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Abstract

Objective: Statin treatment reduces the risk of atherosclerotic cardiovascular disease (ASCVD) 

but is associated with a modest increased risk of type 2 diabetes (T2D), especially in those with 

insulin resistance or prediabetes. Our objective was to determine the physiologic mechanism for 

the increased T2D risk.

Approach and Results: We conducted an open-label clinical trial of atorvastatin 40 mg daily 

in adults without known ASCVD or T2D at baseline. The co-primary outcomes were changes at 

10 weeks versus baseline in insulin resistance as assessed by steady-state plasma glucose (SSPG) 

during the insulin suppression test and insulin secretion as assessed by insulin secretion rate area 

under the curve (ISRAUC) during the graded-glucose infusion test. Secondary outcomes included 

glucose and insulin, both fasting and during oral glucose tolerance test (OGTT). Of 75 participants 

who enrolled, 71 completed the study (median age 61 years, 37% women, 65% non-Hispanic 

white, median BMI 27.8 kg/m2). Atorvastatin reduced LDL-cholesterol (median decrease 53%, 

P<0.001) but did not change body weight. Compared to baseline, atorvastatin increased insulin 

resistance (SSPG) by a median of 8% (P=0.01) and insulin secretion (ISRAUC) by a median of 9% 
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(P<0.001). There were small increases in OGTT glucoseAUC (median increase 0.05%, P=0.03) and 

fasting insulin (median increase 7%, P=0.01).

Conclusion: In individuals without T2D, high-intensity atorvastatin for 10 weeks increases 

insulin resistance and insulin secretion. Over time, the risk of new-onset diabetes with statin 

use may increase in individuals who become more insulin resistant but are unable to maintain 

compensatory increases in insulin secretion.
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INTRODUCTION

Statin treatment dramatically decreases the risk of atherosclerotic cardiovascular disease 

(ASCVD) by decreasing plasma levels of atherogenic lipoproteins (1–4). Statins are among 

the most prescribed medications in the world, and statin treatment is indicated for nearly half 

of the United States adult population either for primary or secondary prevention. (5) Statins 

are generally well tolerated but clinical trial data suggest that statin therapy is associated 

with an approximately 10% overall increased risk of incident type 2 diabetes (T2D) (6–10) 

over 5 years. This risk is increased in those with prediabetes and insulin resistance. (11,12)

The mechanisms for statin-related T2D are unclear. There is evidence that statins may 

adversely impact both insulin resistance and secretion. In that context, studies have shown 

that treatment with statins is associated with increase in fasting insulin (13–15) as well 

as increase in insulin resistance as assessed by measures obtained during the oral glucose 

tolerance test. (9,16) For example, Cederberg et al. (9) showed in a large prospective study 

(N=8749 men) that participants treated with statins (N=2142) had a 46% increase in incident 

T2D, associated with a 24% increase in insulin resistance and a 12% decrease in insulin 
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secretion. These conclusions were based on surrogate estimates of insulin resistance and 

secretion which are only modestly correlated with direct measures of insulin action and 

secretion. (17–19) On the other hand, in small studies of 18 to 20 individuals that quantified 

insulin resistance by direct methods, insulin resistance did not significantly increase after 

treatment with pravastatin, simvastatin or rosuvastatin. (20–23) Furthermore, the effect of 

statin therapy on insulin secretion has not been evaluated with direct methods. Finally, 

different statins may also differently affect glucose and insulin metabolism (10,21–23) 

and direct assessments of the effect of atorvastatin (recommended as first line by current 

guidelines (4)) on insulin resistance and secretion are less available. Therefore, there is 

insufficient understanding of the effects that statins have on insulin resistance and insulin 

secretion, which limits our ability to identify the underlying mechanisms for this unwanted 

side effect and devise means to ameliorate it.

To investigate the mechanism of statin-related T2D, we conducted an open-label clinical 

trial to determine whether treatment with atorvastatin increases whole body insulin 

resistance and/or decreases insulin secretion as quantified by sensitive and reproducible 

direct methods.

MATERIALS AND METHODS

Data Availability

The data that support the findings of this study are available from the corresponding author 

upon reasonable request and summary statistics are available at ClinicalTrials.gov.

Study Design

This was an open-label, single group, prospective study to evaluate the effect of high-dose 

atorvastatin therapy on insulin resistance and insulin secretion rate. Each participant served 

as his or her own control. The study was performed between 2015 and 2019 at the Stanford 

Clinical and Translational Research Unit. The study was approved by Stanford University’s 

Institutional Review Board, and all participants gave written informed consent.

