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Abstract

AIMS: To conduct a meta-analysis of statin-associated type 2 diabetes mellitus (T2D) risk among 

randomized controlled trials (RCTs) and observational studies (OBSs), excluding studies 

conducted among secondary prevention populations.

METHODS: Studies were identified by searching PubMed (1994-present) and EMBASE (1994-

present). Articles had to meet the following criteria: 1) follow-up >one year; 2) >50% of 

participants free of clinically diagnosed ASCVD; 3) adult participants ≥30 years old; 4) reported 
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statin-associated T2D effect estimates; and 5) quantified precision using 95% confidence interval. 

Data were pooled using random-effects model.

RESULTS: We identified 23 studies (35% RCTs) of n=4,012,555 participants. OBS participants 

were on average younger (mean difference= 6.2 years) and had lower mean low-density 

lipoprotein cholesterol (LDL-C, mean difference=20.6 mg/dL) and mean fasting plasma glucose 

(mean difference=5.2 mg/dL) compared to RCT participants. There was little evidence for 

publication bias (P>0.1). However, evidence of heterogeneity was observed overall and among 

OBSs and RCTs (PCochran=<0.05). OBS designs, younger baseline mean ages, lower LDL-C 

concentrations, and high proportions of never or former smokers were significantly associated 

with increased statin-associated T2D risk.

CONCLUSIONS: Potentially elevated statin-associated T2D risk in younger populations with 

lower LDL-C merits further investigation in light of evolving statin guidelines targeting primary 

prevention populations.

Keywords

Statin; type 2 diabetes mellitus; guidelines; low-density lipoprotein; prevention

I. Introduction

Hmg CoA reductase inhibitors, commonly known as statins, are the most widely prescribed 

class of medication used to reduce cardiovascular disease (CVD) risk and to treat elevated 

low density lipoprotein cholesterol (LDL-C).1–3 Changes in cholesterol treatment 

recommendations from the Third Adult Treatment Panel (ATP III) of the National 

Cholesterol Education Program guidelines to the American College of Cardiology/American 

Heart Association (ACC/AHA) 2013 guidelines increased the number of adults newly 

eligible for statin therapy for primary prevention by an estimated 10.4 million, with 80% of 

the increase attributable to individuals between the ages of 60–75.4

While the cardioprotective effect of statins are undeniable5, 6, experimental and 

observational research has also suggested that statins may lead to harm in lower risk 

individuals by increasing the risk of type 2 diabetes mellitus (T2D).7–11 Yet, most meta-

analyses have combined primary and secondary prevention populations to examine statin 

associated T2D risk. Secondary prevention populations, however, include survivors of 

ASCVD whose mortality risk has been estimated to be five to six times higher than that of 

people of the same age who did not experience an ASCVD.12 Further, the risk of T2D may 

differ when used for primary vs. secondary prevention,13 complicating efforts to quantify 

statin-associated T2D risk in primary prevention populations. As primary prevention 

populations are most impacted by the statin-eligibility recommendations, additional research 

quantifying statin-associated T2D risk is needed.

In addition to combining primary and secondary populations, published meta-analyses of 

statin-associated T2D risk have also been restricted to either randomized controlled trials 

(RCTs) or observational studies (OBSs). Yet, meta-analyses that incorporate summary data 

from both study designs may take advantage of the internal validity of RCTs and the 
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external validity of OBSs. This approach better reflects the existing evidence base, and may 

increase statistical power to investigate heterogeneity and expand upon past meta-analyses’ 

limited heterogeneity assessments.14, 15 Therefore, to estimate the effect of statins on T2D 

among populations most affected by changes to statin use guidelines and examine potential 

sources of heterogeneity, we performed a systematic review and meta-analysis of statin-

associated T2D risk by synthesizing published data from RCTs and OBSs, excluding 

secondary prevention populations.

