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Abstract

Background—Ca2* channel blockers (CCB) and verapamil in particular prevented p-cell
apoptosis and enhanced endogenous insulin levels in recent studies of mouse models of diabetes.
Verapamil's effect on serum glucose levels in humans with diabetes is not described.

Methods—We used data from the REasons for Geographic and Racial Differences in Stroke
(REGARDS), a national cohort study of community-dwelling middle-aged and older adults,
enrolled between 2003 and 2007 from the continental United States. We examined associations of
CCB and verapamil use with fasting serum glucose among 4978 adults with diabetes, controlling
for covariates in generalized linear models (GLM).

Findings—The sample included 1484 (29.6%) CCB users, of which 174 (3.4%) were verapamil
users. In fully adjusted GLMs, CCB users had 5 mg/dL lower serum glucose compared to non-
users. Verapamil users had on average 10 mg/dL lower serum glucose compared to CCB non-users
with substantially greater differences among insulin users: 24 mg/dL lower serum glucose among
users of insulin in combination with oral agents and 37 mg/dL lower among users of insulin alone.

Interpretation—CCB and in particular verapamil use was associated with lower fasting blood
glucose levels among REGARDS participants with diabetes.
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1. Introduction

Type 1 and type 2 diabetes have distinct pathophysiology [1], but both diseases are
characterized by apoptotic pancreatic -cell loss [1—3]. A recent study found that Ca%*
channel blockers (CCB) such as verapamil prevented B-cell apoptosis in mouse models of
type 1 and type 2 diabetes [4,5]. Verapamil also enhanced endogenous insulin levels, rescued
mice from streptozotocin-induced diabetes, and improved obesity-associated diabetes [4].
These emerging findings raise the intriguing possibility that a familiar widely used drug,
verapamil, may have new indications if similar results can be found in humans. However,
there are very few data on the effect of verapamil on serum glucose levels in humans with
diabetes. The objective of this study was to examine the association between the use of CCB
in general and verapamil specifically and fasting serum glucose levels among diabetic
participants of the REasons for Geographical and Racial Differences in Stroke (REGARDS)
national cohort study. We hypothesized that CCB and, in particular, verapamil use is
associated with lower fasting blood glucose compared to otherwise similar non-users of
CCB.

2. Methods

2.1. Study participants and procedures

The REGARDS study is a prospective national cohort of 30,239 community-dwelling adults
from the 48 continental US states that examines regional and racial influences on stroke
mortality. Details are described elsewhere [6]; briefly, participants were enrolled between
2003 and 2007 using commercially available lists combining mail and telephone contacts to
recruit English-speaking adults aged 45 years and older, who were living in the continental
uUs [6]. Severe debilitating conditions and cancer were exclusion criteria [6]. Race and
gender were balanced by design, with oversampling from the Southeastern US; the final
cohort composition was 58% women and 42% African American [6]. Baseline data
collection included computer-assisted telephone interviews on socio-demographics, health
history and health status. In-home examinations by trained staff followed standardized,
quality-controlled protocols to collect fasting blood and urine samples; electrocardiograms;
blood pressure (BP); anthropometric measures; and medication use by pill bottle review.
Blood and urine samples were centrally analyzed at the University of \Vermont.
Electrocardiograms were centrally analyzed at Wake Forest University. Diabetes status was
defined as taking insulin or oral antidiabetic agents, or a fasting blood glucose =126 mg/dL.
The study protocol was reviewed and approved by the Institutional Review Board and all
participants provided written informed consent.

3. Measures

The main outcome measure was fasting serum glucose (mg/dL). Glucose was measured
using colorimetric reflectance spectrophotometry on the Ortho Vitros 950 IRC Clinical
Analyzer (Johnson & Johnson Clinical Diagnostics, Rochester, NY) with a coefficient of
variation of 1% [7].
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The main predictor variable was any CCB use, ascertained by the medication bottle review
during the in-home study visit. The following CCBs were included: amlodipine, aranidipine,
azelnidipine, barnidipine, benidipine, cilnidipine, clevidipine, efonidipine, felodipine,
lacidipine, lercanidipine, manidipine, nicardipine, nifedipine, nilvadipine, nimodipine,
nisoldipine, nitrendipine, pranidipine, verapamil, gallopamil, and diltiazem. Verapamil was
also assessed separately from other CCB.

