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Abstract

Purpose of review—Statins are widely utilized for low-density lipoprotein lowering and for
prevention of atherosclerotic cardiovascular disease. Although these drugs have a good safety
record, increased risk of developing diabetes during extended use has recently garnered attention.
Here we review clinical trial evidence related to statin use and incident diabetes, and the potential
mechanisms for this association.

Recent findings—The increased incidence of diabetes with rosuvastatin treatment in
Justification for the Use of Statins in Primary Prevention: an intervention Trial Evaluating
Rosuvastatin (JUPITER) reignited attention on the link between statin therapy and diabetes. The
JUPITER findings are supported by two recent meta-analyses of large-scale placebo-controlled
and standard care-controlled trials, which, respectively, observed a 9% [odds ratio 1.09; 95%
confidence interval (CI) 1.02-1.17] and 13% (risk ratio 1.13; 95% CI 1.03-1.23) increased risk for
incident diabetes associated with statin therapy. However, the underlying mechanisms for this
association remain unclear. Experimental evidence supports a paradigm implicating inhibition of
B-cell glucose transporters, delayed ATP production, pro-inflammatory and oxidative B-cell
effects of plasma-derived cholesterol, inhibition of calcium channel-dependent insulin secretion,
and p-cell apoptosis.

Summary—The aggregate of large clinical trials supports the notion that statins modestly
increase the risk of incident diabetes. Because diabetes is a risk equivalent condition for coronary
and peripheral arterial diseases, these findings create a paradox whereby needed statin therapy
may be withheld to avoid excess risk of diabetes while representing the strongest cardiovascular
risk reduction tool in diabetics. We simply recommend regular glucose monitoring in patients
taking statins.
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Introduction

Over the last two decades, multiple clinical trials totaling 170 000 participants have
demonstrated the beneficial effects of statins, or 3-hydroxy-methylglutaryl coenzyme A
(HMG-CoA) reductase inhibitors, in the reduction of cardiovascular event rates [1°].
Consequently, statins have become permanent fixtures in our armamentarium for the
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primary and secondary prevention of atherosclero-tic cardiovascular disease, including
stroke [2-5]. However, concerns have arisen regarding the potential risk for developing type
2 diabetes mellitus (T2DM) during extended statin use. It is important to point out that the
first report on an association between statin use and incident diabetes was derived from post-
hoc analyses of the West of Scotland Coronary Prevention Study (WOSCOP) reported in
2001 [6]. In this study, a 30% [risk ratio 0.7; 95% confidence interval (CI) 0.50-0.99] risk
reduction for incident diabetes was reported in association with the use of 40 mg of
pravastatin in a randomized placebo-controlled trial of 5974 patients [6]. This protective
effect was not corroborated by later trials of simvastatin [7,8], pravastatin [9-12], and
atorvastatin [13]. The 2008 report of increased incident diabetes among patients taking
rosuvastatin in the Justification for the Use of Statins in Primary Prevention: an intervention
Trial Evaluating Rosuvastatin (JUPITER) [14] reignited attention and triggered discussion
on the direction and strength of the association between statin therapy and diabetes.
WOSCOP and JUPITER constitute book-ends of the spectrum of trials that provide
conflicting evidence on the diabetogenicity of statins, and mirror the uncertainties in the
basic science arena surrounding the potential mechanisms of statin-induced impairment of
glucose metabolism. Conceivably, a loss of the functional integrity of the islet p-cells may
be central to this process. Although clinical trial evidence for an effect of statins on insulin
sensitivity is conflicting, there is experimental evidence to support a paradigm that
implicates inhibition of glucose transporters, delayed ATP production, pro-inflammatory
and oxidative intracellular effects of plasma-derived cholesterol, inhibition of calcium
channel-dependent insulin secretion, and apoptosis. In this article, we discuss the evidence
for the diabetogenic effects of extended statin use based on the aggregate of large-scale
placebo-controlled and standard care-controlled trials of statin therapy on cardiovascular
outcomes. In addition, we propose a mechanistic paradigm for the diabetogenic effects of
statins.