Study Participants

We recruited volunteers from the San Francisco Bay Area without T2D who were eligible 

for statin therapy for primary prevention of ASCVD. We excluded individuals with statin 

intolerance; marked kidney, liver, or heart disease; anemia or active malignancy (Figure 1). 

Detailed inclusion and exclusion criteria are presented in Supplementary Appendix. Our 

goal was to ensure recruitment across a broad range of insulin resistance. We and others 

have shown that high plasma triglyceride (TG) concentrations are associated with increased 

insulin resistance as assessed by gold-standard measures.(24,25) Therefore, we targeted 

advertisements to enrich for individuals with high TG levels (≥150 mg/dL) as a surrogate for 

increased insulin resistance. Individuals who were receiving statin therapy were included if 

they were able to undergo a 4-week statin washout with approval of their treating physician. 

The decision to include persons previously treated with statins was encouraged by the results 

of the study of Ahmadizar et al. showing that risk of incident diabetes is higher in current 
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but not past users of statins.(15) Of the 71 subjects whose data was analyzed, 44 (62%) were 

statin naïve and 27 (38%) were receiving statin therapy at enrollment (statin exposed).

Study Visits

Participants gave written informed consent and were screened for the study on visit 1. Those 

who qualified underwent an oral glucose tolerance test (OGTT) on visit 2. Within two 

weeks, they were scheduled for the baseline graded-glucose infusion test (GGIT) and insulin 

suppression test (IST) which were generally performed about a week apart from one another. 

On the day of their last baseline test, a lipid panel with calculated LDL-C was performed 

and this was considered their baseline lipid panel.

Once participants completed the last baseline test (IST or GGIT) they were started on 

atorvastatin 40 mg daily (week zero). Study participants were asked to make no changes to 

their diet, weight or physical activity during the study.

While on atorvastatin, study participants were seen every 2 weeks from week zero to week 

10 (Supplementary Table I). The OGTT was repeated at week 8, the GGIT at week 9 and 

the IST at week 10 while participants remained on atorvastatin. The lipid panel completed 

on the day of the final test was considered their statin-treated lipid panel. Body mass 

index (BMI) and blood pressure were assessed using standard techniques (Supplementary 

Appendix).

Oral Glucose Tolerance Test (OGTT)

Following a 12-hour fast, participants had a 75-gm OGTT (Supplementary Appendix). 

Blood was collected at baseline and 30, 60, 90, 120 minutes following an oral glucose load. 

Prediabetes (abnormal glucose tolerance) was defined as presence of having fasting glucose 

≥100 mg/dL, 2-hour OGTT glucose ≥140 mg/dL, or both.

Graded Glucose Infusion Test

Insulin secretion was quantified during the graded-glucose infusion test (GGIT) as 

previously reported (26) after an overnight fast (Supplementary Appendix). The GGIT 

measures insulin secretion rate by deconvolution of peripheral C-peptide concentrations in 

response to increases in intravenous glucose.(27) The primary metric of insulin secretion 

during the GGIT is the insulin secretion rate area-under-the-curve (ISRAUC), where a higher 

ISRAUC indicates greater insulin secretion rate than a lower ISRAUC. Hereafter, for ease of 

use, we refer to ISRAUC (in pmol/min x 4 h) as “insulin secretion” except in the statistical 

analysis section.

Insulin Suppression Test

Insulin resistance was quantified by a modified version of the insulin suppression test 

(IST) (28) after an overnight fast (Supplementary Appendix). The IST measures peripheral 

insulin-stimulated glucose uptake, which primarily occurs in skeletal muscle. The primary 

metric of insulin resistance during the IST is the steady-state plasma glucose (SSPG) 

concentration, where a higher SSPG concentration indicates greater insulin resistance than 

a lower SSPG concentration. Insulin resistance measured by the IST highly correlates with 
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that measured by the euglycemic hyperinsulinemic clamp. (29) Hereafter, for ease of use, 

we refer to SSPG concentration (in mg/dL) as “insulin resistance” except in the statistical 

analysis section.

Laboratory Measurements

Insulin, glucose and C-peptide measurements were performed at the Core Laboratory for 

Clinical Studies at Washington University School of Medicine. Lipids were measured at the 

Stanford Health Care Clinical Laboratory (Supplementary Appendix).