4. Covariates

Age, race, gender, annual household income, and educational attainment were self-reported.
Annual income was dichotomized at <$35,000 and education was dichotomized at having a
high school diploma. Self-reported cigarette smoking was categorized as current (now) vs.
past (smoking at least 100 cigarettes in a lifetime) or none. Self-reported alcohol use was
categorized as moderate (one to seven drinks per week for women or one to fourteen drinks
per week for men) vs. heavy (any more than moderate alcohol use) or none, according to the
National Institute on Alcohol Abuse and Alcoholism criteria [6]. Physical activity was
assessed by self-report of any exercise enough to work up a sweat vs. none during a regular
week. Self-reported medication adherence was ascertained using the four-item Morisky scale
[8], and defined as perfect adherence (score = 0) vs. non-adherence (score = 1) [8]. BP was
the average of 2 measures using an aneroid sphygmomanometer taken after a 5 min seated
rest. Hypertension was defined as BP =140/>90 mmHg or report of current use of
antihypertensive medication. Waist circumference was obtained during the in-home visit.
Serum concentrations of total cholesterol and high-density lipoprotein cholesterol (HDL-C)
were measured using colorimetric reflectance spectrophotometry. Estimated glomerular
filtration rate (eGFR) was calculated according to the 2012 Chronic Kidney Diseases
Epidemiology Collaboration (CKD EPI) equation, which includes both creatinine and
cystatin C, and urine albumin concentrations [9]. Serum creatinine was measured and
calibrated to isotope dilution mass spectrometry-traceable methods [9]. Cystatin C was
measured by particle-enhanced immunonephelometry (N Latex Cystatin C on the BNII,
Formerly, Dade Behring, Now Siemens AG, Munich, Germany) [9]. Urine albumin was
measured by nephelometry using the BNII ProSpec nephelometer (Now Siemaless AG), and
urine creatinine was measured by the rate Jaffe' method using the Modular-P chemistry
analyzer (Roche/Hitachi, Basel, Switzerland) [9]. Urinary albumin-to-creatinine ratio (ACR)
was used in analyses. Heart rate was obtained from the electrocardiogram. History of
coronary heart disease (CHD) was defined as electrocardiographic evidence of myocardial
infarction (M) or self-reported history of coronary artery bypass surgery, percutaneous
coronary intervention, or MI. History of other cardiovascular disease (CVD) included self-
reported diagnosis or intervention procedure for peripheral arterial disease, aortic aneurism,
and/or stroke. Use of antihypertensive medications, oral antidiabetic agents, and insulin was
determined via medication bottle review during the in-home visit or by self-report.

5. Statistical analysis

Baseline characteristics of diabetic REGARDS participants who used CCB were compared
to those who did not. The Chi-square test was used for categorical variables and Student's #
tests—for continuous variables. Sequentially adjusted General Linear Regression Models
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(GLM) examined cross-sectional associations between CCB use and fasting glucose. A
partially adjusted model included age, gender, region of residence, annual family income,
and education. The fully adjusted model added waist circumference, systolic BP, total and
HDL-cholesterol, logarithmically transformed ACR, eGFR, history of CHD and CVD,
hypertension, smoking, alcohol use, physical activity, medication adherence, insulin and/or
oral diabetic medication use, and heart rate. Similar sets of models were constructed to
examine the association of verapamil use and fasting serum glucose.

Subgroup analyses examined only individuals on anti-hypertensive medication and then,
separately, participants on different diabetes treatment modalities. For the latter we
examined separately those not on any pharmacological diabetes treatment; those only on oral
antidiabetic agents; those on insulin or insulin-oral antidiabetic agent combinations; and
finally those who were only on insulin. All analyses were performed using SAS Version 9.4
(SAS Inc, Cary, NC).

6. Role of the funding source

7. Results

Representatives of the funding agency have been involved in the review of the manuscript
but not directly involved in the collection, management, analysis, or interpretation of the
data.