Insights from clinical trials

The account from WOSCOP introduced the notion that extended statin use — 40 mg of
pravastatin — may be associated with decreased incidence of diabetes [6]. Of note, this was a
post-hoc analysis of 5974 patients of whom 139 developed new-onset diabetes as defined by
at least 2 mmol/l (36 mg/dl) rise in blood glucose above baseline values — a criterion for
diabetes inconsistent with conventional clinical practice [6]. Even so, the reported risk ratio
of 0.7 for incident diabetes was only marginally statistically significant, as reflected by the
upper limit of the confidence interval (95% CI 0.5-0.99), the width of which reflects the
small number of cases of incident diabetes and limited precision in the risk estimate [6]. The
WOSCOP investigators acknowledged that their criterion for diabetes restricted the number
of patients classified as newly diabetic. In the aftermath of the WOSCOP report, numerous
placebo-controlled and standard care-controlled trials of statin therapy have provided
conflicting reports regarding statin use and diabetes. Such conflicting observations could
stem from the fact that some individual studies lacked the statistical power and event rate (of
incident diabetes) required to demonstrate the association. Given such a potential scenario, a
systematic review of multiple studies with quantitative synthesis of data — meta-analysis —
can be particularly helpful for determining the statistical robustness of any association. In
this context, a meta-analysis of 13 [6-18] randomized placebo-controlled and standard care-
controlled trials was recently conducted using published and unpublished data. Sattar et al.
[19°°] demonstrated a 9% increased risk of incident diabetes (odds ratio 1.09; 95% CI 1.02—
1.17) in their analysis of 91 140 participants, among whom 4278 developed diabetes.
Furthermore, metaregression analysis demonstrated that age was associated with the risk of
incident diabetes, with stronger statin-attributable risk found in studies with elderly patients
[19°°]. Neither change in low-density lipoprotein (LDL)-cholesterol during treatment nor
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baseline BMI was found associated with the risk of new-onset diabetes. There was little
heterogeneity among the component studies of the meta-analysis.

In another study, Rajpathak et a/. [20] reported similar findings in their synthesis of five
trials [8,13,14,16,17] involving 51 619 participants, among whom 1943 developed diabetes.
There was no heterogeneity among the component studies. The risk of incident diabetes was
13% (risk ratio 1.13; 95% CI 1.03-1.23); however, upon adding the WOSCOP study results,
heterogeneity among the component studies became significant, and attenuation of the effect
size resulted in loss of statistical significance [20]. Notably, Sattar et a/. [19°] included the
WOSCOP study in their meta-analysis but eliminated the nonstandard criteria for diabetes
employed by Freeman et a/. [6] in their original post-hoc analyses of WOSCOP. However,
Sattar et al. found that even the inclusion of WOSCOP data, as in the 2001 report, did not
change the outcome of their meta-analysis, perhaps due to greater statistical power in their
study [6,19°]. Collectively, the consistency in the findings from two independent meta-
analyses suggests that statin use is indeed associated with increased risk of incident diabetes,
although small and of no clear practical relevance. Furthermore, the fact that there was no
significant heterogeneity between the studies synthesized suggests that the increased
incidence of diabetes is secondary to a class effect as opposed to any apparent differences
between drugs, such as their compartmentalization (lipophilic versus hydrophilic),
metabolism [Cytochrome P450 (CYP)3A4, CYP2C9, UDP glucuronosyltransferase (UGT),
etc.], potency, and half-life. Contrary to the findings of the above-discussed meta-analyses,
another meta-analysis from Coleman et a/. [21] reported that statins as a class are not
associated with increased risk (risk ratio 1.03; 95% CI 0.89-1.19) of new-onset diabetes.
However, in their meta-analysis of five prospective randomized controlled trials involving
39 791 patients, among whom 1407 developed diabetes, they found significant statistical
heterogeneity. Notably, as in the study by Rajpathak et a/., upon removal of the WOSCOP
study from their analysis there was little or no heterogeneity, and a significant increase in
the relative risk of developing diabetes was noted (risk ratio 1.14; 95% CI 1.02-1.28) [21]. It
is also important to note that this meta-analysis was performed before the publication of
JUPITER.