Outcomes

The co-primary outcomes were changes in insulin resistance during the IST and insulin 

secretion during the GGIT. Secondary outcomes included glucose and insulin concentrations 

measured fasting and during the OGTT. A prespecified subgroup analysis compared results 

between insulin sensitive versus insulin resistant participants. Additional analyses were 

performed by glucose tolerance status and by the diagnosis of the metabolic syndrome. (30)

Statistical Analysis

Based on our prior work (31), we calculated that with 60 subjects, we would be able to 

detect an 8% change in insulin resistance (SSPG concentration) and an 8% change in insulin 

secretion (ISRAUC) after atorvastatin therapy with 80% power and two-side significance 

level of 5% using a paired sample t test. Thus, we estimated needing to enroll 75 subjects 

with an anticipated dropout rate of 20%.

Summary statistics are reported as median (interquartile range) or number (percent) of 

participants unless otherwise specified. Shapiro-Wilk tests were used to assess normality 

of data, and variables that were not normally distributed were log-transformed, including: C­

peptide, Homeostasis Model Assessment of Insulin Resistance (HOMA-IR), high sensitivity 

C-reactive protein (hs-CRP), insulin, ISRAUC, SSPG, steady-state plasma insulin (SSPI) and 

TG. Percent changes in variables were calculated by the formula: [(end-of study value) - 

(baseline value) / baseline value] x 100. Paired sample t tests were used to compare baseline 

and end-of-study means. One sample t tests were employed to evaluate whether percent 

changes in variables were significantly different from zero (no change). Pearson correlation 

coefficients were calculated to determine the strength of association between variables of 

interest. Prespecified subgroup analyses were carried out by stratifying for insulin resistant 

versus insulin sensitive subjects. Baseline SSPG concentration median (138 mg/dL) was 

used to define subjects as being insulin resistant (SSPG >138 mg/dL) or insulin sensitive 

(SSPG ≤138 mg/dL). As insulin resistance is a continuous trait, the median SSPG cutpoint 

(138 mg/dL) was informed by a prospective study of apparently healthy individuals, those 

with similar SSPG concentration (≥143 mg/dL) developed more cardiovascular disease 

(hypertension, coronary heart disease, stroke, or peripheral vascular disease) than those with 

SSPG below that cutpoint. (32) Subgroup means were compared by independent samples 

t tests and proportions by chi-square tests or Fisher’s exact tests. Statistical analyses were 

performed by using statistical software IBM SPSS version 26.0.
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RESULTS

Participants

Of the 132 volunteers who were screened, 115 qualified for the study and 75 participants 

completed baseline studies and began statin therapy (Figure 1). For the primary outcomes 

of insulin resistance and insulin secretion, complete data were available for 70 and 64 

participants, respectively. This included 18 participants with a baseline TG concentration 

≥150 mg/dL (enriched for insulin resistance). The median length of time between the first 

and last IST was 77 days (interquartile range, IQR, 70 to 84).

The median age of the study participants was 61 years; 37% were women; and 65% 

were non-Hispanic white (Supplementary Table II). At baseline, the overall study group 

was overweight (median BMI 27.8 kg/m2) with elevations in total and LDL-cholesterol 

concentrations (237 and 156 mg/dL, respectively) (Supplementary Table IV). There were 

45 (63.4%) participants with abnormal glucose tolerance (AGT) and 26 (36.6%) with 

normal glucose tolerance (NGT) (Supplementary Table VIII). Participant with AGT had 

higher BMI, were more insulin resistant, and had higher insulin secretion than those with 

NGT. There were 29 (40.8%) participants with the metabolic syndrome and 42 (59.2%) 

without the metabolic syndrome (Supplementary Table IX). Participants with the metabolic 

syndrome were more insulin resistant and had higher insulin secretion than those without the 

metabolic syndrome. Correlations between baseline variables are shown in Supplementary 

Table III and are consistent with prior findings. Baseline fasting insulin strongly correlated 

with baseline insulin resistance (r=0.74; P<0.001) and insulin secretion (r=0.80; P<0.001).

Effect of atorvastatin on body weight and concentrations of lipids, glucose and insulin

Statin therapy reduced total cholesterol by 37%, LDL-C by 53% and triglycerides by 28% 

(Supplementary Table IV). There was no change in body weight.

Effect of atorvastatin on insulin resistance

Statin treatment significantly increased insulin resistance, a co-primary outcome. Across the 

entire study population, the median insulin resistance (i.e., SSPG) increased from 130 to 139 

mg/dL (P=0.01) while the median percent increase in insulin resistance was 8% (IQR, −10 

to 32%) (Table 1) (Figure 2A, Supplementary Figure I). SSPI decreased by 5% but there was 

no significant correlation between the change in SSPI and the change in insulin resistance 

(data not shown).

