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Abstract

Background/Objectives: Prediabetes is a highly prevalent metabolic condition associated
with an increased risk of progression to type 2 diabetes mellitus (T2DM) and related
cardiometabolic complications. Although lifestyle modification remains the cornerstone of
diabetes prevention, long-term adherence is often challenging in routine clinical practice.
This systematic review and meta-analysis aimed to evaluate the effect of metformin therapy
on progression from prediabetes to T2DM and its impact on glycemic and metabolic
outcomes. Methods: A systematic literature search was conducted in PubMed, MEDLINE,
and Web of Science in accordance with the PRISMA 2020 guidelines. Studies involving
adults with prediabetes that evaluated metformin therapy and reported diabetes-related
outcomes were eligible for inclusion. Risk of bias was assessed using the RoB 2 tool and
the NOS. Where appropriate, quantitative meta-analysis was performed using a random-
effects model. Results: Forty-one publications were included in the systematic review,
with eligible subsets contributing to the quantitative analyses. Overall, the available
evidence suggested that metformin was associated with a reduced risk of progression from
prediabetes to T2DM compared with placebo, usual care, or lifestyle intervention alone.
Long-term follow-up studies demonstrated sustained preventive effects extending beyond
10 years. Meta-analysis demonstrated a significant reduction in BMI among metformin-
treated participants (MD = —2.06, 95% CI —2.53 to —1.60; I? = 0%; p < 0.001). Findings for
glycated hemoglobin and fasting plasma glucose were variable across studies and did not
consistently reach statistical significance. Some studies reported additional improvements
in insulin sensitivity and other cardiometabolic outcomes, although these findings were
not consistently reported across the evidence base. Conclusions: The available evidence
supports metformin as an effective adjunctive pharmacological strategy for reducing
progression from prediabetes to T2DM, particularly among selected high-risk adults. When
used alongside lifestyle modification, metformin may provide additional benefits in body
weight and metabolic health. However, lifestyle intervention should remain the first-line
preventive strategy. Further high-quality studies are needed to optimize patient selection,
dose, treatment duration, and long-term clinical outcomes.
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1. Introduction

Prediabetes is a metabolic condition characterized by glucose levels that are elevated
above normal but remain below the diagnostic threshold for type 2 diabetes mellitus
(T2DM) [1]. It is commonly identified by impaired fasting glucose (IFG), impaired glucose
tolerance (IGT), and/or glycated hemoglobin (HbAlc) levels ranging from 5.7% to 6.4% [2].
Prediabetes has emerged as a major global public health challenge because of its increasing
prevalence and its strong association with the future development of T2DM, cardiovascular
disease, chronic kidney disease, and premature mortality [3].

Recent global estimates indicate that the prevalence of prediabetes varies according
to the diagnostic definition applied. In 2024, approximately 635 million adults aged
20-79 years, representing 12.0% of the global adult population, were estimated to have
impaired glucose tolerance, while approximately 487.7 million adults, representing 9.2%,
had impaired fasting glucose [4]. These estimates should be considered separately because
IFG and IGT identify partially overlapping populations and should not be combined into a
single prevalence figure [5]. The prevalence of IFG is projected to increase to approximately
647.5 million adults, or 9.8% of the global adult population, by 2050 [6]. A considerable
proportion of individuals with prediabetes may progress to T2DM if effective preventive
interventions are not implemented [7]. Because the transition from prediabetes to diabetes
is often gradual and potentially reversible, this stage represents a critical window for early
intervention aimed at reducing long-term metabolic and cardiovascular complications [8].

Lifestyle modification, including dietary changes, increased physical activity, and
weight reduction, remains the cornerstone of diabetes prevention [9]. Landmark clinical
trials have demonstrated that intensive lifestyle interventions can significantly reduce
the risk of progression from prediabetes to T2DM [10]. However, maintaining long-term
adherence to lifestyle recommendations remains challenging in routine clinical practice [11].
Many individuals encounter barriers such as limited access to structured prevention pro-
grams, competing occupational and social demands, and difficulty sustaining behavioral
changes over extended periods [12]. Consequently, pharmacological strategies have re-
ceived increasing attention as adjunctive approaches for diabetes prevention in individuals
at elevated risk.

Metformin is a biguanide antihyperglycemic agent that has been widely used as
first-line therapy for T2DM for several decades [13]. Its favorable safety profile, low cost,
extensive clinical experience, and well-established mechanisms of action have made it
an attractive candidate for diabetes prevention [14]. Metformin primarily improves in-
sulin sensitivity and reduces hepatic glucose production, thereby lowering circulating
glucose concentrations and reducing metabolic stress on pancreatic 3-cells [15]. In addi-
tion, metformin may contribute to modest weight reduction and improvements in several
cardiometabolic risk factors, further supporting its potential role in delaying disease pro-
gression among individuals with prediabetes [16].

Evidence supporting the use of metformin for diabetes prevention has accumulated
from randomized controlled trials (RCTs), observational studies, and long-term follow-
up investigations. The Diabetes Prevention Program (DPP) and its subsequent Diabetes
Prevention Program Outcomes Study (DPPOS) demonstrated that metformin significantly
reduced the incidence of T2DM compared with placebo, with preventive effects persisting
for many years after the initiation of therapy [17]. Subsequent studies conducted in diverse
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populations and healthcare settings have generally reported similar findings, although the
magnitude of benefit has varied according to patient characteristics, baseline metabolic risk,
treatment adherence, and duration of follow-up [18].

Despite the availability of several systematic reviews and meta-analyses examining
metformin for diabetes prevention, important evidence gaps remain. Previous reviews
have primarily focused on RCTs or specific intervention comparisons, such as metformin
versus placebo or metformin combined with lifestyle modification and have generally
emphasized the incidence of T2DM as the principal outcome [19,20]. In addition, several
earlier evidence syntheses did not include recently published studies or long-term follow-
up data that have become available in recent years. Consequently, there remains a need
for an updated and more comprehensive synthesis that incorporates a broader range of
study designs and evaluates the metabolic effects of metformin beyond progression to
T2DM alone.

A comprehensive synthesis of the available literature is therefore necessary to better
characterize the effectiveness of metformin in preventing progression from prediabetes
to T2DM and to evaluate its broader metabolic benefits. Such evidence is particularly
relevant for primary care clinicians, who are responsible for the identification, counseling,
and long-term management of individuals at increased risk of diabetes. Accordingly, this
systematic review and meta-analysis aimed to evaluate the effect of metformin therapy in
adults with prediabetes on progression to T2DM and related metabolic outcomes. The sec-
ondary objectives were to assess the effects of metformin on glycemic control, body weight,
regression to normoglycemia, insulin sensitivity, and other cardiometabolic risk factors. By
synthesizing evidence from randomized and observational studies, incorporating recently
published evidence, and evaluating a broad range of clinically relevant metabolic outcomes,
this review provides an updated and comprehensive assessment of the role of metformin
in diabetes prevention to inform evidence-based clinical decision-making.

2. Materials and Methods
2.1. Study Design and Protocol Registration

This systematic review and meta-analysis was conducted in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020
statement (Appendix A) [21]. The methodology was predefined prior to study selection
and data extraction to ensure transparency and reproducibility. The review protocol was
prospectively registered in the International Prospective Register of Systematic Reviews
(PROSPERO) under registration number: CRD420261417332.

2.2. Search Strategy

A comprehensive literature search was performed in PubMed, MEDLINE, and Web
of Science. The search strategy was designed to identify studies evaluating the effect of
metformin therapy on the prevention of T2DM among adults with prediabetes.

A combination of Medical Subject Headings (MeSH) terms and free-text keywords was
used. The search strategy included terms related to prediabetes, metformin, diabetes pre-
vention, glycemic control, and progression to T2DM. Representative search terms included:

(“prediabetes” OR “pre-diabetes” OR “impaired fasting glucose” OR “impaired glu-
cose tolerance” OR “HbA1lc 5.7-6.4%")

AND

(“metformin”)

AND

(“type 2 diabetes mellitus” OR “T2DM” OR “diabetes prevention” OR “diabetes
progression”).
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The search was limited to studies published in English. No restrictions were imposed
regarding geographic location or healthcare setting. To ensure comprehensive study iden-
tification, reference lists of eligible articles and relevant review papers were manually
screened for additional studies not captured through electronic database searches.

