infection (CDI), with a clear
distinction between diabetic and non-diabetic status;

(3) Effect estimates (such as OR, RR, HR, and their 95% confidence intervals) or raw frequency data could be extracted;

(4) Cohort studies, case-control studies, or comparable cross-sectional studies were included;

(5) Full-text articles were available.

Exclusion Criteria:

(1) Studies exclusively involving pediatric populations;
(2) Studies without a control group or those unable to distinguish between diabetic and non-diabetic status;
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(3) Studies available only as abstracts without data, or full texts could not be obtained;
(4) Animal experiments, in vitro studies, editorials, reviews, case series, or case reports;
(5) Duplicate publications—only the most comprehensive report was included.

Data Extraction and Management

Four investigators independently screened the literature and extracted data according to unified standards. The extracted data
included: first author, year of publication, country or region, study design, total sample size, sample size in the diabetes group,
sample size in the non-diabetes group, mean age, percentage of female participants, CDI susceptibility among diabetic patients,
CDI recurrence among diabetic patients, and whether key covariates such as antibiotic and PPI use were adjusted for.All extracted
data were recorded in standardized tables, and any discrepancies were resolved through team discussion until consensus was
reached. In cases where key information was missing, attempts were made to contact the original authors to ensure data
completeness and accuracy.

Risk of Bias Assessment

The ROBINS-I (Risk Of Bias In Non-randomized Studies - of Interventions) tool was used to assess the risk of bias in all included
non-randomized studies.'> ROBINS-I is an internationally recognized tool for evaluating the risk of bias in non-randomized
studies, covering seven domains: confounding, selection, classification of exposures, intervention measurement, missing data,
outcome measurement, and reporting bias. Four investigators independently assessed each study in all domains. Any disagree-
ments were first resolved through team discussion; if consensus could not be reached, a third senior investigator was consulted for

final adjudication. Detailed judgments for each domain of every study are documented in Supplementary Table S2 to ensure the

transparency and traceability of the evaluation.

Outcome Definitions and Statistical Analysis

Outcome A: CDI susceptibility in diabetes refers to the risk of developing C. difficile infection (CDI) among patients
with diabetes, measured by comparing the incidence of CDI between diabetic and non-diabetic populations. The results
are presented as odds ratios (ORs) with 95% confidence intervals (ClIs).

Outcome B: CDI recurrence in diabetes refers to the risk of recurrent CDI among patients with diabetes after an initial
episode. The recurrence rates between the diabetes and non-diabetes groups are compared, and the results are expressed
as ORs with 95% ClIs.

Statistical Analysis

Meta-analyses were conducted using R software.Pooled effect estimates were calculated using either random-effects or fixed-
effect models, depending on the heterogeneity (assessed by the I? statistic and Cochran’s Q test). Heterogeneity was evaluated
with the I* and Q statistics, and pooled ORs with 95% CIs were reported, along with forest plots.Sensitivity analyses and
subgroup analyses were performed as needed to explore sources of heterogeneity and the robustness of the results. Publication
bias was assessed using funnel plots and the Egger’s test. All statistical tests were two-sided, and a p-value of <0.05 was
considered statistically significant.

Subgroup and Sensitivity Analyses

Subgroup analyses were conducted based on the following variables: study design, sample size, and mean age.These
analyses aimed to explore the impact of different study characteristics on the pooled effect estimates and to assess the
stability of the results.Sensitivity analyses were performed by sequentially excluding individual studies and by including
only high-quality studies, in order to evaluate the robustness of the primary findings and to assess the potential influence
of studies at high risk of bias on the overall conclusions. All analyses were performed using R software to ensure
scientific rigor and reliability.
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Evidence Grading (GRADE)

The quality of evidence for the primary outcomes in this study was assessed using the GRADE (Grading of
Recommendations Assessment, Development and Evaluation) approach.The GRADE system systematically evaluates
each primary outcome across five domains: risk of bias, imprecision, inconsistency, indirectness, and publication bias.

The quality of evidence is then rated as high, moderate, low, or very low (Supplementary Table S3).