There was no significant relationship between the change in LDL-C and the change in 

insulin resistance (Pearson correlation, −0.06, P=0.65). In addition, the small changes in 

weight that did occur were not significantly associated with changes in insulin resistance 

(Pearson correlation, 0.08, P = 0.50). There was no difference in effect of statin treatment 

on insulin resistance in those who were statin naïve versus those who were statin exposed 

(median percent change 7%, IQR −10 to 36% versus 11%, IQR −10 to 26%, respectively; 

P=0.81) (Figure 1).

Abbasi et al. Page 6

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In terms of secondary outcomes, there was a small but significant increase in glucoseAUC 

during the OGTT (0.05%, IQR −0.1 to 0.2%). Fasting insulin levels were increased by 7% 

(IQR −4 to 27%) and HOMA-IR by 11% (IQR −4 to 23%) after statin treatment (Table 1).

Effect of atorvastatin on insulin secretion

During the graded-glucose infusion test, glucoseAUC was similar but insulinAUC and C­

peptideAUC significantly increased following statin treatment (Table 1). Thus, the dose­

response relationship between glucose and rate of insulin secretion was shifted higher 

by statin treatment, resulting in a significant increase in insulin secretion (i.e., ISRAUC) 

(P<0.001), a co-primary outcome (Figure 2B). The median percent increase in insulin 

secretion was 9% (IQR, −2 to 19%) (Supplementary Figure II). There was no significant 

relationship between the change in LDL-C and the change in insulin secretion (Pearson 

correlation, 0.12, P=0.35). There was no difference in effect of statin treatment on insulin 

secretion in those who were statin naïve versus statin exposed at the time of enrollment 

(median percent increase 11%, IQR 1 to 29% versus 8%, IQR −4 to 16%, respectively; 

P=0.28).

Effect of atorvastatin on the relationship between insulin resistance and insulin secretion

At baseline, there was a positive (r=0.68; P<0.001) relationship between insulin resistance 

and insulin secretion, confirming that insulin secretion increases linearly with increase in 

insulin resistance (Supplementary Figure III). To explore this interaction, we plotted the 

percent change in insulin secretion against the percent change in insulin resistance for each 

participant where full data were available (N=63) (Figure 3). There was an enrichment 

of participants in the upper right quadrant (N=29, 46%), indicating an increase in insulin 

resistance accompanied by an increase in insulin secretion. However, there remained a 

fraction of the study participants (N=9, 14%) who experienced an increase in insulin 

resistance and a decrease in insulin secretion.

Effect of atorvastatin in insulin resistant versus insulin sensitive participants

Compared to insulin sensitive participants, those with insulin resistance at baseline (as 

defined in the statistical section) were heavier, were more likely to have dyslipidemia with 

higher median TG (122 vs 90 mg/dL) and lower HDL-cholesterol (46 vs 61 mg/dL) levels 

and had higher median fasting glucose (103 vs 97 mg/dL) and insulin concentrations (14.8 

vs 7.9 mU/L). Among the insulin sensitive and insulin resistant participants, there were 

no difference in the distribution of individuals who were statin naïve versus statin exposed 

(P=0.74) (Supplementary Tables V, VI, VII).

Statins were equally effective in lowering LDL-C in insulin resistant versus insulin sensitive 

participants and changes in weight, glucose, and insulin were also similar between the two 

groups (Supplementary Tables VI, VII).

Insulin resistance increased in both insulin sensitive and insulin resistant participants 

(baseline values of 86 and 194 mg/dl which increased to 93 and 208 mg/dl respectively) 

though only the difference in insulin sensitive participants was significant (Supplementary 

Table VII and Supplementary Figure V). The median percent change in insulin resistance 
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was a 16% increase (IQR: −3 to 50%) in insulin sensitive participants versus a 1% 

increase in insulin resistant participants (IQR: −21 to 14%) (Supplementary Figure V). 

The changes in insulin resistance also paralleled changes in fasting insulin in both the 

insulin sensitive and insulin resistant participants. To further examine the effect of baseline 

insulin resistance on statin-related increases in insulin resistance, a regression analysis 

was performed to determine if baseline insulin resistance predicted changes in insulin 

resistance after atorvastatin treatment. The results showed that baseline insulin resistance 

was a significant predictor of percent change in insulin resistance where lower baseline 

insulin resistance was associated with greater increase in insulin resistance (standardized 

coefficient = −0.39, P <0.001). For example, an individual with a baseline insulin resistance 

(i.e., SSPG) of 100 mg/dL would have a 23% increase in insulin resistance after atorvastatin 

therapy, whereas a person with baseline insulin resistance of 200 mg/dL would have a 3% 

increase in insulin resistance.