2. Materials and Methods

We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 

(PRISMA) guidelines throughout the design, implementation, analysis, and reporting of this 

meta-analysis.16

2.1 DATA SOURCES

In consultations with a reference librarian (MW), studies of statin-associated T2D risk were 

identified by searching PubMed (1994-present) and EMBASE (1994-present) on 25 January 

2018. Reference lists of articles were scanned, which included published RCT and OBS 

meta-analyses8–11 and all document types, languages, and publication dates. Consistent with 

previous systematic reviews and meta-analyses of RCT and OBSs examining statin-

associated T2D risk8–11, the following free text and Medical Subject Headings terms were 

used: (Statin OR Statins OR Anticholesteremic Agents OR Anticholesteremic OR 

Hydroxymethylglutaryl-CoA Reductase Inhibitors) AND (Diabetes OR Diabetes Mellitus II 

OR Diabetes Mellitus Type II OR Diabetes Mellitus Type 2) AND (adverse effects OR 

adverse events) AND (cohort study OR case-control study OR trial).

2.2 STUDY SELECTION

Articles selected for the meta-analysis had to meet all of the following criteria: 1) follow-up 

>one year; 2) >50% of participants free of clinically diagnosed ASCVD; 3) adult 

participants ≥30 years old; 4) reported statin-associated T2D effect estimates using the odds 

ratio (OR), hazard ratio (HR), or risk ratio; and 5) quantified precision using the 95% 

confidence interval (CI) or included information to enable estimation.

2.3 DATA EXTRACTION AND EVALUATION

Citations were downloaded to an electronic reference manager (EndNote X7, Thomson 

Reuters17) and duplicates were removed. Two reviewers (JCE and AS) independently 

reviewed all titles and abstracts and extracted relevant information into tables. The tables 

were compared and disagreements were resolved by consulting the initial articles. For each 

study population in each article, the reviewers extracted statin-associated T2D relative risks 

(RR; primary endpoint), study design, mean length of follow-up time, sample size, year of 

publication, year of baseline, methods used to address for confounders (in OBSs only), type 

of effect estimate, methods used to measure and define T2D, residence of participants, 

proportion of population that is Caucasian, proportion of population taking statins, mean 

baseline characteristics (age, body mass index [BMI], low-density lipoprotein cholesterol 

[LDL-C] levels, glucose levels, systolic blood pressure [SBP] levels), baseline 
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characteristics proportions (hypertensive, current smokers, ASCVD) and methodological 

qualities of each study (Supplemental Table 1). If information on study and participant 

characteristics of interest were not available, corresponding authors were contacted via email 

with one follow-up email sent two weeks after the initial inquiry and a final follow-up email 

sent two weeks thereafter.

2.4 QUALITY ASSESSMENT

PRISMA criteria were used to describe the quality of RCTs16 and assess potential for bias. 

Specifically, the following dimensions (agree or disagree) were evaluated: 1) adequate use of 

measures to conceal allocation (adequate through the use of randomization); 2) application 

of blinding (whether to the participant, care provider or outcome assessors); 3) proportion of 

participants lost to follow-up reported; and 4) whether the analysis followed the intention-to-

treat principle.18

To assess quality of OBSs, articles were assigned scores using criteria consistent with past 

meta-analysis of cohort studies19 (agree or disagree): 1) Was a well-defined sample of 

participants identified?; 2) Were there clear definitions of statin use and 3) T2D?; 4) Was 

there information on baseline LDL-C levels and 5) fasting plasma glucose levels by 

treatment status?; and 6) Were differences in baseline factors accounted for?20

2.5 DATA SYNTHESIS

Publication bias was assessed using both qualitative and quantitative methods overall and by 

study design (OBS; RCT). First, funnel plot asymmetry was evaluated using a plot of each 

study-specific RR versus its precision.21 Second, p-values (α=0.1) for Begg and 

Mazumdar’s log rank test and Egger’s regression test were calculated to provide quantitative 

assessments of funnel plot assymetry.22, 23 Third, Duval and Tweedie’s non-parametric trim 

and fill imputation procedure was conducted to impute hypothetically missing results due to 