Results

Literature Screening Process

A total 0of 910 articles were initially identified in the literature search. After removing duplicates, 630 unique articles remained.
Following title and abstract screening, 547 articles were excluded, leaving 83 articles for full-text assessment.Of these, 13
articles were excluded due to inaccessible full text.The main reasons for excluding other articles during full-text review
included: study population not meeting inclusion criteria or being pediatric, exposure or outcomes not relevant to the research
topic, data not extractable, or non-human studies.Ultimately, 12 studies were included in the meta-analysis. The detailed
screening process and reasons for exclusion are shown in the PRISMA flow diagram (Figure 1).
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Figure | PRISMA Flow Diagram of Study Selection.

Infection and Drug Resistance 2025:18 hetps: 5689


https://www.dovepress.com/article/supplementary_file/562597/562597%20%09Supplementary%20Materials.docx

Zhang et al

Main Characteristics of Included Studies

A total of 12 studies were included in this meta-analysis, spanning several countries including the United States, Spain,
the United Kingdom, Poland, Canada, South Korea, and Costa Rica.The study designs comprised retrospective cohort
studies and case-control studies. The total sample size of the included studies ranged from 143 to 3,491,000 participants,
with sample sizes for the diabetes and non-diabetes groups reported separately. The mean age of study populations
ranged from 57.65 to 81.10 years, and the proportion of female participants ranged from 32.0% to 69.7%.All studies
reported effect estimates for the association between diabetes and susceptibility to C. difficile infection, with some studies
additionally reporting on CDI recurrence risk.Some studies adjusted for covariates such as antibiotic and PPI use.All
studies were assessed as having a moderate risk of bias using the ROBINS-I tool. The main characteristics of the included
studies are summarized in Table 1.

Risk of CDI Susceptibility and Recurrence in Diabetes Mellitus

This meta-analysis included 12 studies to comprehensively evaluate the risks associated with diabetes mellitus and
C. difficile infection (CDI). The pooled results showed that patients with diabetes had a significantly higher risk of
developing CDI compared to non-diabetic individuals, with a pooled OR of 1.46 (95% CI: 1.20-1.77, P=0.0012), and
moderate heterogeneity among studies (I”=50.5%; see Figure 2).For the risk of CDI recurrence, 8 relevant studies were
included, and the pooled OR was 3.11 (95% CI: 1.98-4.87, P=0.0006), with a higher degree of heterogeneity (17=69.3%;
see Figure 3).

Publication bias was assessed using funnel plots for both CDI susceptibility and recurrence risk (Figure 4), with no obvious
small-study effects observed. Begg’s test did not reveal significant publication bias for CDI susceptibility (z = —0.14, P =
0.8909), while Egger’s test was positive (t = 2.50, P = 0.0316), suggesting possible small-study bias for this outcome. The
funnel plots appeared generally symmetrical, and considering both statistical tests and the number of included studies, the
overall risk of publication bias was low, but these conclusions should still be interpreted with caution. Current evidence
demonstrates that patients with diabetes have significantly higher risks for both initial CDI and recurrence compared to non-
diabetic individuals. The results of this study are robust; however, given the moderate to high heterogeneity in some analyses
and the potential small-study effects indicated by publication bias tests, further high-quality, large-sample studies are
warranted to validate these conclusions.

Subgroup and Sensitivity Analyses

To comprehensively assess the sources of heterogeneity and the robustness of the main findings, this study performed
subgroup analyses on core characteristics affecting effect estimates, and applied the leave-one-out method for sensitivity
analysis.

In the subgroup analyses, regardless of stratification by study design, sample size, or mean age, diabetes mellitus
consistently and significantly increased the risk of CDI, with the direction of the pooled effect sizes remaining stable
across all subgroups. Specifically, both retrospective cohort studies and case-control studies yielded a pooled OR of 1.47,
but the heterogeneity was significantly higher in cohort studies (I = 61.6%) than in case-control studies (I* = 0%),
suggesting that large database studies may have differences in population structure, data collection methods, or follow-up
strategies, contributing to fluctuations in effect size. The number and types of covariates adjusted for in some cohort
studies also varied, further increasing uncertainty. Heterogeneity in the large-sample group (I* = 65.7%) was much higher
than in the small-sample group (I* = 4.9%), which may be attributed to the fact that large-sample cohorts are often
multicenter or database-based, with greater variability in patient types and data collection methods.In contrast, small-
sample studies are usually single-center with higher methodological consistency, resulting in lower heterogeneity. The
inclusion of incomplete subgroup data or complex population structures in large-sample studies may introduce con-
founding factors and further exacerbate heterogeneity.