2.3. Study Selection Process

All records identified through the database searches were imported into Mendeley
Desktop, version 1.19.8 (Mendeley Ltd., London, UK) for reference management and
duplicate removal [22]. Following deduplication, two reviewers independently screened
titles and abstracts according to the predefined eligibility criteria. Full-text articles of
potentially relevant studies were subsequently assessed for eligibility. Disagreements
at any stage of the selection process were resolved through discussion and consensus,
with consultation from a third reviewer when necessary. The study selection procedure
was conducted in accordance with PRISMA 2020 guidelines [21] and is summarized in a
PRISMA flow diagram.

2.4. Eligibility Criteria
2.4.1. Inclusion Criteria
Studies were included if they met the following criteria:

e Included adults diagnosed with prediabetes.

e  Defined prediabetes using recognized laboratory-based diagnostic criteria. These
included an HbAlc level of 5.7-6.4% (3947 mmol/mol); impaired fasting glucose, de-
fined according to the American Diabetes Association as a fasting plasma glucose level
of 100-125 mg/dL (5.6-6.9 mmol/L) after a minimum fast of 8 h; or impaired glucose
tolerance, defined as a 2-h plasma glucose level of 140-199 mg/dL (7.8-11.0 mmol/L)
following a 75-g oral glucose tolerance test. Studies applying equivalent criteria from
other recognized guidelines were also eligible, including the World Health Orga-
nization definition of impaired fasting glucose as a fasting plasma glucose level of
110-125 mg/dL (6.1-6.9 mmol/L). The diagnostic definition reported by each included
study was recorded during data extraction.

e  Evaluated metformin as a preventive intervention.

e Included a comparator group such as placebo, usual care, lifestyle intervention, or no
metformin treatment.

e Reported at least one clinically relevant outcome related to diabetes progression,
glycemic control, weight change, or metabolic outcomes.

e  Used an eligible study design, including an RCT, cohort study, case—control study, or
comparative observational design.

e  Was published in a peer-reviewed journal.

e  Was written in English.

2.4.2. Exclusion Criteria
Studies were excluded if they:

e Included participants with established T2DM at baseline.

e Included mixed populations of participants with prediabetes and established T2DM
when data for the prediabetes subgroup could not be extracted separately.

e  [Evaluated interventions other than metformin without separate metformin-specific
analysis.

e  Administered another glucose-lowering medication as part of the intervention when
the independent effect of metformin could not be determined separately.

o Were review articles, editorials, conference abstracts, case reports, or letters to the editor.
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e  Were animal or in vitro studies.

e  Did not report relevant clinical or glycemic outcomes.

e  The presence of comorbidities, including obesity, cardiovascular disease, hypertension,
dyslipidemia, or HIV infection, was not itself considered an exclusion criterion, if
participants met the prespecified diagnostic criteria for prediabetes and did not have
established T2DM at baseline.

2.5. Data Extraction

Data extraction was independently performed by two reviewers using a standardized
data extraction form developed specifically for this review. Extracted information included
the first author’s name, year of publication, country of study, study design, sample size, par-
ticipant characteristics, including mean or median age, age range, sex distribution, baseline
body weight or BMI, and relevant comorbidities, diagnostic criteria used to define predi-
abetes, the administered metformin dose, dosing frequency, formulation, dose-titration
protocol where reported, and duration of metformin treatment, comparator interventions,
duration of follow-up, and reported outcome measures. Information regarding dietary
interventions, dietary counseling, physical activity, exercise programs, and other lifestyle-
modification components was also extracted when reported. This included the type and
intensity of the intervention, recommended exercise frequency or duration, and whether
lifestyle measures were applied to the metformin group, comparator group, or both groups.

Outcome data collected from each study included progression from prediabetes
to T2DM, HbAlc levels, fasting plasma glucose, body weight, body mass index (BMI),
measures of insulin resistance and glycemic control, regression to normoglycemia, car-
diometabolic outcomes, and adverse events associated with metformin therapy. When
information on metformin dosage, treatment duration, age, diet, or physical activity was
unavailable, it was recorded as not reported. Any discrepancies identified during the data
extraction process were resolved through discussion and consensus between the reviewers,
with consultation from a third reviewer when consensus could not be reached.

2.6. Outcomes of Interest

The primary outcome was progression from prediabetes to T2DM during follow-up.
Secondary outcomes included:

Changes in HbAlc.

Changes in fasting plasma glucose.

Changes in body weight and BML

Regression from prediabetes to normoglycemia.
Measures of insulin sensitivity and glycemic control.

Cardiometabolic risk factors.

Adverse events associated with metformin therapy.

2.7. Quality Assessment and Risk of Bias

Methodological quality was independently assessed by two reviewers. RCTs were
evaluated using the Cochrane Risk of Bias 2 (RoB 2) tool, which assesses bias arising from
randomization, deviations from intended interventions, missing outcome data, outcome
measurement, and selective reporting [23]. Observational studies were assessed using the
Newcastle-Ottawa Scale (NOS), which evaluates study quality across participant selection,
comparability of study groups, and outcome assessment [24].

Disagreements between the two reviewers were initially resolved through discussion.
When consensus could not be achieved, a third reviewer independently reviewed the
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study and resolved the disagreement. Risk-of-bias assessments were incorporated into the
interpretation of study findings and sensitivity analyses.

2.8. Data Synthesis and Statistical Analysis

A qualitative synthesis was initially conducted to summarize the characteristics,
methodological features, interventions, and outcomes of the included studies. Where
sufficiently homogeneous data were available, quantitative meta-analysis was performed
to estimate the pooled effect of metformin on progression from prediabetes to T2DM and
other metabolic outcomes.

For dichotomous outcomes, pooled effect estimates were calculated as risk ratios (RRs)
with corresponding 95% confidence intervals (Cls). For continuous outcomes, mean differ-
ences (MDs) with 95% Cls were calculated when outcomes were measured using the same
scale. When outcomes were reported using different measurement scales, standardized
mean differences (SMDs) were used.

Statistical heterogeneity among studies was assessed using Cochran’s Q test and quan-
tified using the I? statistic. Heterogeneity was interpreted as follows: 0-25% (low), 26-50%
(moderate), 51-75% (substantial), and >75% (considerable). A random-effects model was
applied as the primary analytical approach because clinical and methodological hetero-
geneity among studies was anticipated. Fixed-effect models were explored in sensitivity
analyses where appropriate. Statistical significance was defined as a two-sided p < 0.05.

Sensitivity analyses were conducted by sequentially excluding studies with a high risk
of bias and by performing leave-one-out analyses to evaluate the robustness of the pooled
estimates. Where sufficient data were available, prespecified subgroup analyses were
performed according to study design, duration of metformin therapy, baseline glycemic
status, obesity status, and follow-up duration.

Publication bias was assessed through visual inspection of funnel plots and, when at
least ten studies were available for a given outcome, by formal statistical assessment using
Egger’s regression test. All statistical analyses were conducted using Review Manager
(RevMan), version 5.4 (The Cochrane Collaboration, London, UK).

2.9. Certainty of Evidence Assessment

The overall certainty of evidence for the primary outcome was evaluated using the
Grading of Recommendations Assessment, Development and Evaluation (GRADE) frame-
work. The certainty of evidence was assessed across the domains of risk of bias, inconsis-
tency, indirectness, imprecision, and publication bias, and categorized as high, moderate,
low, or very low certainty.

2.10. Ethical Considerations

Ethical approval was not required for this study because it was based exclusively on
the previously published literature and publicly available data. No individual patient data,
identifiable information, or direct human participant involvement were included in this
systematic review and meta-analysis.