publication bias.24

Inter-study heterogeneity was assessed by Cochran’s Q test25 (α=0.126) and the I2 statistic, 

which is derived from Cochran’s Q test (I2 = 100x (Q − df)/Q).27 To further assess the extent 

of heterogeneity between studies, Galbraith plots were constructed displaying each study’s 

effect size divided by each study’s standard error (Z score) versus the inverse of each study’s 

standard error.28

Variation in the strength and precision of estimated RRs by study design (OBS; RCT) and 

across levels of the study and participant characteristics was assessed by estimating a 

summary random-effects RR within each study and participant characteristic using 

univariable random-effects meta-regression.29 We considered the following study and 

participant characteristics for interrogation via meta-regression: mean length of follow-up 

time, sample size, year of publication, year of baseline, methods used to address for 

confounders, type of effect estimate, methods used to measure and define T2D, residence of 

participants, proportion of population that is Caucasian, proportion of population taking 

statins, mean baseline characteristics (age, BMI, LDL-C, glucose levels, SBP levels), and 

baseline characteristics proportions (hypertensive, current smokers, ASCVD). All analyses 

were performed using STATA (College Station, TX).30
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3. Results

The systematic review identified a total of 459 candidate studies for screening (Figure 1). Of 

these studies, 23 (5%; eight RCTs and 15 OBSs) met the eligibility criteria for inclusion in 

the meta-analyses (see Supplement for article references). Eligible studies were conducted 

between 1998 and 2016, with OBSs on average being published more recently (mean 

publication date = 2012 vs 2005) and using more recent data (mean baseline study year = 

2000 vs 1998) compared to RCTs (Tables 1 and 2). In contrast to RCTs, the mean length of 

follow-up time was longer (6.9 years vs 4.3 years), participants were more likely to be 

women (mean proportion of women = 51.5% vs 36%), more likely to be Caucasian (mean 

proportion Caucasian = 71.2% vs 63.6%), and less likely to be current smokers (mean 

proportion current smoker = 18% vs 24.5%) among OBSs.

Participant characteristics also differed by study design. Participants in OBSs were on 

average younger (mean age = 57.4 years vs 63.6 years), had lower mean LDL-C levels at 

study baseline (124.4 mg/dL vs 145 mg/dL) and mean fasting plasma glucose levels (96.4 

mg/dL vs 101.6 mg/dL) compared to participants enrolled in the RCTs (Tables 1 and 2 and 

Supplemental Tables 2 and 3). In addition, 50% of RCTs used a combination of physician 

diagnosis, T2D medication, and lab results to define T2D (compared to 13% of OBSs); 

while 53% of OBSs used physician diagnosis and T2D medication.

Quality assessment of RCTs showed >87% (7/8) of RCTs fulfilled the intention-to-treat, loss 

to follow-up, and randomization criteria; while two studies (25%) failed to adequately blind 

participants (Supplemental Figure 1). The quality evaluation among OBSs found >93% 

(14/15) of studies accounted for differences in baseline factors and clearly defined the 

sample, T2D, and statins use. However, >66% (10/15) of studies lacked information on 

baseline fasting glucose levels and >46% (7/15) of studies lacked information on LDL-C 

levels at baseline by treatment status (Supplemental Figure 2).

Among RCTs and OBSs, statin users had higher risk of incident T2D compared to nonstatin 

users, although the magnitude of effect was larger in OBSs (RR = 1.55 [95% CI: 1.39–1.74]) 

compared with RCTs (RR = 1.11 [95% CI: 1.00–1.22]) (Figure 2). Given the differences in 

the magnitude of effects, a summary effect is not reported. Funnel plots both overall and by 

study design suggested little evidence of publication bias (Supplemental Figures 3 and 4). 

This evidence is consistent with results from Begg’s and Egger’s tests ([RCTs: p-values 

=0.23 and 0.54] and [OBSs: p-values = 0.91 and 0.32]), but the “trim and fill” method 

imputed one hypothetically missing RCT (RR = 1.64) and three hypothetically missing 

OBSs with RRs <1.0. In contrast to RCTs where two studies reported effect estimates below 

the null (ie. RR < 1.0), all of the OBSs reported effect estimates above the null.