When stratified by mean age in the susceptibility analysis, the heterogeneity was moderate in the >65-year-old group
(I? = 52.7%) and very low in the <65-year-old group (I = 5.1%), suggesting that differences in comorbidities, treatment
approaches, and diagnostic criteria among elderly patients are important sources of heterogeneity.In the recurrence risk
analysis, however, higher heterogeneity was observed in the <65-year-old group (I* = 83.9%) compared to the >65-year-
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Table | Main Characteristics of Included Studies

Author, Year Country Study | Sample Size DM Non-DM | Age Female (%) OR (95% CI) Adjusted ROBINS-I
(Antibiotics/PPI)
Outcome A Outcome B

Sharma, 2021 USA RC 83,865 NA NA 66.27 64.27% 1.79 (1.01-2.22) 1.37 (1.014.11) No/No Moderate risk of bias
Andres, 2018 Spain RC 5,876 2,938 2,938 75.65 53.19% 1.12 (1.01-1.20) | 2.73 (1.63-5.84) No/No Moderate risk of bias
Olanipekun, 2016 | USA RC 3,491,000 NA NA 66.95 53.35% 1.82 (1.08-2.54) | 3.63 (3.164.17) No/No Moderate risk of bias
Kumar, 2021 USA RC 5,044 784 4,260 57.65 52.25% 1.42 (1.04-1.94) 1.92 (1.33-2.78) Yes/Yes Moderate risk of bias
McClure, 2013 Costa Rica CcC 232 16 116 62.00 51.75% 1.90 (0.50-2.80) NA Yes / No Moderate risk of bias
Rodrigues, 2010 UK RC 21,270 569 20,802 58.20 51.25% 2.19 (1.08-4.44) | 9.75 (3.89-24. 4) No/No Moderate risk of bias
Hymeczak, 2020 Poland RC 143 47 96 67.00 32.00% 1.89 (0.93-3.85) | 6.67 (1.27-34.99) No/No Moderate risk of bias
Aseeri, 2008 USA RC 446 223 223 71.80 58.50% 0.83 (0.42-1.65) | 3.21 (1.99-5.02) Yes/Yes Moderate risk of bias
Linney, 2010 Canada CcC 284 96 188 75.65 53.00% 1.37 (0.84-2.25) NA No/No Moderate risk of bias
Ro, 2016 South Korea RC 786 222 564 63.50 37.70% 2.30 (1.20-4.70) | 3.78 (2.02-5.67) Yes/Yes Moderate risk of bias
Zarowitz, 2015 USA CC 4,096 1,870 2,226 81.10 69.70% 1.27 (1.13-1.43) NA No/No Moderate risk of bias
Mazrou, 2018 USA RC 64,208 8,553 55,655 61.00 51.60% 0.70 (0.16—1.98) NA Yes / No Moderate risk of bias

Abbreviations: Outcome A, CDI Susceptibility in Diabetes; Outcome B, CDI Recurrence in Diabetes; DM, Diabetes Mellitus; Non-DM, Non-diabetes Mellitus.
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Figure 2 Forest Plot of Meta-analysis for the Risk of CDI in Patients with Diabetes Mellitus.
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Figure 3 Forest Plot of Meta-analysis for the Risk of CDI Recurrence in Patients with Diabetes Mellitus.

old group (I* = 53.2%).This indicates that methodological and statistical heterogeneity may be more pronounced in
younger patient subgroups regarding recurrence risk.The limited number of studies in some subgroups also resulted in
wide confidence intervals, underscoring the need for larger samples and more regionally diverse data for further
validation (see Table 2 and Supplementary Figure S1).

For the analysis of sources of heterogeneity, to further explore the heterogeneity in recurrence risk, meta-regression
analyses were performed using publication year, mean age, and sample size as study-level covariates.The results showed
that none of these covariates could significantly account for the observed heterogeneity in this outcome, as the R? values
of the meta-regression models were close to zero or not statistically significant, and the residual heterogeneity (I%)
remained high. This suggests that conventional study characteristics reported in the current literature are insufficient to
explain the effect size differences for this outcome, and that the observed heterogeneity may arise from unreported
clinical or methodological factors, such as comorbidities, variations in interventions, or inconsistent diagnostic criteria.
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20

Future studies are therefore recommended to improve the standardized reporting of key covariates to facilitate subsequent

evidence-based analyses.