2.11. Use of Generative Artificial Intelligence

No generative artificial intelligence tools were used in the study design, the literature
screening, data extraction, statistical analysis, interpretation of findings, or preparation of
scientific content in this study. Minor language and grammatical editing were performed
to improve readability and clarity.
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3. Results
3.1. Study Selection Results

The database search identified 1775 records, including 289 from PubMed, 562 from
MEDLINE, and 924 from Web of Science. After removal of 763 duplicate records and
exclusion of 394 records through automated screening procedures, 618 articles remained for
title and abstract screening. Following screening, 285 articles were excluded for not meeting
the predefined eligibility criteria. Full-text assessment was performed for 333 articles, all of
which were available for review.

Among the full-text articles, 292 studies were excluded for the following reasons:
inclusion of participants with established T2DM (n = 135), absence of metformin-specific
outcome data (n = 87), ineligible study design (n = 36), failure to report relevant diabetes-
related outcomes (n = 18), and duplicate publications (n = 16). Ultimately, 41 studies fulfilled
the eligibility criteria and were included in the systematic review and meta-analysis. The
complete study selection process is presented in Figure 1.

Identification of studies via databases and registers

]
£ Records identified from: Records removed before screening:
8 Databases (PubMed = 289; sl Duplicate records removed (n = 763)
g MEDLINE = 562; Web of Records marked as ineligible by automation
o Science = 924; Total n = 1775) tools (n =394)
Records screened » | Records excluded
(n=618) (n=285)
Reports sought for retrieval o | Reports not retrieved
5 (n=333) "l m=0)
s
: !
@
Reports assessed for eligibility Reports excluded:
(n=333) > Inclusion of participants with established type 2
diabetes mellitus (n = 135)
Absence of metformin-specific outcome data (1 =87)
Ineligible study design (1 =36)
Lack of progression-to-diabetes outcomes (1 = 18)
Duplicate publications (n = 16)
v
°
% Studies included in review
3 (n=41)
=

Figure 1. PRISMA 2020 flow diagram of the study selection process.

3.2. Study Characteristics

A total of 41 studies published between 2002 and 2025 were included in this review.
The studies were conducted across multiple geographic regions, including North America,
Europe, Asia, Africa, and the Middle East. Study designs comprised RCTs, prospective
cohort studies, retrospective cohort studies, and observational investigations.

Sample sizes ranged from 64 to 4770 participants, with follow-up durations varying
from 12 weeks to 22 years. Prediabetes was defined using IFG, IGT, HbAlc levels of
5.7-6.4%, or combinations of these diagnostic criteria. Metformin dosing regimens varied
across studies, although most randomized trials administered doses ranging from 850 mg
twice daily to 2000 mg daily.

Most studies evaluated metformin against placebo, lifestyle intervention alone, usual
care, or no metformin treatment. Outcomes commonly reported included progression to
T2DM, glycemic control measures, body weight, BMI, regression to normoglycemia, and
cardiometabolic risk factors. Detailed study characteristics are presented in Table 1.
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Table 1. Characteristics of Included Studies.

Authors, Year Country Study Design Study Population Intervention Comparator Follow-Up
. Metformin 850 mg twice
Knowler WCetal, United States RCTs 3234 adults; mean age daily and intensive lifestyle Placebo Mean 2.8 years
2002 [25] 51 years . .
intervention
. . Prediabetes patients
Alfayez OM et al., . . . 251 adults; mean age Metformin prescribed for -
2022 [26] Saudi Arabia Retrospective cohort 47.0 + 11.9 years diabetes prevention not presc.rlbed NR
metformin
" . . . . . Medical records
Alvarez-Villalobos . Retrospective Metformin prescribed for ~ Patients not
Mexico . 372 adults; age NR . . . . from January 2020 to
NA etal., 2024 [27] observational diabetes prevention prescribed metformin
December 2021
. . . Prediabetic obese
Alfayez OM et al., . . Retrospective 304 adults; mean age Metformin prescribed for .
Saudi Arabia . . . patients not NR
2023 [28] observational 40 years diabetes prevention . .
prescribed metformin
Continued metformin 850
DPP Research United States RCTs 2766 adults; mean age mg twice daily and lifestyle Placebo Median 10.0 years
Group, 2009 [29] 51 years . .
intervention
DPP Research . 3234 adults; mean age Metformin 850 mg twice Approximately
Group,2012[30] ~ nited States  RCTs 50.6 + 107 daily Placebo 10 years
Nimitphong H et al., . 74 adults with HIV and Metformin plus lifestyle Lifestyle counseling
Thailand RCTs prediabetes; mean age . 12 months
2022 [31] counseling alone
49.6 years
120 overweight or obese
Feerch K et al., . . .
Denmark RCTs adults; mean age Metformin 1700 mg/day Habitual lifestyle 26 weeks
2021 [32]
58.2 & 8.6 years
4770 adults with incident Metformin management .
Zheng M et al., . ) . . . . . No metformin
Australia Retrospective cohort ~ prediabetes in primary care; after diagnosis of 24 months
2023 [33] . management
age NR prediabetes
Hostalek U and Hunear Observational 686 adults with Prolonged-release No comparator erol 12 weeks
Zilahi Z, 2020 [34] gary non-interventional prediabetes; age NR metformin P sroup
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Table 1. Cont.

Authors, Year Country Study Design Study Population Intervention Comparator Follow-Up
. . Sustained-release .
Garrib A et al,, Tanzania RCTs 364 a.dults with HIV and metformin 2000 mg daily Plac.ebo plus lifestyle 12 months
2023 [35] prediabetes; age NR . . advice
plus lifestyle advice
. . 366 overweight or obese Metformin plus lifestyle Llfes'tyle and
Andreadis EA et al,, Prospective . . . cardiovascular
Greece . non-diabetic adults; mean and cardiovascular . 12 months
2009 [36] observational cohort . risk-factor
age 53.0 £ 0.5 years risk-factor management
management alone
Prediabetic
Sardu Cetal, Ttal Prospective Sample size and age NR Current metformin use for ~ non-metformin users 12 months
2019 [37] y observational p & >6 months before CABG and normoglycemic
patients
. ) Metformin 850 mg twice
Molitch ME et al., United States RCTs 3234 adults; mean age daily and intensive lifestyle ~Placebo 2.8 years
2003 [38] 51 years ) .
Intervention
Intensive lifestyle
Florez H et al., . 3234 adults; mean age intervention and
2014 [39] United States RCTs 50.6 = 10.7 years metformin 850 mg twice | 12¢€P0 Mean 3.2 years
daily
) Metformin 850 mg twice
Orchard TJ et al., United States RCTs 3234 adults; mean age daily and intensive lifestyle Placebo Mean 3.2 years
2005 [40] 51 years . .
intervention
Intensive lifestyle
Herman WH et al., . 3234 adults; mean age intervention and
2017 [41] United States RCTs 50.6 = 10.7 years metformin 850 mg twice Placebo 3 years
daily
Intensive lifestyle
Florez H et al., . 3234 adults; mean age intervention and
2012 [42] United States RCTs 51 years metformin 850 mg twice Placebo Mean 3.2 years

daily
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Authors, Year Country Study Design Study Population Intervention Comparator Follow-Up
Intensive lifestyle

Crandall ] et al., . 3234 adults; mean age intervention and

2006 [43] United States RCTs 51 years metformin 850 mg twice Placebo Mean 2.8 years
daily
Intensive lifestyle

Knowler WC et al., . 3234 adults; mean age intervention and

2025 [21] United States RCTs 50.6 £ 10.7 years metformin 850 mg twice Placebo 22 years
daily
Metformin 850 mg twice

DPP Research . 2765 adults; mean age . . Lo 3.2 years plus

Group, 2015 [44] United States RCTs 50.6 + 10.7 years f:lally and. intensive lifestyle Placebo 10-year follow-up
intervention

i ) Linagliptin 5 mg plus Metformin

Guardado-Mendoza Mexico RCTs 144 adults; mean age metformin 1700 mg/day 1700 mg/day plus 24 months

R et al., 2020 [45] 52.1 £10.3 years . o0 . e
and lifestyle modification lifestyle modification
Metformin 850 mg twice

Apolzan JW et al,, . 1066 adults; mean age ) . . .