Evidence of heterogeneity varied by study design. Galbraith plots for RCTs indicated that 

one (Supplemental Figures 5 and 6) Z score fell outside the 95% confidence bounds, 

evidence of heterogeneity that was consistent with the Cochran’s Q and I2 tests (I2= 27% [p-

value = 0.21] and PCochrane = 0.04). Similarly, among OBSs, 47% of Z scores (7/15) fell 

outside the 95% confidence bounds, providing strong evidence of heterogeneity that was 

consistent with Cochran’s Q and I2 (I2 = 97.6% [p-value <0.01] and PCochrane <0.01).
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Analyses examining sources of heterogeneity overall and by study design demonstrated 

variations in effect estimates by study and participant characteristics (Figure 3 and 

Supplemental Tables 4–6). Overall, the association between statin use and T2D risk was 

stronger in OBSs compared to RCTs (RR = 1.45 [95% CI: 1.11–1.88]) and in studies 

published more recently (RR = 1.03 [1.00–1.06]). Comparing participant characteristics 

across study design, there was a decreased risk for T2D among, participants who were older 

(RR = 0.79 [95% CI: 0.63–0.98] per 10 year increase); smokers (RR = 0.27 [95% CI: 0.11–

0.68] per 1% increase in the proportion of smokers); and had lower LDL-C levels (RR = 

0.92 [95% CI: 0.87–0.97] per10mg/dL increase) (Figure 3 and Supplemental Table 4). 

Among OBSs, the association between statin use and risk of incident T2D was stronger 

among study populations from non-European countries and study populations that were 

younger, had fewer smokers, and lower LDL-C levels (Supplemental Table 5). No 

significant variability in effect estimates were found among RCTs (Supplemental Table 6).

4. Discussion

Results of this meta-analysis, which are consistent with earlier studies synthesizing 

estimates of statin-associated T2D risk in primary and secondary prevention populations8, 11, 

suggest that statins have a moderate effect on T2D risk, increasing risk 11–55%. Yet, strong 

evidence of heterogeneity was observed, particularly with regard to participant age and 

baseline LDL-C level. Potential evidence of heterogeneity was not fully examined in earlier 

meta-analyses and merits further investigation in light of statin guidelines that target 

growing proportions of primary prevention populations, particularly populations with lower 

ASCVD risk profiles (e.g. individuals with ASCVD 10-year risk estimates <10%).

The current RCT meta-analysis findings are consistent with results from past meta-analyses 

conducted among primary and secondary prevention populations that reported T2D risks 

that were 9%−13% higher in participants randomized to statins compared to placebo.7–10 

Interestingly, a prior US Preventive Services Task Force (USPSTF) meta-analysis among six 

primary prevention RCTs suggested an attenuated association (RR = 1.05 [95% CI: 0.91–

1.20]). The USPSTF estimated effect is slightly smaller in size and less precise than our 

estimate of RR=1.11 (95% CI: 1.00–1.22), which included newly available data from the 

Heart Outcomes Prevention Evaluation (HOPE-3) trial (N= 12,705). Overall, the body of 

literature examining statin-associated T2D risk in RCTs suggests a modest relative effect 

that was consistent across primary and secondary populations.

Meta-analyses of OBSs indicated a similarly elevated statin-associated T2D risk, although 

the magnitude of effect was considerably higher (RR = 1.55 [95% CI: 1.39–1.74]), possibly 

reflecting differences in outcome measurement error, confounding, or source populations. 