Sensitivity analysis was performed using the leave-one-out approach to assess the influence of individual studies on

the overall effect estimates. The results showed that, for both CDI susceptibility and recurrence risk, sequential exclusion

of each study did not result in substantial changes in the pooled effect sizes, and the confidence intervals remained highly

overlapping, further supporting the robustness of the main conclusions (Figure 5).

Table 2 Summary Table of Subgroup Analyses and Heterogeneity

Subgroup Studies (k) OR (95% CI) 1(%) (95% CI) Q(df, P) tau® (95% CI)
CDI Susceptibility in Diabetes
Study Design
RC = 1.47 (1.14-1.89) 61.6 (20.7-81.4) | 20.85 (8, 0.008) | 0.0468 (0.003-0.48)
CccC = 1.47 (0.95-2.26) 0.00 (0.00-89. 6) | 0.46 (2, 0.796) 0.0000 (0.00-1.54)
Sample Size (N)
Large N =6 1.45 (1.07-1.96) 65.7 (17.9-85.7) | 14.60 (5, 0.012) | 0.0437 (0.002-0.78)
Small N =6 1.50 (1.02-2.22) 4.90 (0.00-75.9) | 5.26 (5, 0.39) 0.0211 (0.00-0.68)
Age
>65 = 1.38 (1.06-1.80) 52.7 (0.00-79. 9) | 12.69 (6, 0.048) | 0.0417 (0.00-0.35)
<65 = 1.61 (1.10-2.34) 5.10 (0.00-80. 3) | 4.22 (4, 0.378) 0.0064 (0.00-1.66)
CDI Recurrence in Diabetes
Sample Size (N)
Large N =3 3.53 (0.34-36.98) | 83.1 (48.5-94.4) | 11.81 (2, 0.003) | 0.7262 (0.09-37.86)
Small N =5 2.83 (1.84-4.36) 39.4 (0.00-77. 6) | 6.60 (4, 0.159) 0.0533 (0.00-1.36)
Age
>65 = 2.97 (1.78-4.93) 52.3 (0.00-82. 5) | 8.39 (4, 0.078) 0.0692 (0.00-2.31)
<65 =3 3.82 (0.53-27.45) | 83.9 (51.5-94.6) | 12.41 (2, 0.002) | 0.5058 (0.06-26.18)

Abbreviations: CDI, C. difficile infection; RC, Retrospective Cohort; CC, Case-Control.
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Cumulative meta-analysis demonstrated that, as the number of included studies increased, the pooled effect sizes for
diabetes and both CDI susceptibility and recurrence risk gradually stabilized, with confidence intervals narrowing
significantly. This indicates that the overall analysis results are robust, and that recently published studies have not
materially affected the main conclusions (Figure 6).

In summary, the current meta-analysis findings demonstrate good consistency across different study designs, sample
sizes, and age structures, and are not dominated by any single study, suggesting scientific reliability. However, it should
be noted that heterogeneity remains notable in large-sample studies, cohort designs, and elderly populations, reflecting

the complexity and diversity of real-world clinical research.

GRADE Evidence Quality Assessment

The quality of evidence for the two primary outcomes was evaluated using the GRADE approach. The results showed that the
quality of evidence regarding the association between diabetes mellitus and the risk of C. difficile infection was moderate, while
the quality of evidence for CDI recurrence risk was low to moderate.The main reasons for downgrading included the
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observational nature of all included studies (risk of bias), moderate to high heterogeneity (inconsistency), and potential
publication bias for the CDI susceptibility outcome. No domains warranted upgrading.A detailed evaluation for each outcome
is provided in Supplementary Table S3. Overall, the existing evidence is relatively reliable, but further high-quality, prospective

studies are needed for additional validation.