There was little difference in the change in insulin secretion between insulin sensitive and 

insulin resistant participants. The median percent change in insulin secretion was 11% in 

insulin sensitive participants (IQR: −3 to 23%) versus 9% in insulin resistant participants 

(IQR: −2 to 18%) (Supplementary Table VII).

Effect of atorvastatin on insulin resistance and insulin secretion by glucose tolerance 
status

Insulin resistance did not significantly increase in persons with abnormal glucose tolerance 

(AGT), but it did increase in those with normal glucose tolerance (NGT). The median 

percent change in insulin resistance was 5% in participants with AGT (IQR: −11 to 17%; 

P=0.07) versus 13% in participants with NGT (IQR: −1 to 53%; P=0.004). Insulin secretion 

significantly increased both in individuals with AGT and in those with NGT. The median 

percent change in insulin secretion was 11% in participants with AGT (IQR: −4 to 19%; 

P<0.001) versus 9% in participants with NGT (IQR: −0.0002 to 23%; P=0.01).

Effect of atorvastatin on insulin resistance and insulin secretion by the diagnosis of the 
metabolic syndrome

Insulin resistance did not significantly increase in persons with the metabolic syndrome, 

whereas it did increase in those without the metabolic syndrome. The median percent 

change in insulin resistance was 4%, in participants with the metabolic syndrome (IQR: −11 

to 16%; P=0.21) versus 11% in participants without the metabolic syndrome (IQR: −7 to 

41%; P=0.004). Insulin secretion significantly increased both in persons with the metabolic 

syndrome and in those without the metabolic syndrome. The median percent change in 

insulin secretion was 8% in participants with the metabolic syndrome (IQR: −3 to 16%; 

P=0.01) versus 11% in participants without the metabolic syndrome (IQR: −1 to 24%; 

P<0.001).

Other subgroup exploratory analyses

Atorvastatin treatment was associated with similar increases in insulin resistance and insulin 

secretion in subgroup analyses stratified by sex, race/ethnicity, age, BMI, TG, glucose 

tolerance, and the metabolic syndrome (Figure 4).
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DISCUSSION

Statin therapy, a cornerstone of ASCVD prevention also increases the risk of developing 

T2D. (6–9,11,12,33,34) Individuals with T2D generally have defects in both insulin 

action and secretion as hyperglycemia only ensues when the insulin secretory response is 

inadequate. However, prior studies have not been able to determine whether statins increase 

the risk of T2D primarily by increasing insulin resistance or by decreasing insulin secretion. 

(35,36) Our results show that treatment with high-dose atorvastatin for 10 weeks increases 

insulin resistance and insulin secretion.

The modest increase we observed in insulin resistance (median 8% increase in SSPG) is 

likely the primary abnormality associated with statin treatment. Increase in insulin secretion 

is likely secondary and compensates for increase in insulin resistance and maintains glucose 

homeostasis in the short term. (37) Increases in insulin resistance have been reported in 

prior studies using surrogate estimates of insulin resistance. These studies showed that statin 

therapy was associated with increases in fasting insulin (13–15) as well as increases in 

insulin resistance assessed by OGTT-based measures (9,16). However, differences in insulin 

resistance were not seen in several prior smaller studies using gold-standard methods in 

nondiabetic individuals (20–23,38) treated with statins for 8 to 12 weeks. All of these trials 

enrolled 20 or fewer individuals and only two used what would be considered high intensity 

statin therapy (i.e., rosuvastatin 40 mg daily). (22,23) In contrast, in a study of 32 patients 

with type IIA and IIB dyslipidemia, treatment with pravastatin 10 to 20 mg per day for 3 

months led to relatively small but significant increases in insulin resistance as measured by 

the IST. (24)

We did not observe obvious differences by sex, age or race/ethnicity. However, we saw 

proportionately greater increases in insulin resistance in those who were more insulin 

sensitive at baseline. This may represent a “ceiling effect” for some insulin resistant 

participants. In that vein, we have observed that those with marked insulin resistance at 

baseline may not get substantially more insulin resistant even with modest weight gain. (39)

The mechanism of increase in insulin resistance associated with statin therapy is unclear. 

Some literature suggests that long-term statin use could cause weight gain and thereby 

increase insulin resistance.(40) However, we detected an increase in insulin resistance 

without an increase in weight gain. Recent genetic observations have corroborated a 

potentially negative role of increased intracellular cholesterol for T2D and insulin resistance. 