7.1. Participants characteristics

After excluding participants with missing data on serum glucose, diabetes status, and/or
medication review; those who did not fast before blood sampling; and those who did not
have diabetes; 4978 adults with diabetes were included in the final analytic sample (Fig. 1).
Of these 1484 (29.6%) were CCB users, of which 174 (3.4%—of the analytic sample) were
verapamil users.

Table 1 presents comparisons of non-users of any CCB with CCB users and verapamil users,
respectively. Compared to non-users, both CCB users and verapamil users were slightly
older (mean age 64.9 years vs. 66.2 and 66.1, respectively). CCB and verapamil users were
more likely to be African American (67.9%, 69.5% vs. 51.4%, respectively) and women
(56.6%, 62.6% vs. 50.7%, respectively). Both CCB and verapamil users had lower education
and income levels. CCB and verapamil users were also more likely to suffer from
hypertension (95.0% and 96.6%, respectively, vs. 70.7% among non-users) and to have
higher mean systolic BP (134.3 and 139.3, respectively, vs. 130.7 mm Hg among non-users).
Additionally, CCB and verapamil users had higher microalbuminuria levels, (median ACR
16.7 and 17.9, respectively, vs. 11.0 for non-users). CCB and verapamil users tended to have
slightly larger mean waist circumference (105.8 and 106.6 vs. 104.5 cm among non-users).
Both CCB and verapamil users were more likely to receive pharmacological treatment for
diabetes than non-users (80% and 83% vs. 73%, respectively). There were no significant
differences in the rates of smoking or non-adherence to medications.
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7.2. Effect of CCB and verapamil use on fasting serum glucose

In unadjusted analyses CCB and Verapamil users had lower fasting serum glucose by 7.3
and 9.7 mg/dL, respectively, compared to non-users (Table 2). In the fully adjusted models,
this difference decreased for CCB users, but persisted for verapamil users. On average,
verapamil users had 9.6 mg/dL lower blood glucose compared to diabetic CCB non-users
after controlling for all covariates (Table 2). In sensitivity analyses, race did not modify the
association of CCB use (p for interaction = 0.82) or verapamil use (p for interaction = 0.92)
on glucose levels.

Table 3 presents results of the adjusted GLMs examining the verapamil-glucose association
among different subgroups according to diabetes treatment modality. There were no
statistically significant differences in serum glucose between verapamil users and non-users
among those not receiving any glucose-lowering medications or those only on oral
antidiabetic agents. However, among participants on insulin or insulin-oral antidiabetic agent
combinations, verapamil users had 24.1 mg/dL lower glucose compared to non-users (o =
0.039). The difference in serum glucose between verapamil users and non-users was more
pronounced for those only on insulin (mean difference 37.4 mg/dL), but did not reach
statistical significance (p = 0.06).

The results of the analogous set of subgroup analyses for CCB users are presented in Table
4. On average, CCB users had 9 mg/dL lower serum glucose than non-users among those not
on any diabetes medication and those on insulin or insulin-oral antidiabetic agent
combinations after controlling for covariates. Similar to the verapamil subgroup analysis,
there was no statistically significant association between CCB use and fasting serum glucose
among participants only on oral anti-diabetic agents.

7.3. Antihypertensive medication use and the verapamil-serum glucose association

Table 5 in the online supplement displays the results of the analysis of fasting serum glucose
and CCB use among participants taking anti-hypertensive medications. Consistent with the
main results, CCB users and verapamil users taking anti-hypertensive medications had
significantly lower blood glucose levels compared to non-users, controlling for all
covariates. In sensitivity analyses, we also performed GLM models that separately adjusted
for the use of angiotensin converting enzyme (ACE)-inhibitors and angiotensin 2-type 1
receptor antagonists, number of anti-hypertensive medications, and use of corticosteroid
medications in addition to the above-mentioned covariates. These additional adjustments did
not produce any significant change in the magnitude of the verapamil effect or CCB's effect
on fasting blood glucose levels (data not shown).