The above three meta-analyses, published sequentially, provide incremental advances in our
understanding of the clinical trial evidence for the association between statins and incident
diabetes. To put these papers in a chronologic perspective, the reports by Coleman et a/. [21]
(pre-JUPITER) and that by Rajpathak et a/. [20] (post-JUPITER) both demonstrate
increased risk of incident diabetes with statin use, an effect that in each report was
attenuated upon inclusion of WOSCOP due to heterogeneity despite the increase in sample
size. The most recent report by Sattar et al. [19°] appears to have conclusively addressed the
controversy of statin use and risk of incident diabetes, as it represents the most
comprehensive synthesis of data to date — devoid of heterogeneity — with adequate statistical
power. Thus, we believe that extended statin use is associated with a modest increase in the
risk of incident diabetes. Despite this conclusion, a cautionary note is important. Although
meta-analyses are based on rigorous statistical methodology, they are not controlled
experiments, but rather observational studies that rely on previously published data.
Consequently, meta-analyses are, at best, hypothesis-generating studies. However, there are
mechanistic and experimental studies that support the notion that extended statin use may
alter glucose metabolism, thus lending a biologic platform to the conclusion that must be
derived from the meta-analyses.

Practical clinical considerations

The development of diabetes during extended use of statin is clinically concerning because
diabetes is a risk equivalent condition for cardiovascular disease. Thus, questions arise about
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the potential clinical predictors of incident diabetes, the effect of statins on blood sugar
levels in diabetic and nondiabetic patients, and the clinical efficacy of statins in patients with
diabetes or precursor conditions such as insulin resistance and metabolic syndrome. A recent
analysis of 345 000 patients in the Veteran Affairs Healthcare System indicates that, after
adjustment for age and use of aspirin, p-blockers, and angiotensin-converting enzyme
inhibitors, the statin-attributable change in fasting plasma glucose was 2 mg/dl (7 mg/di
increase, versus 5 mg/dl in nonstatin users, £< 0.0001) for nondiabetic users and 7 mg/dI
(39 mg/dl increase, versus 32 mg/dl in nonstatin users, £< 0.0001) for diabetic users [22].
The strong statistical significance reported in this study — really a measure of strength in the
sample size — should be balanced by the clinically small relevance of such changes. Herein,
the insight from Sattar et a/. [19°°] is very relevant: the absolute risk of developing diabetes
was one case per 1000 patient-years of treatment, which is very small relative to the
reduction in vascular events. Regarding the latter, the efficacy of statins is now well
established even at low LDL-cholesterol concentrations (<77 mg/dl) [1°]. Furthermore, the
benefit of statins in diabetics has been established and is independent of the type of diabetes,
lipid profile, history of vascular disease, and baseline characteristics [23,24]. Thus, the
widespread benefits of statin coverage far outweigh the small risk of incident diabetes. It is
important to note that in JUPITER, the trial that more than any other has implicated statin
use with development of T2DM, the patients who at baseline had impaired fasting glucose
showed a 34% cardiovascular risk reduction attributable to rosuvastatin. Unlike the arena of
atypical antipsychotic use, in which it is recommended to assess the likelihood of
developing diabetes and severe metabolic disease by paying attention to baseline predictors,
such as obesity and hyperglycemia [25,26], no biochemical or clinical indicators for the
occurrence of incident diabetes during extended statin use were identified in the meta-
analyses, except for age of the patient [19*°]. Therefore, it may at best be prudent to
encourage caution with elderly patients, particularly those not falling in the high
cardiovascular risk category. The use of statins in low cardiovascular risk patients without
dyslipidemia should be balanced against the small risk of incident diabetes or potential
consequences of prolonged hyperglycemia. In such low-risk patients, traditional lifestyle
modification should remain the staple of intervention, as recommended by current
guidelines.

Mechanistic insights

Baker et al. [27°] recently evaluated the collective and individual impact of commonly
prescribed statins on insulin sensitivity in a systematic review and meta-analysis of 16
randomized controlled trials involving 1146 nondiabetic patients. These trials employed
various methods to measure insulin sensitivity. However, for the purposes of the meta-
analysis, insulin sensitivity was analyzed as standardized mean differences (SMDs) between
statin and placebo/control groups. Overall, statins had no class effect on insulin sensitivity
(SMD -0.084; 95% CI -0.210 to 0.042) [27°]. However, pravastatin was noted to improve
insulin sensitivity significantly (SMD 0.342; 95% CI 0.032-0.621), whereas simvastatin
worsened it (SMD -0.321; 95% CI -0.526 to —0.117). Regardless, a known parabolic
relationship exists between insulin secretion and insulin sensitivity, such that an alteration in
the latter may not necessarily translate to increased risk of impaired glucose tolerance. It is
thus conceivable that the diabetogenic effects of statins may center on altered islet p-cell
insulin secretion via the convergence of multiple mechanisms that compromise the integrity
and function of the B-cells, resulting in impaired glucose metabolism (Fig. 1).