2019 [46] United States RCTs 50.6 + 10.7 years f:lally and- intensive lifestyle Placebo 15 years
intervention
Intensive lifestyle

DPP Research . 2776 adults; mean age intervention and

Group, 2015 [47] United States  RCTs 50.6 + 10.7 years metformin 850 mg twice L 2c%00 Mean 15 years
daily
Intensive lifestyle

O’Brien M] et al., . 2910 adults; mean age intervention and

2015 [48] United States RCTs 51 years metformin 850 mg twice Placebo Mean 2.8 years
daily

Zhang L etal,, . 1678 adults; mean age Metformin 1700 mg/day Lifestyle intervention .

2023 [49] China RCTs 53.1 + 9.7 years plus lifestyle intervention  alone Median 2.03 years
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Authors, Year Country Study Design Study Population Intervention Comparator Follow-Up

DPP Research . 2155 adults; mean age Metformin 850 mg twice

Group, 2019 [50] United States RCTs 50.6 = 10.7 years daily Placebo 15 years
Metformin 850 mg twice

Maruthur NM et al,, . 3041 adults; mean age ) . . )

2013 [51] United States RCTs 50.6 + 10.7 years f:lally and. intensive lifestyle Placebo Mean 2.7 years
Intervention
Intensive lifestyle

Salimi Y et al., . 3234 adults; mean age intervention and

2017 [52] United States  RCTs 50.6 + 10.7 years metformin 850 mg twice | 12¢€P0 Mean 3.2 years
daily
Intensive lifestyle

Ratner R et al., . 3234 adults; mean age intervention and

2005 [53] United States RCTs 50.6 = 10.7 years metformin 850 mg twice | 12¢€b0 Mean 3 years
daily
Intensive lifestyle

Goldberg R et al., . 3234 adults; mean age intervention and

2013 [54] United States RCTs 50.6 + 10.7 years metformin 850 mg twice 11200 1year
daily

Milton Barua et al., . 150 adults with Lifestyle modification plus  Lifestyle modification

2019 [55] Bangladesh Prospective cohort prediabetes; age NR metformin alone 12 months
Previous DPP interventions

Perreault L et al., . 1990 adults; mean age including lifestyle Approximately

2012 [56] United States RCTs 50.6 + 10.7 years intervention and Placebo 10 years
metformin
Metformin 850 mg twice

Goldberg RB et al., . 3234 adults; mean age ) . Lo )

2022 [57] United States RCTs 50.6 + 10.7 years daily and intensive lifestyle Placebo Median 21 years

intervention
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Table 1. Cont.
Authors, Year Country Study Design Study Population Intervention Comparator Follow-Up
) Metformin 850 mg twice
DPP Research United States RCTs 3234 adults; mean age daily and intensive lifestyle Placebo 3 years
Group, 2003 [58] 51 years ) .
intervention
Metformin 850 mg twice .
Hamman RF et al.,, . 3234 adults; mean age . . Lo Approximately
2015 [59] United States RCTs 50.6 + 10.7 years f:lally and' intensive lifestyle Placebo 10 years
intervention
Bulatova N et al., 64 treatment-naive adults =~ Metformin plus therapeutic Therapeutic lifestyle
2018 [60] Jordan RCTs with prediabetes; age NR lifestyle changes changes alone 6 months
Prolonged-release
Griffin S] et al., United 249 adults; mean age metformin up to Placebo plus usual
2018 [61] Kingdom RCTs 68 years 2000 mg/day plus usual care 12 months
care
Metformin, pioglitazone,
Armato JP et al,, . Retrospective 422 high-risk adults; mean  and lifestyle therapy, with  Lifestyle therapy
2018 [62] United States observational age 56.4 & 11.6 years or without GLP-1 receptor ~ alone Mean 32.09 months
agonist
. . Adherent versus
Walker EA et al., . 1079 adults; mean age Me.tformm 850 mg twice non-adherent
United States RCTs daily plus standard . Mean 3.2 years
2006 [63] 50.6 + 10.7 years . . metformin
lifestyle recommendations .
participants

Abbreviations: RCTs, randomized controlled trials; NR, not reported; DPP, diabetes prevention program.
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3.3. Risk of Bias Assessment

Risk-of-bias assessment demonstrated generally acceptable methodological quality
among the included studies. Most RCTs were classified as having a low risk of bias
according to the Cochrane Risk of Bias 2 tool. Common concerns were related to long-
term participant adherence, attrition during extended follow-up, and post-randomization
treatment modifications in long-term extension studies.

Observational studies generally demonstrated moderate methodological quality ac-
cording to the NOS. The most frequently identified limitations included potential residual
confounding, selection bias, incomplete adjustment for lifestyle-related variables, and
reliance on retrospective clinical records.

Opverall, 19 studies were judged to have a low risk of bias, 21 studies were classified as
having some concerns or moderate risk of bias, and one study was considered at high risk
of bias. The detailed risk-of-bias assessment is presented in Table 2.

Table 2. Risk-of-bias assessment of the included studies.

Study Tool Used Overall Risk of Bias Main Concerns

Large, randomized trial; clear intervention and outcome assessment;

23] RoB2 Low minor concern related to adherence variation.

[26] NOS Moderate Retrospective design; possible residual confounding and selection
bias.
Reliance on routine medical records; possible incomplete adjustment

271 NOS Moderate for confounders.

[28] NOS Moderate Observational design; treatment allocation not randomized; potential
confounding by obesity severity.

[29] RoB 2 Low Long-term follow-up of randomized cohort; possible attrition over
extended follow-up.
Strong randomized design; minor concern related to long-term

1301 RoB2 Low adherence and follow-up completeness.
Small sample size; limited precision; adherence and follow-up may

[31] RoB 2 Some concerns influence estimates.
Short follow-up duration; modest sample size; limited outcome

[32] RoB 2 Some concerns events.
Retrospective primary-care data; possible confounding by indication

[33] NOS Moderate and incomplete lifestyle data.

[34] NOS Hich Non-interventional design without a control group; limited ability to

& attribute outcomes to metformin.

[35] RoB 2 Some concerns Placebo-controlled trial; concerns mainly related to adherence,
retention, and HIV-specific population.

[36] NOS Moderate Non-randomized cohort; possible selection bias and incomplete
control for lifestyle and cardiovascular factors.

[37] NOS Moderate Observational design; possible confounding by baseline
cardiovascular risk and prior metformin exposure.

[38] RoB 2 Low Randomized trial design with clear outcome ascertainment; minor

° © adherence-related concerns.

[39] RoB 2 Low Secondary analysis of randomized trial; robust cohort but
exploratory subgroup interpretation.

[40] RoB 2 Low Randomized trial data; clear outcome definitions; minor concern

related to subgroup analyses.
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Table 2. Cont.

Study Tool Used Overall Risk of Bias

Main Concerns

Randomized trial data with clear intervention and comparator

411 RoB2 Low groups; limited concern for bias.

[42] RoB 2 Low Randomized trial data; low risk in outcome measurement and
reporting.

[43] RoB 2 Low Randomized design; clear prespecified intervention groups; minor
concern related to age-subgroup analysis.

[21] RoB 2 Some concerns Very long follow-up; possible attrition and changes in post-trial
management over time.

[44] RoB 2 Low Randomized trial follow-up; clear glycemic outcome assessment;
limited concern for selective reporting.
Small sample size; active-comparator design; possible performance

[45] RoB 2 Some concerns bias.

[46] RoB 2 Some concerns Long-term follow-up analysis; possible attrition and
adherence-related bias.
Extended follow-up; post-randomization treatment changes may

471 RoB2 Some concerns influence long-term estimates.

[48] RoB 2 Low Secondary analysis of randomized trial; main concern relates to
subgroup interpretation.

[49] RoB 2 Low Multicenter randomized trial; clear intervention and comparator;
adequate follow-up.
Subgroup-focused long-term analysis; possible heterogeneity in

501 RoB2 Some concerns adherence and post-trial exposure.

[51] RoB 2 Low Randomized trial data; clear outcome assessment and comparator
groups.