Discussion

Summary of Main Findings

This meta-analysis systematically evaluated the association between diabetes mellitus and both the risk and recurrence of
C. difficile infection (CDI). Pooled results from 12 studies showed that patients with diabetes have a significantly higher
risk of both CDI and its recurrence compared to non-diabetic individuals. Subgroup and sensitivity analyses confirmed
the robustness of the main findings. Overall, diabetes mellitus is an important independent risk factor for both CDI and its
recurrence.

Mechanistic Insights and Clinical Implications

Effects of Diabetes on Host Immunity, Gut Microbiota, and Inflammatory Responses

Diabetes predisposes patients to both initial and recurrent C. difficile infection (CDI) through several interconnected
mechanisms, as supported by our meta-analysis and previous studies.

Chronic hyperglycemia impairs both innate and adaptive immune responses.Reduced neutrophil and macrophage
function, along with lower antibody production, weakens host defense against C. difficile and its toxins.">'® This
immunosuppression is reflected in large-scale cohort studies showing a persistently higher CDI risk among people with
diabetes.

Diabetes leads to gut microbiota dysbiosis—characterized by decreased beneficial bacteria (eg, Bifidobacterium,
Lactobacillus) and increased colonization by pathogens including C. difficile.Use of antibiotics—particularly clindamycin,
cephalosporins, and fluoroquinolones—and proton pump inhibitors (PPIs), which are more frequent in diabetic patients,
further disrupts microbial balance and diminishes resistance to CDI.'”"!° This dysbiosis also compromises the intestinal
barrier and immune homeostasis.

Heightened inflammatory responses are common in diabetes. Hyperglycemia activates systemic and gut inflammatory
pathways (such as TLRs and the NLRP3 inflammasome), increasing pro-inflammatory cytokine release (eg, IL-1B, TNF-a)
and intestinal permeability, which facilitates pathogen and toxin invasion.>'®

The interaction of immune dysfunction, microbiota imbalance, and inflammation contributes to the higher risk and
recurrence of CDI observed in diabetic patients in our study. These mechanisms highlight the need for early risk
assessment and tailored prevention strategies in this vulnerable population5 16-18.

Why Are CDI Susceptibility and Recurrence Risks Elevated in Diabetic Populations?

The significantly increased susceptibility and recurrence risk of CDI among patients with diabetes result from the
combined effects of multiple factors. Chronic exposure to hyperglycemia in diabetes leads to persistent impairment of the
immune barrier, reducing the body’s ability to defend against pathogens, especially those causing intestinal infections.
Recent research demonstrates that hyperglycemia impairs innate immunity by disrupting neutrophil and macrophage
function, weakening the mucosal barrier, and promoting a chronic pro-inflammatory state. These changes together
increase both the susceptibility to, and severity of, bacterial infections, including CDL?® Studies have shown that the
incidence of CDI and rates of rehospitalization are markedly higher in diabetic populations than in non-diabetic patients,
and that diabetes itself is an important independent predictor of CDI recurrence and mortality.'~"'®

Due to the complexity of their underlying diseases, diabetic patients are often hospitalized more frequently and have
significantly higher rates of exposure to high-risk medications, especially broad-spectrum antibiotics such as clindamy-
cin, cephalosporins, and fluoroquinolones, as well as proton pump inhibitors (PPIs), all of which have been proven to
strongly promote the occurrence and recurrence of CDI. Relevant literature reports that, during antibiotic treatment,
diabetic individuals are more likely to experience gut microbiota imbalance, with reductions in probiotics and increased
colonization of C. difficile, resulting in weakened microbial defenses.'®'? Further evidence from studies in high-risk
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populations such as those with inflammatory bowel disease has confirmed that patients with concomitant diabetes have
significantly higher risks of CDI, recurrence, and related adverse outcomes than those with a single underlying disease,
indicating that the combination of metabolic disorders and immune dysfunction synergistically amplifies the clinical
impact of CDI."’