For example, in contrast to RCTs, for which a majority included biomarkers (i.e. fasting 

plasma glucose) when measuring T2D, only four of fifteen OBS studies included biomarkers 

to measure T2D. Assessing biomarkers of T2D is important given the large burden of 

undiagnosed T2D in U.S. populations, as contemporary national estimates suggest that one 

in three adults with T2D are undiagnosed.31 Studies also suggest the potential for outcome 

measurement error to bias results towards the null32, which, if the case, would suggest that 

both RCT and OBSs underestimate T2D risk. Yet, use of fasting plasma glucose to define 
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T2D was not a significant predictor of variation in statin-associated T2D risk although the 

small number of studies that measure fasting plasma glucose may have decreased our ability 

to detect an association. In addition, the potential for confounding may exist if factors 

associated with T2D diagnosis also were associated with statin prescription.33 For example, 

OBS participants prescribed statins may have been more likely to make and attend 

appointments with primary care physicians, increasing their chances of being clinically 

evaluated and obtaining a T2D diagnosis.34 However, studies using active comparators to 

evaluate statin-associated T2D risk reported that statin users had an even higher risk of T2D 

(RR =3.31 [95% CI: 2.56–4.30]) compared to new diclofenac users, even when both groups 

had similar chances of being evaluated.35 Ultimately, however, the results may not be 

combinable, not because of residual confounding bias, but because the target populations 

might differ. For instance, RCTs often exclude participants that demonstrate signs of drug 

intolerance before randomization, participants who may be more susceptible to developing 

T2D, and participants with relevant comorbidities.36, 37 Such exclusions may yield selected 

populations that are less prone to adverse drug reactions, including T2D, than population-

based studies.38 Thus, the different nature of the studies and the different populations 

enrolled may simply produce estimates of statin-associated T2D risk that are generalizable 

to different target populations.39

One reason for a lack of widespread generalizability may be the presence of specific 

subpopulations who are particularly vulnerable to statin-associated T2D risk. For example, 

our observation of increased statin-associated T2D risk among studies with lower baseline 

mean LDL-C levels is consistent with evidence of an inverse association between LDL-C 

and T2D.40 Further, a recent meta-analysis among 34 RCTs found more intensive compared 

with less intensive LDL-C lowering therapy was associated with a greater reduction in risk 

of ASCVD mortality in populations with baseline LDL-C levels ≥ 100mg/dL, but not among 

populations with LDL-C levels < 100 mg/dL.41 Together, these results suggest that 

populations with the lowest estimated benefits of pharmacologically lowered LDL-C may 

also have the highest risk of T2D. However, our results remain somewhat tentative as 47% 

of OBSs included in the present meta-analysis either did not collect or report baseline LDL-

C levels. In addition to missing baseline LDL-C levels, the majority of OBSs lacked baseline 

glucose levels. OBS populations that did not include fasting plasma glucose levels may have 

had elevated levels at baseline, potentially biasing the risk estimate for OBS towards a 

higher risk. However, a major risk factor for elevated fasting plasma glucose levels is BMI, 

and mean BMI estimates were similar between RCT and OBS (Tables 1 and 2). Meta-

regression results examining heterogeneity by fasting plasma glucose levels also were not 

significant predictors of T2D risk.

The association between statins and T2D also varied by mean participant age. However, we 

had limited ability to fully interrogate the role of age, as the OBSs on average consisted of 

younger populations compared to RCTs and evidence of heterogeneity precluded pooling 

across study designs. Understanding the role age may play in the association between statins 

and T2D is important because age is a dominant factor when determining ASCVD risk and 

thus statin initiation. For example, in the U.S. nearly all men exceed the 7.5% ASCVD risk 

threshold for statin initiation in their mid to late 60s and nearly all women in their 70s, 

despite an otherwise optimal risk factor profile.42
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Given the public health and clinical relevance of enumerating statin-associated risks and 

benefits, future studies specifically designed to accurately estimate statin-associated risk 

overall and in strata defined by baseline LDL-C and age, and possibly other plausible effect 

measure modifiers, are needed. Yet, such studies require careful consideration of design 

features. For example, five of fifteen OBSs were conducted using insurance claims 

databases, which may not capture participant baseline characteristics, including LDL-C. 