Individuals with naturally occurring mutations that inhibit HMGCR have low plasma 

LDL-C levels, but increased intracellular cholesterol levels and a greater risk of T2D 

(41) while individuals with mutations in the low-density lipoprotein receptor (LDLR) have 

extreme elevations in plasma LDL-C levels but a decreased prevalence of T2D proportional 

to the severity of the LDLR mutation.(42) Other proposed mechanisms for how statins 

may increase insulin resistance include deregulation of intracellular or membrane bound 

cholesterol levels (43); suppression of intracellular levels of isoprenoids (44); perturbation of 

insulin signaling pathways (45–47); accumulation of free fatty acids (48); and mitochondrial 

dysfunction (49,50); all of which have been associated with increased insulin resistance. 
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(51–56) Additional human studies are needed to determine if these or other mechanisms 

explain our results.

In addition to an increase in insulin resistance, we also show that short term statin treatment 

increases insulin secretion, a well-known compensatory response to increases in insulin 

resistance. (37) Prior studies examining the effect of statin therapy on insulin secretion used 

surrogate measures and reported disparate results. In a prospective, randomized, double­

blind, placebo-controlled study of 28 women with polycystic ovarian syndrome, treatment 

with atorvastatin 20 mg per day for 6 months increased insulin secretion measured by the 

insulinogenic index. (16) In contrast, in a prospective study of 8749 men without diabetes, 

treatment with atorvastatin or simvastatin was associated with decreases in insulin secretion 

measured by OGTT-derived disposition index after a follow up of 5.9 years. (9) In contrast 

to the prior studies that employed surrogate estimates of insulin secretion, we quantified 

insulin secretion using a direct method to evaluate the effect of atorvastatin treatment on 

insulin secretion.

The short duration of our study did not allow us to determine the trajectory of insulin 

secretion with long-term statin therapy. Nevertheless, our results provide some insights into 

the potential course of beta cell function over time. As seen in Figure 3, insulin secretion 

increased with increase in insulin resistance in the majority of participants (upper right 

quadrant). This pattern indicates that the increase in insulin secretion was driven by change 

in insulin resistance to maintain glucose homeostasis. In other participants (lower right 

quadrant), insulin secretion decreased despite increase in insulin resistance. This pattern 

may indicate an inability to compensate for increase in insulin resistance and might be a 

harbinger of statin-related T2D. Lastly, in some participants (upper left quadrant), insulin 

secretion increased despite a decrease or no change in insulin resistance. This pattern may 

represent an independent effect of statins to increase insulin secretion.

The cellular mechanisms that could explain the increased insulin secretion are not 

completely understood though some evidence suggests that exposure of pancreatic beta 

cells to increased LDL-C levels may disrupt glucose homeostasis. First, incubating human 

and mouse pancreatic beta cells and islets with LDL-C decreases glucose-stimulated insulin 

secretion and increases cell death. (57–59) Second, statin treatment of mouse pancreatic 

islets in vitro reduced intracellular cholesterol levels and enhanced insulin secretion. (60) 

Finally, in vivo studies in high-fat fed mice suggests that atorvastatin treatment preserves 

beta cell function, increases proliferation, and reduces ER stress and apoptosis. (61) We 

cannot exclude the possibility that long-term statin treatment could adversely affect insulin 

secretion and note that lifelong deletion of Hmgcr in mouse beta cells causes a decrease in 

beta cell mass and insulin secretion.(62)

Persons with greater severity of the metabolic syndrome are at higher risk for developing 

incident T2D due to statin use (33,34). In that regard, individuals with the metabolic 

syndrome have features such as greater insulin resistance and higher fasting glucose 

that increase their risk of T2D. Consistent with that, in our study, participants with the 

metabolic syndrome were more insulin resistant than those without the metabolic syndrome 

(Supplemental Table IX). In addition, participants with more elements of the metabolic 
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syndrome had greater insulin resistance and higher insulin secretion than those with fewer 

elements of the metabolic syndrome (Supplemental Table X). However, after statin therapy, 

insulin resistance did not increase in participants with the metabolic syndrome but insulin 

secretion did increase (Figure 4). Due to the short duration of our study, we could not 

determine the trajectories of insulin resistance and insulin secretion with statin use as a 

function of the severity of the metabolic syndrome. With long-term statin therapy, T2D 

likely occur in those individuals with the metabolic syndrome who develop additional 

increases in insulin resistance (due to statins, weight gain or physical inactivity) and are 

unable to maintain increase in insulin secretion to compensate for insulin resistance.