The chronic inflammatory state and impaired intestinal barrier function associated with diabetes further exacerbate
susceptibility to CDI and the tendency for recurrence.Persistent hyperglycemia continuously activates pro-inflammatory
pathways and reduces the capacity for mucosal repair, resulting in a higher likelihood of recurrent and prolonged
infections following CDI.>'®

The high incidence and recurrence of CDI in diabetic patients are attributable not only to intrinsic immune and
inflammatory mechanisms, but also to the additive effects of external factors such as clinical treatments and hospitaliza-
tions.Identifying and intervening in these high-risk factors is of great importance for optimizing CDI prevention and

control strategies and improving outcomes in diabetic populations.'=>-'"'8

Key Molecular Mechanisms, Potential Pathways, and Frontier Advances

Multiple basic and translational studies have revealed several key molecular mechanisms and signaling pathways by
which diabetes promotes C. difficile infection (CDI) and its recurrence.A hyperglycemic environment can modulate
innate immune recognition pathways such as Toll-like receptors (TLRs) and NOD-like receptors (NLRs), inducing
sustained activation of intestinal mucosal inflammasomes (such as the NLRP3 inflammasome). This results in excessive
secretion of pro-inflammatory factors such as IL-1p, IL-6, and TNF-a, which aggravate local and systemic inflammatory
responses, disrupt intestinal barrier function, and provide favorable conditions for the colonization and toxin dissemina-
tion of C. difficile.'®'*2'"2°

Diabetes-related gut microbiota dysbiosis is characterized by a significant reduction in protective bacterial popula-
tions (such as Firmicutes and short-chain fatty acid—producing bacteria), while pathogenic bacteria like C. difficile and
their related virulence factors are upregulated. Specifically, recent studies have found that patients with type 2 diabetes
show increased abundances of opportunistic pathogens, such as Escherichia coli, Enterococcus, and Klebsiella species,
and a marked reduction in butyrate-producing bacteria, including Faecalibacterium prausnitzii, Roseburia spp., and
Eubacterium rectale, compared with non-diabetic individuals. These changes are associated with impaired intestinal
barrier function and greater susceptibility to CDIL>" Short-chain fatty acids (such as butyrate) play a key role in
maintaining the intestinal barrier and inhibiting the growth of pathogenic bacteria.In diabetic patients, the ability to
synthesize short-chain fatty acids is diminished, resulting in weakened intestinal defense capability.'”'*3!'~>* Microbial
metabolites (such as secondary bile acids and indole compounds) are closely related to the survival and pathogenicity of
C. difficile.Under diabetic conditions, disturbances in these metabolites provide a suitable environment for C. difficile
colonization.’*™*

At the signaling pathway level, the sustained release of inflammatory factors amplifies the inflammatory cascade
through pathways such as NF-kB and MAPK, while also damaging the tight junction proteins of intestinal epithelial cells
(such as occludin and claudin), which further promotes the translocation of pathogens and toxins. In diabetic patients, the
expression of antimicrobial peptides (such as defensins and cathelicidins) is downregulated, reducing the direct defensive
capability of the intestinal mucosa.'®!?-1-2¢

In terms of frontier interventions, fecal microbiota transplantation (FMT), supplementation with probiotics or
synbiotics, and small-molecule drugs targeting anti-inflammatory pathways have all shown potential to improve gut
microbiota and reduce CDI susceptibility and recurrence rates in both diabetic and CDI animal models as well as in
preliminary clinical studies.'® Small-molecule inhibitors targeting signaling pathways such as NLRP3 and NF-kB, and
novel biologics such as IL-1p antagonists, have also provided new strategies for CDI prevention and control in high-risk
patients.?' 2’

The molecular network of the diabetes—gut—inflammation axis represents an important research direction for precision
prevention and control among high-risk populations for CDI in the future.In-depth elucidation of these molecular
mechanisms will help promote translational applications from basic research to clinical practice, providing theoretical
support and intervention targets for developing individualized and targeted prevention strategies.
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Antibiotic Stewardship and Prevention Strategies

Antibiotic exposure is widely recognized as the single most important modifiable risk factor for the development and
recurrence of C. difficile infection (CDI), particularly among high-risk populations such as patients with diabetes. Our
findings underscore the need for robust antibiotic stewardship programs, which have been shown to significantly reduce
CDI incidence in both hospital and community settings.