8. Discussion

Using a large national population-based cohort, we observed lower blood glucose levels
associated with CCB use generally and verapamil use specifically in adults with diabetes.
After adjusting for potential confounders, verapamil users had on average 10 mg/dL lower
serum glucose compared to non-users. These differences were substantially greater among
insulin users, with differences of 24 mg/dL among those on insulin in combination with oral
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agents but 37 mg/dL among those using insulin alone. Insulin use reflects either type 1 or
late stage type 2 diabetes, both conditions characterized by p-cell apoptosis. The association
between verapamil use and lower blood glucose was robust across a variety of adjustments
for potential confounders. Similar but potentially less pronounced differences in blood
glucose were observed for the whole class of CCB.

Verapamil, an L-type CCB, has been used widely in clinical practice to treat hypertension
[10], cardiac arrhythmias [11], cluster headaches [12], and migraines [13], but not to lower
blood glucose for diabetes. Since the previous evidence of a hypoglycemic effect of
verapamil comes from animal studies, there are few data in humans that can be compared
with our findings. The INternational VErapamil SR-Trandolapril STtudy (INVEST) trial
examined predictors of the development of type 2 diabetes among 16,176 adults aged 50
years and older with clinically stable coronary artery disease and treated for high blood
pressure [14,15]. At the 24-month follow-up, participants who were treated with verapamil
and trandolapril were less likely to develop diabetes than those treated with atenolol (hazard
ratio 0.85 [95% CI 0.76-0.95]) [14,15]. While not directly comparable to our study, this
study's findings are concordant with our findings of lower blood glucose levels among
verapamil users in diabetic REGARDS participants.

The lower glucose levels among verapamil users with diabetes reported here are consistent
with previously reported animal studies and can be explained by several molecular
mechanisms. Shalev et al. reported that overexpression of thioredoxin interacting protein
(TXNIP) induces B-cell apoptosis, and its suppression improves p-cell survival as well as
prevents streptozotocin-induced and severe obesity-related diabetes in mouse models [5,16—
18]. Interestingly, the group further found that CCB and in particular verapamil decreased
TXNIP expression in mouse as well as in human islet f-cells [4,5]. Moreover, in in vivo
mouse studies, orally administered verapamil reduced TXNIP expression and p-cell
apoptosis, increased p-cell mass, enhanced endogenous insulin levels, rescued mice from
streptozotocin-induced diabetes, and improved obesity-associated diabetes [4]. Thus,
verapamil had a protective effect on B-cell survival and function in mice and also decreased
pro-apoptotic TXNIP in human islets [4]. Our finding of a larger difference in blood glucose
among verapamil and CCB users who were insulin-dependent suggests that these same
mechanisms could be operating in humans.

Should these findings be confirmed in other studies, they could usher in a new therapeutic
option for glycemic control in a particularly challenging subset of type 2 diabetes patients.
Once such patients become dependent on insulin, glycemic control can be difficult to
achieve. Although HbAc was not measured in this study, the size of the difference in glucose
we described among verapamil users who were using insulin is clinically important,
corresponding approximately to one HbAlc percentage point. This benefit is similar to that
expected by adding an oral antidiabetic agent, which in a recent review was estimated to
range from 0.5-1.5% [19]. Furthermore, verapamil may be an exciting new strategy for
delaying B-cell death in type 1 diabetes.

The strengths of this study include the large sample from a national cohort including almost
5000 individuals with diabetes, the population-based recruitment strategy, a rich variety of
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covariates, and rigorous laboratory measurement methods. Limitations include the
observational, cross-sectional design and non-availability of dose and duration of CCB use,
therefore, causal inferences should not be drawn from our study. Data on duration and
severity of diabetes and long-term glycemic control were also not available in REGARDS,
although insulin use in part reflects both duration and severity of type 2 diabetes. Some
measures such as medication adherence were self-reported and could not be verified by
pharmacy refill data or medical records. Finally, despite adjustment for a wide variety of
participant characteristics, there is still a possibility of unmeasured confounding as in all
observational settings.

9. Conclusion

CCB use and, specifically, verapamil use, was associated with lower fasting blood glucose
levels among REGARDS participants with diabetes. While prospective studies of verapamil
in type 1 diabetes are ongoing (ClinicalTrials.gov: NCT02372253), additional studies are
needed to determine the therapeutic potential of verapamil or other CCBs in the treatment of
severe type 2 diabetes mellitus.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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