Adverse effects such as T2D are associated with a lack of acceptance and underutilization 

of statins.(63,64) Our study should not be interpreted as an argument against the use of 

statins. In primary prevention, modeling suggests that treatment of 10000 patients with an 

underlying ASCVD risk of 5-10% over 5 years with atorvastatin 40 mg daily for 5 years 

would be expected to cause an excess of about 100 new cases of T2D.(3) Among the subset 

of 100 patients with incident (excess) statin-related T2D, even if statin-related T2D doubles 

the risk of an ASCVD resulting in an excess of 5 to10 ASCVD events, this small number 

of excess events pales in comparison to the estimated 500 major ASCVD events that would 

be prevented(3). Furthermore, clinical trial data suggests that statin-related T2D may not 

markedly increase risk. (33)

The risk of statin-related T2D varies considerably depending on the population. In large 

statin trials both insulin resistance and prediabetes are independent risk factors for statin­

related T2D and when they co-exist the risk of incident T2D over 7 years is 20% (11,12) 

versus 3% when neither insulin resistance nor prediabetes is present. However, those at risk 

for statin-related T2D also have higher ASCVD risk. Therefore, the net clinical benefit of 

statins remains substantial even if those benefits are nominally blunted by statin-related, 

incident T2D. An analysis of the primary prevention JUPITER trial limited to the 486 

participants (out of 17,603) who developed T2D during a median follow-up of 1.9 years 

(N=270 on rosuvastatin 20 mg daily, N=216 on placebo), showed that the cardiovascular 

risk reduction associated with rosuvastatin (hazard ratio 0.63 versus placebo) was consistent 

with that observed for the entire trial (hazard ratio 0.56 versus placebo) and that rosuvastatin 

accelerated the diagnosis of T2D by only about 5.4 weeks (84.3 versus 89.7 weeks). (8) 

Given the unambiguous effects of statins in reducing the risk of ASCVD, it is imperative to 

emphasize healthy diet and lifestyle choices such as physical activity and maintenance of a 

healthy body weight to offset statin-related insulin resistance and T2D.

Limitations of our study include a single-center trial design with a single dose of atorvastatin 

without a placebo control group. However, we demonstrate adherence with statin treatment 

with resultant decreases in LDL-C accompanied by significant changes in insulin resistance 

and insulin secretion. Participants in our study were without diabetes and ASCVD and may 

not have been representative of the general population of patients taking statins. We are 

not able to determine the primary tissue responsible for the increase in insulin resistance. 

As the IST quantifies insulin-mediated glucose uptake primarily at skeletal muscle, it is 

likely that the increase in insulin resistance by atorvastatin occurs in skeletal muscle. In 

general, muscle insulin resistance parallels adipose tissue insulin resistance. We have shown 
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that insulin-mediated glucose uptake, highly correlates with insulin-mediated suppression 

of lipolysis. (65) Our study was also short term and longer trials are needed to assess for 

potential decreases in insulin secretion or further increases in insulin resistance.

Strengths of our study include that we investigated the mechanism of statin-related T2D by 

using gold-standard methods for accurately measuring both insulin resistance and insulin 

secretion in a relatively large number of participants (N=71). The study subjects were treated 

with a commonly used high-intensity statin (atorvastatin 40 mg daily). Furthermore, baseline 

insulin resistance of our study participants varied several-fold.

In summary, we found that short-term treatment with high-intensity atorvastatin therapy 

results in increases in insulin resistance accompanied by increases in insulin secretion. 

Over time, the risk of new-onset T2D associated with statin therapy may increase in those 

individuals who become more insulin resistant but are unable to maintain compensatory 

increase in insulin secretion. All individuals on statin therapy should be encouraged to 

mitigate risk of diabetes through healthy lifestyle incorporating a nutrition and exercise plan. 

Finally, although our study provides insights into a potential mechanism of statin-related 

T2D, investigations are needed into the cellular mechanisms of increased insulin resistance 

and the trajectory of insulin secretion with long-term statin therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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T2D type 2 diabetes
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IST insulin suppression test

GGIT graded glucose infusion test
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OGTT oral glucose tolerance test

AUC area under the curve

ISR insulin secretion rate
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Highlights

• Statin therapy decreases the risk of ASCVD but increases the risk of T2D.

• It is unclear whether the increased T2D risk is caused by increased insulin 

resistance or decreased insulin secretion.

• We conducted an open-label clinical trial of atorvastatin 40 mg daily in 75 

adults without known ASCVD or T2D.

• High-intensity atorvastatin for 10 weeks increased insulin resistance and 

insulin secretion, measured by the insulin suppression test and the graded­

glucose infusion test, respectively.