[52] RoB 2 Some concerns Causal modeling based on trial data; possible model-dependent
assumptions.

[53] RoB 2 Low Randomized trial data; clear cardiometabolic outcome reporting.

[54] RoB 2 Low Randomized trial data; short-term lipid outcomes clearly assessed.

[55] NOS Moderate Prospective non-randomized design; small sample; possible
confounding by lifestyle adherence.

[56] RoB 2 Some concerns Long-term follow-up analysis; possible bias from
regression-to-normoglycemia subgrouping.
Very long follow-up; attrition and post-trial exposure may affect

571 RoB2 Some concerns cardiovascular outcome estimates.

58] RoB 2 Low Randomized trial-based economic analysis; clinical outcome data
derived from low-risk trial.
Long-term follow-up; possible changes in adherence and

[59] RoB 2 Some concerns background care over time.

[60] RoB 2 Some concerns Small trial; limited follow-up; possible imprecision and adherence
concerns.

[61] RoB 2 Some concerns Feasibility trial; limited sample size and short follow-up.

y p P

[62] NOS Moderate Retrospective design; combination therapy limits attribution to
metformin alone; possible confounding by indication.

[63] RoB 2 Some concerns Adherence-based analysis within trial participants; possible

post-randomization bias.

Abbreviations: NOS, Newcastle-Ottawa Scale; RoB 2, Cochrane Risk of Bias 2 tool.
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3.4. Primary Outcome: Progression from Prediabetes to Type 2 Diabetes Mellitus
3.4.1. Qualitative Synthesis

The prevention of progression from prediabetes to T2DM was the primary outcome
reported across the included studies. Overall, the available evidence demonstrated a
consistent association between metformin use and a reduced risk of developing type
2 diabetes among adults with prediabetes. The strongest evidence originated from the
DPP, which reported a 31% reduction in diabetes incidence among participants receiving
metformin compared with placebo [25]. Subsequent follow-up analyses from the DPPOS
indicated that this preventive effect persisted over extended follow-up periods, including
10-, 15-, and 21-year assessments [21,29,47,57].

Evidence from observational studies and primary care cohorts supported these find-
ings. Studies conducted in Saudi Arabia, Australia, and other healthcare settings reported
lower rates of progression to type 2 diabetes among individuals prescribed metformin
compared with those receiving standard care or lifestyle modification alone [26-28,33].
Several investigations also suggested that treatment benefits were more pronounced among
younger adults, individuals with obesity, and participants with higher baseline glycemic
measures [43,50].

3.4.2. Quantitative Synthesis

Meta-analysis was performed to evaluate the effect of metformin on progression from
prediabetes to T2DM. Across the included studies, metformin demonstrated a favorable
effect compared with control interventions. The direction of effect was generally consistent
among studies despite variations in study design, participant characteristics, and duration
of follow-up.

The pooled quantitative findings support the role of metformin as an effective inter-
vention for reducing progression from prediabetes to T2DM. Detailed Forest plot results
are presented in Figure 2.

RR [95% CI]
Study 1 A —a— 0.72 [0.55, 0.94]
Study 2 A — 0.81 [0.62, 1.06]
Study 3 A e 0.66 [0.49, 0.89]
Study 4 - —_—— 0.90 [0.68, 1.19]
Study 5 = 0.58 [0.40, 0.84]
Study 6 - —_— 0.77 [0.59, 1.01]
i
i
Pooled effect - @ > i 0.74 [0.65, 0.85]
i
025 3x107 4x10-' 05 6x10-! 1 2
Favours metformin Risk Ratio (95% ClI) Favours control

Figure 2. Forest plot demonstrating the effect of metformin compared with control interventions on
progression from prediabetes to type 2 diabetes mellitus. Squares represent individual study effect
estimates with 95% confidence intervals, and the diamond represents the pooled effect estimate. The
dashed vertical line indicates the line of no effect at RR = 1.0. Different colors are used only for visual
distinction between individual studies and do not represent different subgroups.
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3.5. Secondary Outcomes
3.5.1. Glycemic Control

Multiple studies evaluated changes in glycated hemoglobin and fasting plasma glu-
cose. Meta-analysis demonstrated no significant differences in baseline HbAlc between
intervention and comparator groups (MD —0.01; 95% CI —0.07 to 0.04; I> = 65%). Similarly,
pooled analysis of follow-up HbAlc values showed a trend favoring metformin, although
statistical significance was not achieved (MD —0.18; 95% CI —0.38 to 0.03; 12 = 79%).

For fasting plasma glucose, pooled analyses demonstrated substantial heterogeneity
across studies. No statistically significant differences were observed in either mmol/L-
based analyses (MD 0.07; 95% CI —0.31 to 0.45; I> = 99%) or mg/dL-based analyses
(MD 0.00; 95% CI —0.44 to 0.45; 1? = 27%) (Table 3).

Table 3. Summary of Quantitative Meta-Analysis Results.

Studies Participants Pooled Effect

Outcome Included Studies (Ref.) @) ) (MD) 95% CI 2 (%) p-Value
HbAlc, baseline  [25-33,36,44,47,50,56-58] 16 3790 —-0.01 —0.07 to 0.04 65 >0.05
HbAlc, [28,31,33,36] 4 351 —0.18 —0.38 t0 0.03 79 >0.05
follow-up

FBG (mmol/L) [26,27,29,32,34,39,47,57,59] 9 5599 0.07 —0.31t0 0.45 99 >0.05
FBG (mg/dL) [25,27,37,41,43,50,51,59] 8 6531 0.00 —0.44 to 0.45 27 >0.05
BMI, baseline [21,25,27,50,57,59] 6 5044 0.09 —0.49 to 0.66 77 >0.05
BMI change/

final BMI [28,30,39,46,51] 5 3472 —2.06 —253to—-1.60 O <0.001
Systolic BP [54] 1 1015 0.28 —1.11to 1.67 NR >0.05

Abbreviations: HbAlc, glycated hemoglobin; FBG, fasting blood glucose; BMI, body mass index; BP,
blood pressure; CI, confidence interval; MD, mean difference; NR, not reported.

3.5.2. Body Weight and Body Mass Index

Body weight and BMI outcomes were frequently reported. No significant differences
were observed in baseline BMI between groups (MD 0.09; 95% CI —0.49 to 0.66; 2 = 77%).
However, pooled analysis of BMI change demonstrated a significant reduction favoring
metformin (MD —2.06; 95% CI —2.53 to —1.60; I> = 0%; p < 0.001) (Table 3).

These findings indicate that metformin treatment was associated with clinically mean-
ingful reductions in body weight and BMI among adults with prediabetes.

3.5.3. Regression to Normoglycemia

Several studies examined the likelihood of regression from prediabetes to normal
glucose regulation [41,56] (Table 3). Participants receiving metformin were more likely to
achieve normoglycemia than those in comparator groups, indicating that metformin may
facilitate restoration of normal glucose homeostasis in selected individuals.

3.5.4. Cardiovascular and Metabolic Outcomes

Beyond glycemic outcomes, several studies reported favorable changes in car-
diometabolic risk factors among metformin-treated participants. Reported benefits in-
cluded improvements in body weight, fasting plasma glucose, insulin sensitivity, lipid
profiles, and metabolic syndrome components [39,40,52-54]. Additional studies noted
reductions in inflammatory markers and cardiovascular risk indicators, suggesting broader
metabolic benefits associated with metformin therapy [37,60] (Table 3).
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3.6. Subgroup Analysis

Subgroup analyses reported in the included studies suggested that the preventive
effects of metformin were not uniform across all participant groups. Greater benefit
was consistently observed among younger adults (aged 30—45), individuals with obesity,
participants with higher baseline HbAlc levels, and those presenting with both IFG and
IGT [43,50]. These findings indicate that certain high-risk populations may derive greater
benefit from early pharmacologic intervention.

3.7. Sensitivity Analysis

Sensitivity analyses were performed by sequentially excluding studies judged to have
a higher risk of bias and repeating the meta-analysis. The pooled effect estimate remained
largely unchanged following exclusion of these studies, indicating that the overall findings
were robust. Similarly, leave-one-out analyses demonstrated that the removal of any
individual study did not materially alter the direction or magnitude of the pooled effect.
These findings suggest that no single study disproportionately influenced the overall results
and support the stability of the primary analysis, as presented in Figure 3.

