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Although loss of functional b-cell mass is a hallmark of diabetes,
no treatment approaches that halt this process are currently
available. We recently identified thioredoxin-interacting protein
(TXNIP) as an attractive target in this regard. Glucose and di-
abetes upregulate b-cell TXNIP expression, and TXNIP overex-
pression induces b-cell apoptosis. In contrast, genetic ablation of
TXNIP promotes endogenous b-cell survival and prevents strep-
tozotocin (STZ)- and obesity-induced diabetes. Finding an oral
medication that could inhibit b-cell TXNIP expression would
therefore represent a major breakthrough. We were surprised
to discover that calcium channel blockers inhibited TXNIP ex-
pression in INS-1 cells and human islets and that orally adminis-
tered verapamil reduced TXNIP expression and b-cell apoptosis,
enhanced endogenous insulin levels, and rescued mice from STZ-
induced diabetes. Verapamil also promoted b-cell survival and
improved glucose homeostasis and insulin sensitivity in BTBR
ob/ob mice. Our data further suggest that this verapamil-mediated
TXNIP repression is conferred by reduction of intracellular cal-
cium, inhibition of calcineurin signaling, and nuclear exclusion
and decreased binding of carbohydrate response element–binding
protein to the E-box repeat in the TXNIP promoter. Thus, for the
first time, we have identified an oral medication that can inhibit
proapoptotic b-cell TXNIP expression, enhance b-cell survival and
function, and prevent and even improve overt diabetes. Diabetes
61:848–856, 2012

L
oss of pancreatic b-cell mass is a key factor in the
pathogenesis of type 1 and type 2 diabetes, but
therapies that interfere with this process are cur-
rently lacking. We recently discovered thioredoxin-

interacting protein (TXNIP), a ubiquitously expressed
cellular redox regulator, as an attractive novel target in this
regard. We originally identified TXNIP as the top glucose-
induced gene in a human islet microarray study and found
that b-cell expression of TXNIP is increased in diabetes
(1–3). Moreover, TXNIP overexpression induces b-cell apo-
ptosis and is essential for glucotoxicity-induced b-cell death
(3), whereas lack of TXNIP promotes endogenous b-cell
survival and prevents type 1 and type 2 diabetes (2,4,5). In
addition, TXNIP has recently been discovered to induce in-
flammasome activation and interleukin-1b production, a cy-
tokine involved in type 1 diabetes (6). While together these
findings have established TXNIP as an attractive therapeu-
tic target, effective TXNIP inhibitors are currently missing.

Of interest, we found that calcium channel blockers such
as verapamil (commonly used as antihypertensive drugs)
can reduce TXNIP expression as well as apoptosis in the
heart (7).

The present studies were therefore aimed at determining
whether calcium channel blockers may also decrease b-cell
TXNIP expression, enhance b-cell survival, and protect
against diabetes. Using INS-1 cells, primary human islets,
and models of type 1 and type 2 diabetes, our results dem-
onstrate that oral verapamil can indeed rescue from b-cell
death and diabetes and shed light on the mechanisms
involved.

RESEARCH DESIGN AND METHODS

Cell culture. INS-1 cells were grown inRPMI 1640 (Invitrogen) with 11.1mmol/L
glucose, 10% FBS, 1% penicillin/streptomycin, 1mmol/L sodiumpyruvate, 2mmol/L
L-glutamine, 10 mmol/L HEPES, and 0.05 mmol/L 2-mercaptoethanol and in-
cubated with verapamil, diltiazem, NiCl2, EGTA, or cyclosporine A (CyA;
Sigma). Mouse pancreatic islets were isolated by collagenase digestion (8,9)
and used for RNA or protein extraction or were embedded for immunohis-
tochemistry and transferase-mediated dUTP nick-end labeling (TUNEL)
analysis.

Human islets were obtained from the Islet Resource Facility of the Uni-
versity of Alabama at Birmingham Comprehensive Diabetes Center. After
overnight incubation at 5 mmol/L glucose, human islets were incubated at
11.1 mmol/L glucose in the presence or absence of 50, 100, or 150 mmol/L
verapamil for 24 h. Islets from the same donor were used as control.
Animal studies. All mouse studies were approved by the University of Alabama
at Birmingham Animal Care and Use Committee.