A meta-analysis of stewardship interventions demonstrated that restricting unnecessary use of broad-spectrum antibiotics
—including clindamycin, cephalosporins, and fluoroquinolones—can lead to substantial reductions in CDI rates among
hospitalized patients.** Another systematic review and meta-analysis found that antibiotic stewardship, particularly when
combined with infection prevention measures, resulted in an approximate 32% decrease in hospital-acquired CDI incidence.*
The Infectious Diseases Society of America (IDSA) and the Society for Healthcare Epidemiology of America (SHEA) also
highlight reduction of CDI as one of the principal benefits of implementing antimicrobial stewardship programs.*®

For diabetic patients, integrating antibiotic stewardship with individualized infection control and optimal diabetes
management may provide the greatest benefit in preventing CDI and improving clinical outcomes.In summary, the
combination of targeted antibiotic stewardship and comprehensive risk factor management represents an essential
pathway for reducing the burden of CDI, particularly in vulnerable groups such as those with diabetes.

According to current clinical guidelines, fidaxomicin and vancomycin are recommended as the preferred first-line
agents for CDI treatment, with metronidazole reserved for non-severe cases if other options are unavailable. Fidaxomicin
has been shown to have similar efficacy as vancomycin, but with a lower risk of recurrence.However, in China,
fidaxomicin is not yet widely available, and vancomycin and metronidazole remain the primary treatment options in
most hospitals due to cost and accessibility constraints. Fecal microbiota transplantation (FMT) is considered for patients
with multiple recurrences or those who fail antibiotic therapy.*°

In China, vancomycin and metronidazole are the primary antibiotics used for the treatment of CDI, as fidaxomicin is
not yet widely available due to cost and accessibility limitations.Vancomycin is generally recommended as the first-line
agent for moderate-to-severe CDI, while metronidazole is reserved for mild cases or as an alternative when vancomycin
is not available.Although fidaxomicin is recommended by international guidelines for its efficacy and lower recurrence
rate, its routine clinical use remains rare in most Chinese hospitals.

For patients with multiple recurrences of CDI who do not respond to standard antibiotic therapy, fecal microbiota
transplantation (FMT) has emerged as an effective salvage therapy. In recent years, FMT has become increasingly available
in large tertiary hospitals in China, though its overall utilization is still limited due to resource and regulatory constraints.

In addition to current antibiotic and FMT therapies, novel treatment approaches such as the monoclonal antibody
bezlotoxumab, bacteriophage therapy, tailocins, and antibacterial peptides have shown promise in reducing CDI
recurrence and improving outcomes, especially in high-risk populations like patients with diabetes.Further research
and clinical trials are ongoing to determine the effectiveness and feasibility of these new therapies.*’

Clinical Implications for Management and Infection Control

The results of this study indicate that diabetic patients represent a classic high-risk group for both the initial onset and
recurrence of C. difficile infection (CDI), which places higher demands on clinical management and infection control. In
clinical practice, diabetic patients should be regarded as a priority population for CDI screening and prevention,
especially during hospitalization or when receiving high-risk medications such as antibiotics or proton pump inhibitors
(PPIs).Risk assessment and early warning should be strengthened during these periods. For diabetic patients with
a history of CDI or combined factors such as advanced age, immunosuppression, or renal insufficiency, regular
monitoring of gastrointestinal symptoms is needed to enable early identification and timely intervention.

Antibiotic stewardship is a key component in the prevention and control of CDI. It is essential to strictly implement
principles of rational antibiotic use among diabetic patients, avoiding the misuse of broad-spectrum antibiotics and
combination therapies. When necessary, consultation with an antimicrobial stewardship (AMS) team should be con-
ducted to balance infection control with the management of underlying diseases.For patients requiring long-term PPI
therapy, indications should be regularly reviewed to reduce unnecessary use of gastric acid suppressants, thereby

lowering the risk of CDI at its source.'”
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Protection and intervention of the gut microbiota are also important strategies. For diabetic patients, early supplementation
with probiotics or synbiotics during antibiotic therapy or hospitalization can be considered to maintain the diversity of the gut
microbiota and enhance intestinal barrier function. For patients at high risk of recurrence, innovative microbiota-based
therapies such as fecal microbiota transplantation (FMT) can serve as second- or third-line interventions.Multiple current
guidelines and evidence-based studies have shown that FMT can significantly reduce the recurrence rate of CDL.'®

Comprehensive management of diabetic patients’ basic metabolism, immune function, and nutritional status should also
be strengthened, including optimizing blood glucose control, preventing chronic complications, and engaging in appropriate
physical exercise, in order to indirectly improve the overall defense capability against infections.Hospitals and long-term care
institutions should develop individualized infection control measures for diabetic patients, such as environmental cleaning,
contact isolation, and education of healthcare staff, to reduce the risk of nosocomial transmission and recurrence.