• Investigations are needed into the cellular mechanisms of increased insulin 

resistance and the trajectory of insulin secretion with long-term statin therapy.
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Figure 1. Study Participant Flow
GGIT indicates graded glucose infusion test; OGTT, oral glucose tolerance test; and IST, 

insulin suppression test.
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Figure 2. Effect of Atorvastatin Treatment on Insulin Resistance and Insulin Secretion
In panel A, waterfall plot depicts percent change in insulin resistance, measured by steady­

state plasma glucose (SSPG), during the insulin suppression test (N=70). The mean (95% 

CI) percent change in SSPG concentration was 15 (6 – 23) mg/dL. One sample t test was 

used to compare mean percent change in SSPG to zero (no change). In Panel B, baseline 

and end-of-study insulin secretion rate (ISR) mean (SEM) values are plotted against the 

incremental increase in plasma glucose during the graded glucose infusion test (N=64). 

Baseline and end-of-study ISR area under the curve (ISRAUC) means were compared by 

paired sample t test after log-transformation of ISRAUC values.
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Figure 3. Relationship between Change in Insulin Resistance and Change in Insulin Secretion 
after Atorvastatin Treatment
The four-quadrant scatterplot shows data on 63 individuals who underwent both the insulin 

suppression test and the graded glucose infusion test. Number of subjects in each quadrant 

is shown. Percent change was calculated by using the formula: [(end-of-study value) - 

(baseline value) / baseline value] x 100. ISRAUC indicates insulin secretion rate area-under­

the-curve and SSPG, steady-state plasma glucose.
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Figure 4. Changes in Insulin Resistance and Insulin Secretion in Subgroups after Atorvastatin 
Treatment
Forest plots depict changes in insulin resistance (Panel A) and insulin secretion (Panel B) in 

the whole group and in subgroups based on baseline characteristics: insulin resistance status, 

sex, race/ethnicity, age, BMI, TG, glucose tolerance, and diagnosis of the MetSyn. Data are 

means and 95% CIs.

Within each subgroup, means were compared by independent samples t tests. Only the 

differences in insulin resistance (Panel A) between insulin sensitive and insulin resistant 

subgroups were significantly different (P=0.002).

AGT indicates abnormal glucose tolerance; BMI, body mass index; ISRAUC, insulin 

secretion rate area under the curve; MetSyn, metabolic syndrome; NGT, normal glucose 

tolerance; NHW, Non-Hispanic white; SSPG, steady-state plasma glucose, and TG, 

triglycerides.
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Table 1:

Effect of Atorvastatin on Primary and Secondary Outcomes of Insulin Resistance and Insulin Secretion 

(N=71*)

Variable Baseline End of Study P value†

Primary Outcomes

Insulin Suppression Test

Insulin Resistance (by SSPG, mg/dL) 130 (85 – 193) 139 (93 – 211) 0.01

SSPI, mU/L 64.7 (54.6 – 75. 4) 61.3 (55.7 – 71.4) 0.02

Graded Glucose Infusion Test

Insulin secretion (by ISRAUC, pmol/min x 4 h) 1824 (1385 – 2549) 1942 (1480 – 2755) <0.001

GlucoseAUC, mmol/L x 4 h 31.2 (28.0 – 34.5) 31.8 (28.4 – 34.7) 0.10

InsulinAUC, pmol/L x 4 h 652 (430 – 1108) 712 (458 – 1263) 0.001

C-peptideAUC, nmol/L x 4 h 6.5 (4.9 – 8.3) 6.5 (5.3 – 8.9) <0.001

Secondary Outcomes

Fasting glucose, mg/dL 99 (92 – 108) 100 (94 – 107) 0.10

Fasting insulin, mU/L 10.1 (7.3 – 14.8) 10.6 (7.6 – 15.1) 0.01

HOMA-IR 2.44 (1.71 – 3.73) 2.68 (1.81 – 4.07) 0.01

OGTT GlucoseAUC, mg/dL x 2 h 295 (241 – 336) 299 (254 – 339) 0.03

OGTT InsulinAUC, mU/L x 2 h 127 (74 – 217) 133 (88 – 218) 0.27

Data are median (interquartile range).

*
SSPG (N=70); SSPI (N=66), ISRAUC, GlucoseAUC, InsulinAUC, and C-peptideAUC (N=64); fasting insulin and HOMA-IR (N=69); and 

OGTT InsulinAUC (N=64).

All variables were log-transformed except fasting glucose and glucoseAUC.

†
Paired sample t tests were used to compare baseline and end-of-study means.

AUC indicates area under the curve; HOMA-IR, homeostasis model assessment of insulin resistance; ISR, insulin secretion rate; OGTT, oral 
glucose tolerance test; SSPG, steady-state plasma glucose; and SSPI, steady-state plasma insulin.
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