Wild-type, 8-week-old, male C57BL/6 mice (The Jackson Laboratory) were
rendered diabetic by multiple low-dose injection of streptozotocin (STZ; 40 mg/
kg body wt per day for 5 days, prepared freshly in 0.1 mmol/L sodium citrate at
pH 4.5).

As a model of type 2 diabetes, leptin-deficient, obese, insulin-resistant, and
diabetic BTBRlepob/ob (ob/ob) mice (The Jackson Laboratory) were used.
BTBRlepob/ob mice develop severe diabetes at 4–5 weeks of age and suffer
from b-cell apoptosis (2).

Mice received verapamil in their drinking water (1 mg/mL), resulting in an
average dose of 100 mg/kg/day, which is the commonly used dose for mouse
studies of this kind (7,10). (A subset of mice received a lower dose of 0.5 mg/mL
in their drinking water, resulting in an average dose of 50 mg/kg/day.) Control
mice were housed under identical conditions without verapamil. Blood glucose
was measured with a FreeStyle Lite glucometer; serum insulin was assessed
using a mouse insulin ELISA kit (Alpco Diagnostics, Salem, NH).

Insulin tolerance tests (ITTs) were performed after a 4-h fast using insulin
1 IU/kg i.p. (2). At killing, mouse pancreata were collected for immunohisto-
chemistry or for islet isolation (2,3).
Plasmid construction and transient transfection assays. Construction of
the TXNIP promoter reporter and control LacZ plasmids were described
previously (4), as was the carbohydrate response element–binding protein
(ChREBP) overexpression plasmid (11).

To determine the TXNIP promoter region responsible for the verapamil
effect, INS-1 cells were grown in 12-well plates and transfected with different
TXNIP promoter deletion reporter plasmids (0.4 mg/well) together with pRL-TK
control plasmid (20 ng/well; Promega) using DharmaFECT Duo transfection
reagent (1 mL/well; Dharmacon/Thermo Scientific, Chicago, IL). Verapamil
was added to the medium at a final concentration of 100 mmol/L. At 24 h after
transfection, cells were harvested and luciferase activity was determined by
Dual Luciferase assay kit (Promega).

To determine the role of ChREBP in the verapamil effects, INS-1 cells were
grown in 6-well plates and transfected with ChREBP or control LacZ plasmids
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(2 mg/well) using DharmaFECT Duo transfection reagent (3 mL/well). At 24 h
after transfection, verapamil was added to the medium with a final concen-
tration of 50 mmol/L; 48 h after transfection, cells were harvested for RNA
extraction.
Quantitative real-time RT-PCR. Total RNA was extracted using RNeasy kit
(QIAGEN) according to the manufacturer’s instructions. RNA (1 mg) was re-
verse transcribed to cDNA using the first strand cDNA synthesis kit (Roche).

Quantitative real-time PCR was performed on a Prism 7000 Sequence De-
tection System using SYBR Green (Applied Biosystems, Foster City, CA). Rat
TXNIP primers have been described previously (4). All samples were corrected
for the 18S ribosomal subunit (Applied Biosystems) run as an internal
standard.
Western blotting.Whole cell and nuclear protein extracts from INS-1 cells and
mouse islets were prepared as described previously (3,12). The following
antibodies were used: mouse anti-TXNIP IgG (1:400; JY2; MBL International),
rabbit anti-ChREBP IgG (1:200; sc-33764), goat anti-mouse IgG (1:5,000;
sc-2005), and goat anti-rabbit IgG (1:5,000; sc-2004) (Santa Cruz Biotechnology).
Bands were visualized by ECL Plus (Amersham GE Health) and quantified by
ImageQuant.
Immunohistochemistry and TUNEL assay. Insulin staining and TUNEL
were performed as previously described (2).
Chromatin immunoprecipitation. Chromatin immunoprecipitation (ChIP)
assays were performed as detailed previously (11).
Statistical analysis. Student t tests were used to calculate the significance of
a difference between two groups. For datasets of more than two groups and to
analyze changes overtime, we performed one-way ANOVA calculations.