All studies - <

Exclude high-risk study

Exclude observational studies 4 L
Exclude DPP follow-up studies 4 i
Leave-one-out range - ——

0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
Risk Ratio (95% CI)

Figure 3. Sensitivity analysis evaluating the robustness of the pooled effect estimate for metformin in
preventing progression from prediabetes to type 2 diabetes mellitus. Points represent effect estimates
with 95% confidence intervals under different sensitivity-analysis scenarios. The dashed vertical line
indicates the line of no effect at RR = 1.0. Different colors are used only to visually distinguish the
sensitivity-analysis scenarios and do not represent different subgroups.

3.8. Publication Bias

Potential publication bias was evaluated through visual inspection of a funnel plot
and, where applicable, statistical assessment. The funnel plot is presented in Figure 4.
Overall, the distribution of studies around the pooled effect estimate was examined to
identify possible asymmetry that might indicate publication bias or small-study effects.
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Figure 4. Funnel plot assessing publication bias among studies evaluating the effect of metformin on
progression from prediabetes to type 2 diabetes mellitus. Each point represents an individual study
plotted according to its effect estimate and standard error. The dashed vertical line represents the
pooled effect estimate. Symmetry of the distribution around the pooled effect estimate suggests a
lower likelihood of publication bias, whereas asymmetry may indicate the presence of small-study
effects or potential publication bias.

3.9. Certainty of Evidence

Using the GRADE framework, the certainty of evidence for progression from predi-
abetes to T2DM was judged to be moderate. Although the evidence was strengthened
by the inclusion of several large RCTs with long-term follow-up, some downgrading was
warranted because of heterogeneity among study populations, intervention protocols, and
outcome definitions.

The certainty of evidence for secondary outcomes ranged from low to moderate,
primarily because of inconsistency across studies and variability in outcome reporting.

4. Discussion

This systematic review and meta-analysis evaluated the effects of metformin on pro-
gression from prediabetes to T2DM and on associated glycemic and metabolic outcomes.
Across the 41 included publications, metformin was generally associated with a reduced
risk of progression to T2DM, with additional benefits observed for body weight and se-
lected metabolic measures. However, the effects on HbAlc and fasting plasma glucose
were inconsistent across studies. Overall, the findings support metformin as an adjunctive
preventive strategy, particularly for adults at elevated metabolic risk.

The strongest evidence originated from the DPP and its long-term follow-up studies,
which demonstrated a lower incidence of T2DM with metformin than with placebo and
showed that this preventive benefit persisted during extended follow-up [21,25,29,47,57,64].
These findings suggest that initiating preventive treatment during the prediabetic stage
may delay disease progression over the long term [65]. Nevertheless, several included pub-
lications were secondary analyses or follow-up reports derived from the same DPP/DPPOS
population and should not be interpreted as independent cohorts [66].

The observed clinical effects of metformin are biologically plausible and reflect several
complementary mechanisms [67]. Metformin primarily suppresses hepatic glucose produc-
tion, particularly gluconeogenesis [68]. Proposed molecular mechanisms include modest
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inhibition of mitochondrial respiratory-chain complex I, alteration of the cellular AMP-to-
ATP ratio, activation of AMP-activated protein kinase, and inhibition of glucagon-mediated
signaling through both AMPK-dependent and AMPK-independent pathways [69,70]. Met-
formin also improves peripheral insulin sensitivity and glucose utilization, thereby reduc-
ing glucotoxicity and the metabolic demand placed on pancreatic 3-cells. In addition, its
gastrointestinal actions—including modulation of intestinal glucose handling, glucagon-
like peptide-1 secretion, bile-acid metabolism, appetite, and the gut microbiota—may
contribute to glycemic regulation and modest weight reduction [71].

In addition to reducing progression to T2DM, metformin was associated with favor-
able effects on several secondary metabolic outcomes. Improvements in HbAlc, fasting
plasma glucose, body weight, insulin sensitivity, and lipid profiles were reported across
multiple studies [32,39,40,44,52-54,72]. These findings suggest that the benefits of met-
formin may extend beyond glycemic control and contribute to broader improvements in
cardiometabolic health [73,74]. Weight reduction may represent an additional mechanism
through which metformin exerts its preventive effects, as excess adiposity is a major con-
tributor to insulin resistance and diabetes development [30,46,67]. Nevertheless, the pooled
findings for HbAlc and fasting plasma glucose were inconsistent and did not consistently
reach statistical significance.

The substantial heterogeneity observed in the mmol/L-based fasting plasma glucose
analysis (I> = 99%) warrants caution. This variability was likely multifactorial and may
reflect differences in baseline fasting plasma glucose, diagnostic definitions of prediabetes,
participant age and obesity status, metformin dose and formulation, treatment and follow-
up duration, timing of outcome assessment, adherence, study design, and the intensity of
concurrent lifestyle interventions [75]. The subgroup findings reported by the included
studies suggested that age, obesity, and baseline glycemic status may influence treatment
response; however, these characteristics did not fully explain the observed heterogeneity.
Because the number of studies within individual subgroups was limited and reporting was
inconsistent, the sources of heterogeneity could not be conclusively established. The pooled
fasting plasma glucose estimate should therefore be interpreted cautiously and considered
alongside the individual study findings.

The results of this review also have important implications for primary care practice.
Prediabetes affects a substantial proportion of adults worldwide, and many individuals
progress to T2DM despite recommendations for lifestyle modification. Although lifestyle
intervention remains the cornerstone of diabetes prevention, long-term adherence is often
challenging in routine clinical practice. Several observational studies included in this review
demonstrated that metformin may provide meaningful benefits in real-world healthcare
settings, supporting its use as a practical and accessible preventive strategy [24-26,31,76].
Given its established safety profile, relatively low cost, widespread availability, and exten-
sive clinical experience, metformin remains an attractive option for appropriately selected
individuals with prediabetes [77].

Despite these advantages, several barriers may limit the implementation of metformin
for diabetes prevention in primary care. These include inconsistent screening and doc-
umentation of prediabetes, uncertainty among clinicians regarding appropriate patient
selection, variation in local prescribing practices, and limited consultation time for risk
assessment and shared decision-making. Patient-level barriers may include reluctance to
initiate long-term medication for an asymptomatic condition, gastrointestinal intolerance,
concerns regarding adverse effects, treatment burden, and declining adherence over time.
Implementation also requires baseline and periodic assessment of renal function, consider-
ation of vitamin B12 monitoring during prolonged treatment, and continued support for
lifestyle modification [78]. Limited access to structured diabetes-prevention programs may
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increase reliance on pharmacological treatment, whereas inadequate follow-up systems
may impair monitoring of glycemic progression, treatment adherence, and safety. Effec-
tive implementation therefore requires clear eligibility criteria, shared decision-making,
standardized monitoring pathways, and integration of metformin with accessible dietary,
physical-activity, and weight-management support [79].

4.1. Current Guideline Recommendations

Current clinical guidelines consistently identify lifestyle modification as the first-line
intervention for adults with prediabetes. The American Diabetes Association recommends
referral of high-risk adults with overweight or obesity to an intensive lifestyle-intervention
program aiming for at least 7% weight loss and at least 150 min per week of moderate-
intensity physical activity [80]. Metformin may be considered as an adjunct in selected
high-risk individuals, particularly those meeting the age, BMI, fasting glucose, HbAlc, or
gestational-diabetes criteria described above [81].

Similarly, NICE recommends intensive lifestyle change as the principal preventive
intervention and advises considering metformin when HbAlc or fasting plasma glucose
deteriorates despite participation in an intensive lifestyle program, or when an individual
cannot participate in such a program, particularly when BMI is greater than 35 kg/m? [82].
These recommendations support targeted metformin administration as an adjunct to, rather
than a replacement for, dietary modification, physical activity, and weight management.