In summary, the prevention and control of CDI in diabetic patients requires an integrated approach involving antibiotic
stewardship, maintenance of the gut microbiota, metabolic interventions, and multidisciplinary collaboration, shifting from
single-disease management to comprehensive risk control throughout the disease course .In the future, enhanced screening,
follow-up, and targeted interventions for high-risk populations should be promoted, facilitating the translation of evidence into
daily clinical practice to ultimately improve the health outcomes of diabetic patients with CDI.> 16

Considering clinical realities in China, the prevention and control of CDI in diabetic patients should also focus on
local high-risk factors and population characteristics. In China, the rates of antibiotic and PPI use are high, and there is
a large population of elderly diabetic patients with multiple comorbidities, making infection control even more complex.
It is recommended to further standardize the use of high-risk medications in clinical practice, strengthen microbiota-
based interventions (such as probiotics and fecal microbiota transplantation), and promote multicenter prospective cohort
studies to establish risk prediction and management models specific to CDI in the Chinese population. In the future, more
emphasis should also be placed on patient and healthcare provider education, multidisciplinary teamwork, and data
sharing to enhance the comprehensive prevention and control of CDI in diabetic patients, thereby contributing Chinese
experience to the global effort against C. difficile infection.

Strengths and Limitations of the Study with Dual Primary Outcomes
This study used the risk of CDI occurrence and recurrence as dual primary outcomes to systematically assess the impact
of diabetes on the entire course of C. difficile infection, comprehensively elucidating the clinical significance of diabetes
in CDI prevention and control. The research integrated large-sample cohort and case-control studies from multiple
countries and regions, applying strict inclusion criteria to ensure the representativeness and generalizability of the results.

Several limitations should be noted. First, all studies included in this analysis were observational in nature, making it
difficult to fully rule out the influence of confounding factors.Second, most included studies did not specify whether
patients had type 1 or type 2 diabetes, and the majority of participants were adults who were likely to have type 2
diabetes.However, due to the lack of separate data, subgroup analysis by diabetes type could not be conducted.This
limitation may reduce the precision of the results and highlights the need for future studies to report and analyze diabetes
subtypes separately. Third, there were variations across different studies in the definitions of diabetes and CDI, as well as
in variable adjustment methods, which may affect the accuracy of effect estimates. Fourth, for certain outcomes such as
the risk of CDI recurrence, the number of included studies was relatively limited and some studies had small sample
sizes, resulting in limited statistical power.Publication bias may also exist due to missing original data. In addition, the
restriction to English-language publications may have introduced language bias.Finally, moderate to high heterogeneity
was observed in some subgroup and overall analyses, suggesting that regional, population, and methodological differ-
ences may affect the interpretation of the results.In addition, limited information was available in many included studies
regarding the specific antibiotic treatments (particularly fidaxomicin and vancomycin) received by patients, making it
difficult to evaluate the influence of these recommended therapies on outcomes.

Therefore, further high-quality, prospective, multicenter studies with larger sample sizes and standardized reporting—
particularly those that distinguish between type 1 and type 2 diabetes—are needed to supplement and validate our

conclusions and to enhance the robustness and clinical relevance of the evidence.
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Conclusion
This study assessed the association between diabetes and C. difficile infection (CDI), and the results showed that diabetic
patients have a moderately elevated risk of both initial and recurrent CDI compared to non-diabetic populations. These
findings suggest that diabetes should be regarded as a key target population for CDI prevention and control. In clinical
practice, it is necessary to strengthen risk identification, ensure the rational use of antibiotics, and optimize gut microbiota
management for diabetic patients. Further high-quality, prospective studies are needed to clarify the underlying mechanisms
and optimize intervention strategies, with the goal of comprehensively improving infection prevention and health outcomes in
diabetic patients.

In addition to current standard treatments, emerging approaches such as monoclonal antibodies, bacteriophages,
tailocins, and antibacterial peptides may offer promising options for the future management of CDI, particularly in high-
risk groups like those with diabetes.
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