RESULTS

Calcium channel blockers reduce b-cell expression of
proapoptotic TXNIP. We previously identified TXNIP
as a promising target to halt b-cell death and promote
endogenous b-cell mass. Of interest, we recently discov-
ered that calcium channel blockers are capable of re-
ducing cardiac TXNIP expression (7), raising the question
whether this class of antihypertensive drugs might be able
to inhibit b-cell TXNIP expression. All first-generation
calcium channel blockers inhibit L-type calcium channels,
which are abundant in not only the heart but also pancre-
atic b-cells. To test the effects of calcium channel blockers
on b-cell TXNIP expression, we therefore initially incubated
rat INS-1 b-cells with diltiazem or verapamil (both first-
generation calcium channel blockers) and measured changes
in endogenous TXNIP mRNA expression by real-time PCR
assay. Both decreased TXNIP mRNA significantly, with
verapamil resulting in an ;50% reduction. NiCl2, a T-type
calcium channel inhibitor, also reduced TXNIP expression
significantly, demonstrating that the observed effects were
not dependent on the type of calcium channel affected.
Furthermore, this inhibition of TXNIP expression could be
mimicked by the calcium chelator EGTA, suggesting that
the effects were primarily due to reduction in intracellular
calcium (Fig. 1A). In contrast, another antihypertensive
agent, propranolol (a b-blocker), had no effect on b-cell
TXNIP expression (Supplementary Fig. 1A). Of interest,
while the above studies were performed at 11.1 mmol/L
glucose, verapamil failed to reduce TXNIP expression un-
der low normal (5 mmol/L glucose) conditions (Supple-
mentary Fig. 1B). Given the strong effect verapamil had and
the fact that it is already an approved oral medication, we
focused our subsequent studies on this calcium channel
blocker and confirmed that verapamil also was able to
significantly reduce TXNIP protein levels (Fig. 1B). In ad-
dition, we tested the effects of verapamil on human islets
and found that it reduced TXNIP expression in a dose-
dependent manner (Fig. 1C). To further test whether
verapamil could reduce TXNIP levels in vivo in mouse
islets, C57BL/6 mice received verapamil in their drinking
water as described previously (7), and TXNIP expression
was analyzed in their islets. The results demonstrated that

TXNIP levels of verapamil-treated mice were significantly
decreased compared with control mice (Fig. 1D).
A specific E-box repeat in the TXNIP promoter is
critical for verapamil-mediated inhibition of TXNIP
transcription. To further investigate how verapamil might
regulate TXNIP expression and identify the cis-acting fac-
tors responsible, we used promoter deletion studies of the
human TXNIP promoter and found that a conserved E-box
repeat of two identical CACGAG elements was necessary
for the observed repression of TXNIP by verapamil as
demonstrated by the loss of verapamil-induced inhibition
with mutation of the first E-box (mut D4) (Fig. 2). Of in-
terest, we previously discovered that this E-box motif acts
as a carbohydrate response element and serves as the bind-
ing site of the ChREBP (11).
Verapamil inhibits ChREBP binding to the TXNIP
promoter. These findings raised the possibility that ve-
rapamil was acting through inhibition of ChREBP binding
to the TXNIP promoter, resulting in inhibition of TXNIP
transcription. In fact, using ChIP assays and PCR primers
flanking the E-box repeat, we found that verapamil sig-
nificantly reduced in vivo binding of ChREBP to the TXNIP
promoter in a time-dependent manner (Fig. 3A), while IgG
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
negative controls showed no enrichment (Fig. 3B). Analysis
of the liver-type pyruvate kinase (LPK) promoter containing
a known ChREBP binding site revealed that verapamil was
able to significantly reduce ChREBP occupancy of the LPK
promoter in a time-dependent manner, demonstrating that
its effects are not restricted to TXNIP and may include other
ChREBP targets (Supplementary Fig. 2). The role of ChREBP
was further confirmed by the fact that ChREBP overex-
pression blunted the verapamil effect (Fig. 3C and D).