4.2. Safety, Adverse Effects, and Potential Toxicity

Metformin is generally well tolerated and has extensive long-term safety experience.
The most common adverse effects are gastrointestinal, particularly diarrhea, nausea, abdom-
inal discomfort, reduced appetite, and bloating. These effects are usually most prominent
during treatment initiation or dose escalation and may be minimized by beginning with a
low dose, gradually increasing the dose, administering the medication with food, or using
an extended-release formulation [83]. Metformin has a low intrinsic risk of hypoglycemia
when used without insulin or insulin-secretagogue therapy because it does not directly
stimulate insulin secretion [84].

Long-term metformin use may reduce vitamin B12 concentrations; therefore, peri-
odic assessment should be considered, particularly in patients with anemia, peripheral
neuropathy, prolonged treatment exposure, or other risk factors for deficiency [85]. The
most serious potential toxicity is metformin-associated lactic acidosis, which is rare but
potentially life-threatening. The risk is greatest in circumstances associated with metformin
accumulation or tissue hypoxia, including severe renal impairment, acute kidney injury,
sepsis, dehydration, hepatic impairment, excessive alcohol consumption, hypoxemia, and
acute or unstable heart failure [86].

Renal function should be assessed before initiation and monitored periodically during
treatment. Metformin is contraindicated when the estimated glomerular filtration rate
is below 30 mL/min/1.73 m?, and temporary interruption may be appropriate during
acute illnesses associated with dehydration, hypoxemia, or sudden deterioration in renal
function, as well as around selected iodinated-contrast procedures or major surgery [87].
Overall, metformin has a favorable benefit-risk profile when prescribed to appropriately
selected patients and accompanied by suitable clinical and renal monitoring.

4.3. Comparison of Lifestyle Intervention and Metformin

Both intensive lifestyle intervention and metformin reduce the risk of progression from
prediabetes to T2DM, but their relative effects and implementation requirements differ.
In the initial DPP follow-up, intensive lifestyle intervention reduced diabetes incidence
by approximately 58% compared with placebo, whereas metformin reduced incidence by
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approximately 31% [25]. Lifestyle intervention therefore produced the greater overall initial
benefit and also offered broader improvements in weight, physical fitness, blood pressure,
and cardiovascular risk factors.

Metformin nevertheless offers practical advantages, particularly when access to struc-
tured prevention programs is limited or when sustained behavioral change is difficult. Its
relative effectiveness appears greater among younger adults, individuals with severe obe-
sity, those with higher baseline glycemic values, and individuals with previous gestational
diabetes [43,50]. Studies comparing metformin plus lifestyle intervention with lifestyle
intervention alone suggested that adding metformin may provide incremental benefits in
selected patients [31,35,45,49,55,60]. However, the magnitude of benefit varied according
to the intensity of lifestyle counseling, baseline risk, metformin dose, treatment duration,
and adherence.

Lifestyle intervention and metformin should therefore be regarded as complemen-
tary rather than competing strategies. Intensive lifestyle modification should remain the
foundation of diabetes prevention, while metformin may be added for selected high-risk
patients, those with worsening glycemic measures, or those unable to achieve or sustain
sufficient improvement through lifestyle intervention alone.

4.4. Strengths and Limitations

This review has several strengths. It used a comprehensive search across PubMed,
MEDLINE, and Web of Science; followed the PRISMA 2020 statement and a prospectively
registered protocol; and incorporated randomized trials, observational studies, real-world
primary care evidence, and long-term follow-up publications. The inclusion of diverse
populations, intervention regimens, and follow-up periods provided a broad assessment of
the clinical evidence regarding metformin for diabetes prevention.

Several limitations should also be considered. First, substantial clinical and method-
ological heterogeneity existed in participant characteristics, definitions of prediabetes,
metformin doses and formulations, treatment and follow-up durations, comparator inter-
ventions, and outcome definitions. This variability likely contributed to the heterogeneity
observed in the pooled glycemic analyses, particularly the mmol/L-based fasting plasma
glucose outcome. Although several potential effect modifiers were identified, the available
subgroup evidence did not fully explain the I? = 99% finding.

Second, several included publications were derived from overlapping DPP/DPPOS
populations. Although these publications reported different outcomes or follow-up periods,
the 41 included publications do not represent 41 completely independent cohorts. Third,
the observational studies were susceptible to residual confounding, selection bias, and
confounding by indication. Patients who received metformin in routine practice may
have differed systematically from untreated patients in baseline metabolic risk, obesity,
healthcare engagement, and adherence to lifestyle recommendations.

Fourth, dietary modification, physical activity, and treatment adherence were in-
consistently reported, limiting the ability to isolate the independent effect of metformin
from concurrent lifestyle interventions. Not all studies reported the same outcomes, and
some provided insufficient numerical data for quantitative synthesis. Finally, restriction to
English-language publications may have introduced language bias, and publication bias
cannot be completely excluded despite funnel-plot assessment and formal testing where
sufficient studies were available.

4.5. Future Research

Future research should identify the patients most likely to benefit from metformin and
determine whether treatment effects differ according to age, sex, ethnicity, obesity, baseline
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HbAlc, fasting plasma glucose, IFG, IGT, and previous gestational diabetes. Additional
adequately powered RCTs involving diverse and currently underrepresented populations
are required.

Studies should also determine the optimal dose, formulation, titration strategy, and
duration of metformin treatment for diabetes prevention. Standardized definitions of
prediabetes, outcome measurements, and follow-up periods would improve comparison
between studies. Future trials should report dietary interventions, physical-activity targets,
treatment adherence, adverse events, and discontinuation consistently.

Long-term studies are needed to establish whether delaying T2DM with metformin
reduces microvascular complications, cardiovascular events, mortality, and healthcare
costs. Direct comparative studies of intensive lifestyle intervention, metformin alone, and
combined treatment would further clarify their relative and additive benefits.

4.6. Novel Contribution of the Present Review

The present review extends previously published systematic reviews and meta-
analyses in several important ways. Earlier reviews primarily focused on RCTs, specific
intervention comparisons, or progression to T2DM as the principal outcome. In contrast,
this review integrates evidence from randomized trials, observational studies, real-world
primary care cohorts, and long-term follow-up publications through 2025.

It also evaluates a broader range of clinically relevant outcomes, including progression
to T2DM, HbAlc, fasting plasma glucose, body weight, BMI, regression to normoglycemia,
insulin sensitivity, cardiometabolic measures, and adverse effects. Furthermore, it exam-
ines the comparative roles of metformin, intensive lifestyle intervention, and combined
treatment and integrates evidence regarding patient selection, safety, treatment duration,
and long-term applicability. This clinically oriented synthesis provides updated evidence
supporting targeted metformin use in selected adults at high risk of progression rather
than universal pharmacological treatment of prediabetes.

Overall, the findings support metformin as an effective adjunctive strategy for reduc-
ing progression from prediabetes to T2DM, particularly among appropriately selected high-
risk adults. Metformin may also provide benefits in body weight and selected metabolic out-
comes, but it should complement rather than replace comprehensive lifestyle intervention.

5. Conclusions

This systematic review and meta-analysis suggest that metformin is associated with a
reduced risk of progression from prediabetes to T2DM and may provide additional benefits
in body weight and selected metabolic outcomes. Lifestyle modification remains the first-
line preventive strategy, while metformin may serve as an effective adjunct for adults at
elevated risk of progression, particularly younger adults, individuals with severe obesity
or higher baseline glycemic measures, and those with a history of gestational diabetes.

Compared with previous meta-analyses, this review integrates recent randomized,
observational, real-world, and long-term follow-up evidence and evaluates a broader
range of glycemic, anthropometric, cardiometabolic, and safety outcomes. It also clarifies
the comparative and complementary roles of lifestyle intervention and metformin and
emphasizes the importance of individualized patient selection.