Impaired cellular glucose uptake, energy production, and insulin secretion

Glucose is transported by glucose transporter 2 (Glut2) into p-cells, in which it is routed to
the metabolic pathway after phosphorylation to glucose-6-phospate by glucokinase. The
metabolic cascade that ensues involves closing of the ATP-dependent potassium channel,
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cell membrane depolarization, and L-type calcium channel-mediated calcium influx,
resulting in the secretion of insulin by exocytosis of insulin-containing granules [28°].
Statins have been shown to inhibit this glucose-induced calcium signaling-dependent insulin
secretion [30]. In addition, statins suppress the synthesis of ubiquinone (CoQ1p), an essential
factor in the mitochondrial electron-transfer system, resulting in inhibition of insulin
secretion due to reduced production of ATP [31]. Furthermore, Nakata et a/. [32]
demonstrated that statins decrease the expression of another glucose transporter in
adipocytes (Glut4), resulting in impaired glucose tolerance. The report by Chamberlain [33]
suggests that the downregulation of Glut4 expression by statins occurs via inhibition of the
synthesis of isoprenoids. On a different note, cholesterol loading has been shown to inhibit
the activity of glucokinase — the rate-limiting enzyme for intracellular glucose metabolism —
thus impairing the glucose-induced calcium signaling required for insulin secretion [34].
This represents a mechanism by which plasma-derived LDL-cholesterol, whose cellular
entry is highly increased by statins, can impair the glucose-regulating function of p-cells
[28°,35°].

B-Cell inflammation, oxidation, and apoptosis

Although statins have well characterized anti-inflammatory actions, the inhibition of de-
novo synthesis of cholesterol could have deleterious immune inflammatory consequences
within the islet B-cells. The inhibition of HMG-CoA causes upregulation of LDL receptors
for enhanced uptake of LDL-cholesterol in an effort to replenish intracellular stores.
However, the intracellular fate of plasma-derived LDL-cholesterol may be distinct from that
of de-novo synthesized cholesterol. The oxidation of plasma-derived LDL-cholesterol could
incite the innate and adaptive arms of the intracellular immune response system, leading to
an inflammatory cascade that compromises the functional and structural integrity of the islet
B-cells and leads to reduced insulin secretion. A contribution of plasma-derived LDL-
cholesterol to inflammation of the p-cells is thus conceivable [36-40]. Furthermore,
cytokine-induced over-production of nitric oxide has been shown to induce B-cell apoptosis
via the activation of calpain — a calcium-dependent protease [29]. In this context, because
statins exert favorable effects on endothelial function by upregulating the production of
nitric oxide [41-43] — an important mediator of endothelial function — it is not certain
whether this process negatively affects the p-cell. In addition, HDL protects p-cells against
apoptosis, whereas LDL has the ability to induce apoptosis, more so following oxidative
modification [44-46]. Overall, the interplay between inflammation, oxidation, and apoptosis
— all potentially triggered by increased abundance of plasma-derived LDL-cholesterol due to
statin-induced blockade of de-novo cholesterol synthesis — may contribute to the
pathogenesis of diabetes during extended statin use. These deleterious effects may become
more significant in older patients given the age-dependent loss of p-cells. This could explain
the observed increase in new-onset diabetes among older participants in clinical trials [19*°].