Contemporary, population-based cohort studies can provide validated baseline 

measurements on participant characteristics such as LDL-C or information on glucose levels 

and collect data on T2D incidence and medications. Yet, multi-year gaps between visits 

complicate the ability to precisely identify statin initiation and T2D diagnosis, although 

novel approaches that enable linkage with EMRs and claims data may offer opportunities to 

address some limitations.43 Other potential avenues include large biobanks linked to EMR 

(e.g. the UK Biobank), although low response rates may introduce additional sources of 

bias, the effect of which may be difficult to predict.44 In sum, these considerations suggest 

that comprehensively examining statin-associated T2D risk will continue to require multiple 

study designs, as the optimal design may not be feasible.

Despite many strengths, there are limitations that merit consideration. First, there were 

several studies that did not respond to repeated requests for additional study or participant 

characteristics. Obtaining missing estimates may have increased statistical power for 

heterogeneity investigations and allowed us to further examine potentially important 

characteristics such as age, LDL-C, fasting plasma glucose levels, or BMI. However, this 

study provides some of the first evidence of heterogeneity in statin-associated T2D risk, 

which may motivate future studies that address these limitations. Second, our investigation 

of heterogeneity leveraged aggregate rather than individual-participant data (IPD). Reliance 

on aggregate data reflected challenges associated with accessing, understanding, and 

analyzing separate datasets.45 Importantly, it has been suggested that an aggregate data 

meta-analysis is one of the first steps in conducting an IPD meta-analysis and can inform 

future IPD meta-analyses studies about the potential sources of heterogeneity that warrant 

examination.46 Third, our investigation of heterogeneity was limited by study and participant 

characteristics reported at large enough numbers to enable well-powered investigations. For 

instance, we were not able to obtain enough information to assess statin dose or type as a 

source of heterogeneity, although some degree of effect modification by dose on statin-

associated T2D has been reported.47 However, we were able to assess statin use in multiple 

settings and compare populations under strict observation (i.e. RCT) with populations under 

conditions more generalizable to broader populations. Fourth, we were unable to investigate 

the role of statin adherence, although several studies attempted to exclude participants at risk 

of non-adherence.48 The effects of statin adherence are difficult to quantify, although failure 

to address medication non-adherence are long-described.49 Fifth, meta-regressions provide 

reliable results when at least 10 studies are included; however, our analysis among RCTs 

was limited to eight studies.29 Finally, our meta-analysis was limited to examining T2D, 

given the unavailability of studies examining statin-associated elevations in prediabetes risk 

or interval measures of glucose homeostasis. Future studies on these topics are warranted, 

given the association of fasting plasma glucose with elevated risk of cardiovascular disease.
50
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In conclusion, this meta-analysis adds to a growing body of literature statin-associated T2D 

risk. Findings highlight potentially increased statin-associated T2D risk in younger 

populations, and populations with lower LDL-C concentrations at study baseline. Taken 

together, these results help to inform risks of statin use at across CVD risk profiles and 

underscore the need for more research on statin-association T2D risk as guidelines continue 

to evolve.
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Highlights

• Statin users had higher risk of incident type 2 diabetes compared to non-users

• Statin-associated risk of diabetes higher among observational studies

• Heterogeneity observed by study design and among observational studies

• Younger ages and lower cholesterol levels associated with higher incident 

diabetes
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Figure 1. Flow diagram of literature search to identify randomized controlled trials and 
observational studies for inclusion in meta-analysis examining statin-associated type 2 diabetes 
risk.
T2D = Type 2 diabetes

ASCVD = Atherosclerotic cardiovascular disease

Engeda et al. Page 14

Diabetes Res Clin Pract. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Meta-analysis examining statin-associated type 2 diabetes risk stratified by study design.
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Figure 3. Results from meta-regression analyses examining significant study and baseline 
participant characteristics among randomized controlled trials and observational studies
A = Mean low-density lipoprotein cholesterol levels by statin associated type 2 diabetes risk

B = Mean age by statin associated type 2 diabetes risk

C = Year of publication by statin associated type 2 diabetes risk

D = Proportion of current smokers by statin associated type 2 diabetes risk
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