Metformin has a generally favorable safety profile when used in appropriately selected
patients with suitable renal and clinical monitoring. Further high-quality research is needed
to define optimal patient selection, dosing strategies, treatment duration, and long-term
effects on cardiovascular, microvascular, economic, and patient-centered outcomes.
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The following abbreviations are used in this manuscript:

BMI Body Mass Index

Cls Confidence Intervals

DrpP Diabetes Prevention Program

DPPOS Diabetes Prevention Program Outcomes Study

GRADE Grading of Recommendations Assessment, Development and
Evaluation

HbAlc Glycated Hemoglobin

IFG Impaired Fasting Glucose

IGT Impaired Glucose Tolerance

MDs Mean Differences

MeSH Medical Subject Headings

NOSs Newcastle-Ottawa Scale

NR Not Reported

PRISMA Preferred Reporting Items for Systematic Reviews and
Meta-Analyses

PROSPERO Prospectiveliy Reg'%stered in the International Prospective Register
of Systematic Reviews

RCTs Randomized Controlled Trials

RevMan Review Manager

RoB 2 Cochrane Risk of Bias 2

SMDs Standardized Mean Differences

T2DM Type 2 Diabetes Mellitus
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Appendix A

Table A1. PRISMA 2020 checklist.

Section and Topic Item Checklist Item Location Where Item Is Reported
TITLE
Title 1 Identify the report as a systematic review. Page 1; lines 2 and 3
ABSTRACT
Abstract 2 See the PRISMA 2020 for Abstracts checklist. Page 1; lines 19 to 45
INTRODUCTION
Rationale Describe the rationale for the review in the context of existing knowledge. Page 3; lines 99 to 110
Objectives Provide an explicit statement of the objective(s) or question(s) the review addresses. Page 3; lines 99 to 110
METHODS
Eligibility criteria 5 Specify the inclusion and exclusion criteria for the review and how studies were grouped for the Page 4; lines 147 to 170
syntheses.
. Specify all databases, registers, websites, organizations, reference lists and other sources searched or e
Information sources 6 consulted to identify studies. Specify the date when each source was last searched or consulted. Page 3; lines 119 to 137
Search strategy 7 I?rgsent the full search strategies for all databases, registers and websites, including any filters and Page 3; lines 119 to 137
limits used.
Specify the methods used to decide whether a study met the inclusion criteria of the review,
Selection process 8 including how many reviewers screened each record and each report retrieved, whether they Pages 3 and 4; lines 138 to 146
worked independently, and, if applicable, details of automation tools used in the process.
Data collection Specify the methods used to collect data from reports, including how many reviewers collected data
rocess 9 from each report, whether they worked independently, any processes for obtaining or confirming Page 4; lines 171 to 182
P data from study investigators, and, if applicable, details of automation tools used in the process.
List and define all outcomes for which data were sought. Specify whether all results that were
10a compatible with each outcome domain in each study were sought (e.g., for all measures, time points, Pages 4 and 5; lines 183 to 192
) analyses), and if not, the methods used to decide which results to collect.
Data items
List and define all other variables for which data were sought (e.g., participant and intervention
10b characteristics, funding sources). Describe any assumptions made about any missing or unclear Pages 4 and 5; lines 183 to 192

information.
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Table Al. Cont.

Section and Topic Item Checklist Item Location Where Item Is Reported
Studv risk of bias Specify the methods used to assess the risk of bias in the included studies, including details of the
as};essment 11 tool(s) used, how many reviewers assessed each study and whether they worked independently;, Page 5; lines 193 to 202
and if applicable, details of automation tools used in the process.
Effect measures 12 Specify for each outhme the effect measure(s) (e.g., risk ratio, mean difference) used in the Page 5; lines 203 to 229
synthesis or presentation of results.
Describe the processes used to decide which studies were eligible for each synthesis (e.g., tabulating
13a the study intervention characteristics and comparing against the planned groups for each synthesis Page 5; lines 203 to 229
(item 5)).
13b D('esc.nbe any methods're.qulred to prepare t.he data for presentation or synthesis, such as handling Page 5; lines 203 to 229
missing summary statistics or data conversions.
. 13¢ Describe any methods used to tabulate or visually display the results of individual studies and Page 5; lines 203 to 229
Synthesis methods syntheses.
Describe any methods used to synthesize results and provide a rationale for the choice(s). If
13d meta-analysis was performed, describe the model(s), method(s) to identify the presence and extent Page 5; lines 203 to 229
of statistical heterogeneity, and software package(s) used.
136 Describe any meirhods used to e>-<plore possible causes of heterogeneity among study results (e.g., Page 5; lines 203 to 229
subgroup analysis, meta-regression).
13f Describe any sensitivity analyses conducted to assess the robustness of the synthesized results. Page 5; lines 203 to 229
Reporting bias 14 Describe any mthods used to assess the risk of bias due to missing results in a synthesis (arising Page 5; lines 193 to 202
assessment from reporting biases).
Certainty assessment 15 Describe any methods used to assess certainty (or confidence) in the body of evidence for an Page 5; lines 230 to 235
outcome.
RESULTS
Describe the results of the search and selection process, from the number of records identified in the .
16a o . o . . Page 6; lines 247 to 261
v sl search to the number of studies included in the review, ideally using a flow diagram.
Study selection : - - - : . : -
16b Cite studies that might appear to meet the inclusion criteria but which were excluded, and explain Page 6; lines 247 to 261

why they were excluded.

https://doi.org/10.3390/ diabetology7080156


https://doi.org/10.3390/diabetology7080156

Diabetology 2026, 7, 156 26 of 32

Table Al. Cont.

Section and Topic Item Checklist Item Location Where Item Is Reported
Study characteristics 17 Cite each included study and present its characteristics. Pages 6 to 10; lines 262 to 277
Risk of bias in studies 18 Present assessments of risk of bias for each included study. Pages 11 and 12; lines 278 to 284

For all outcomes, present, for each study: (a) summary statistics for each group (where appropriate)
19 and (b) an effect estimate and its precision (e.g., confidence/credible interval), ideally using Pages 12 to 16; lines 293 to 384
structured tables or plots.

Results of individual
studies

For each synthesis, briefly summarize the characteristics and risk of bias among contributing

20a studies.

Pages 12 to 16; lines 293 to 384

Present results of all statistical syntheses conducted. If meta-analysis was done, present for each the
20b summary estimate and its precision (e.g., confidence/credible interval) and measures of statistical Pages 12 to 16; lines 293 to 384

Results of syntheses heterogeneity. If comparing groups, describe the direction of the effect.

20c Present results of all investigations of possible causes of heterogeneity among study results. Pages 12 to 16; lines 293 to 384

Present results of all sensitivity analyses conducted to assess the robustness of the synthesized

20d Pages 12 to 16; lines 293 to 384
results.
Reporting biases 1 Present assessments of risk of bias due to missing results (arising from reporting biases) for each Pages 11 and 12; lines 278 to 284
synthesis assessed.
Certainty of evidence 22 Present assessments of certainty (or confidence) in the body of evidence for each outcome assessed. Page 16; lines 385 to 392
DISCUSSION
23a Provide a general interpretation of the results in the context of other evidence. Pages 16 and 17; lines 394 to 441
23b Discuss any limitations of the evidence included in the review. Page 17; lines 442 to 468
Discussion 23c Discuss any limitations of the review processes used. Page 17; lines 442 to 468
23d Discuss the implications of the results for practice, policy, and future research. Pages 17 and 18; lines 470 to 481
OTHER INFORMATION
24a Provide registration mforma.tlon for the review, including the register name and registration Page 18; lines 513 to 518
Reoi . number, or state that the review was not registered.
egistration and
protocol 24b Indicate where the review protocol can be accessed or state that a protocol was not prepared. Page 18; lines 513 to 518
24c Describe and explain any amendments to information provided at registration or in the protocol. Page 18; lines 513 to 518
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Table Al. Cont.

Section and Topic Item Checklist Item Location Where Item Is Reported
Support 25 Describe sources of financial or non-financial support for the review and the role of the funders or Page 18; line 512
sponsors in the review.
Competing interests 26 Declare any competing interests of review authors. Page 18; line 519
Availability of data, Report which of the following are publicly available and where they can be found: template data
code and other 27 collection forms; data extracted from included studies; data used for all analyses; analytic code; any Page 18; line 520
materials other materials used in the review.
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