Benefit versus risk

The war against disease, like any other war, has unintended consequences; all drugs have
side effects. In the arena of cardiovascular disease treatment, statins have emerged as the
undisputed heavyweight champions for lowering cholesterol and inflammation with
excellent reduction in cardiovascular event rates. Therefore, the finding that statins increase
the risk of incident diabetes should be weighed against the remarkable cardiovascular
benefits that have been exhaustively established by clinical trials. Furthermore, it is
important to note that statins are not the only beneficial cardiovascular drugs with
unfavorable effects on the risk of diabetes. Notably, atypical antipsychotics, g-blockers,
thiazide diuretics, and niacin have all been linked to increased incidence of diabetes but
remain in use due to their favorable benefit to risk ratio. In the case of statins, data from the
Cholesterol Treatment Trialists [47] indicate that 255 (95% CI 150-852) patients have to be
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treated for 4 years before a statin-induced case of incident diabetes occurs [19**]. However, a
composite of nine vascular events (death, myocardial infarction, stroke, and coronary
revascularization) would be avoided by treating 255 patients over the same period of time;
this clearly outweighs the risk of incident diabetes (9:1 benefit versus risk ratio).
Consequently, the potential risk of incident diabetes should not negate the use of statins for
primary or secondary prevention in any patient with moderate to high cardiovascular risk.
Furthermore, it is important to note that statins are highly effective in preventing
cardiovascular events in individuals with T2DM [23,24]. However, because diabetes in and
of itself is a risk equivalent condition for coronary and peripheral arterial disease, the
potential mechanisms by which statins impair glucose metabolism require further
delineation. This may provide insight for the tailored use and monitoring of statin therapy.
Traditional lifestyle modification should be primary in low cardiovascular risk populations
when the benefits may not offset the associated risk of new-onset diabetes.

Conclusion

Statin drugs are ubiquitously employed in contemporary approaches for primary and
secondary prevention of atherosclerotic cardiovascular disease. The use of statins to
modulate levels of cholesterol and inflammation has led to remarkable reduction in
cardiovascular endpoints at the relatively small but potential risk of new-onset diabetes. The
controversy surrounding the diabetogenic effects of statins pales in comparison with the
favorable benefit to risk ratio associated with their use in diabetics and nondiabetic patients
with moderate to high cardiovascular risk. It is debatable whether lower-risk individuals,
particularly if older than 65, may represent a group in which the benefits of therapy do not
outweigh the potential risk of incident diabetes.
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Hypothetical paradigm for statin-induced impairment of glucose metabolism
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Figure 1. Hypothetical paradigm for statin-induced impairment of glucose metabolism

(1) Intracellular arrival of glucose via glucose transporter (Glut2 in p-cells) leads to
phosphorylation by glucokinase, and routing to the metabolic pathway. The resulting
cascade of closure of ATP-dependent potassium channel, depolarization, and calcium influx
leads to insulin secretion; this process may be inhibited by statins [23,24]. (2) Glucokinase is
inhibited by abundance of plasma cholesterol [28°], and thus is conceivably affected by
statin-induced inhibition of de-novo cholesterol synthesis with increased uptake of plasma
LDL. (3) Statin inhibition of HMG-CoA reductase suppresses synthesis of ubiquinone
(CoQ1p), an essential factor in the mitochondrial electron-transfer system, resulting in
inhibition of insulin secretion due to reduced production of ATP [25]. (4) Statin inhibition of
HMG-CoA reductase suppresses the synthesis of isoprenoids, thus causing downregulation
of Glut4 expression on adipocyte cells, leading to impaired glucose uptake. (5) The
inhibition of HMG-CoA reductase causes upregulation of LDL receptors, leading to
enhanced uptake of LDL-cholesterol in an effort to replenish intracellular stores. However,
the intracellular fate of plasma-derived LDL-cholesterol may be distinct from that of de-
novo synthesized cholesterol. (6) The oxidation of LDL-cholesterol may incite an
inflammatory cascade that compromises the functional — for example insulin secretion
apparatus — and ultimately structural integrity of the islet p-cells. (7) Furthermore, cytokine-
induced over-production of nitric oxide (NO) has been shown to induce p-cell apoptosis via
the activation of calpain — a calcium-dependent protease [29]. ATP, adenosine triphosphate;
CHOL, cholesterol (de-novo synthesized); Glut2, glucose transporter 2; Glut4, glucose
transporter 4; HMG-CoA, 3-hydroxy-methylglutaryl coenzyme A; LDL, low-density
lipoprotein; LDL-C, low-density lipoprotein cholesterol (plasma-derived); LDL-R, LDL
receptor; OXLDL, oxidized LDL; NO, nitric oxide.
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