We further found that while ChREBP mRNA expression
and total ChREBP protein levels remained unchanged
(some data not shown) (Fig. 4A), nuclear ChREBP was
significantly reduced in response to verapamil (Fig. 4B),
which may explain the reduced ChREBP binding observed
in our ChIP experiments. Furthermore, decreased intra-
cellular calcium levels seem to be the key mediator of the
verapamil effects because downregulation of TXNIP ex-
pression by calcium channel blockers was not class specific
and was observed with both phenylalkylamines (i.e., ve-
rapamil) and benzothiazepines (i.e., diltiazem) as well as
with the calcium chelator EGTA. Calcium can regulate gene
expression by two major pathways, the calcium-dependent
Ser-Thr protein phosphatase 2B (PP2B/calcineurin) and the
calcium/calmodulin-dependent protein kinase (CaMK). In
our case, we found that the calcineurin inhibitor, CyA, sig-
nificantly reduced TXNIPmRNA levels (P = 0.011) (data not
shown) and TXNIP promoter activity (Fig. 4C). In addition,
CyA led to decreased nuclear ChREBP levels (Fig. 4D),
thereby mimicking the various verapamil effects. In con-
trast, KN-93 (a CaMK inhibitor) did not affect TXNIP
expression (data not shown). Since nuclear ChREBP locali-
zation is dependent on its dephosphorylation, we also
investigated the possibility that verapamil, by inhibiting the
calcium-dependent PP2B/calcineurin, would increase
ChREBP phosphorylation and decrease its nuclear locali-
zation. To obtain direct evidence of endogenous ChREBP
phosphorylation, we used a specific phospho-ChREBP an-
tibody detecting only ChREBP phosphorylated at Ser196,
the site critical for controlling nuclear translocation (13)
(gift of Dr. C. Postic, Paris, France). Indeed, these stud-
ies revealed a more than twofold increase in the level
of ChREBP phosphorylation in response to verapamil
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(Supplementary Fig. 3). Together, these findings suggest
that verapamil-mediated inhibition of TXNIP expression is
conferred by reduction of intracellular calcium, inhibition
of calcium-regulated PP2B/calcineurin signaling, and in-
creased Ser196 phosphorylation and nuclear exclusion of
ChREBP.
Oral verapamil administration prevents b-cell apoptosis
and STZ-induced diabetes. On the basis of our previous
findings that TXNIP-deficient mice are protected against
diabetes (2) and our current discovery that verapamil
lowers b-cell TXNIP expression, we hypothesized that
verapamil might protect against diabetes by promoting
b-cell survival and preserving functional b-cell mass
through inhibiting TXNIP expression. To test this hypoth-
esis, we first used the diabetes model of multiple low-dose
STZ injections. After completing the 5-day course of STZ,
C57BL/6 mice were given oral verapamil in their drinking
water as described previously (7,10) and blood glucose
was followed for another 10 days. It is interesting that
while control mice became overtly diabetic, reaching
blood glucose levels .400 mg/dL, verapamil-treated mice
maintained normal blood glucose levels (,250 mg/dL)
(Fig. 5A). This protection was accompanied by a dramatic

80% reduction in TXNIP levels in isolated islets of
verapamil-treated animals as assessed by Western blotting
(Fig. 5B). In addition, immunohistochemistry of pancreas
cross-sections showed severely disrupted islets in pan-
creata of STZ-treated mice, whereas normal insulin-
containing islets were seen in the verapamil-treated mice
(Fig. 5C). Moreover, b-cell apoptosis was significantly reduced
in response to verapamil treatment as measured by
TUNEL (Fig. 5D and E), suggesting that verapamil lowers
proapoptotic TXNIP, promotes b-cell survival, and thereby
prevents diabetes. These findings also are consistent with
our results in genetic forms of TXNIP deficiency, including
HcB-19 mice harboring a natural mutation in the TXNIP
gene (whole body deficiency) and our b-cell specific TXNIP
knockout mice (bTKO), both of which demonstrated
decreased b-cell apoptosis and protection against STZ-
induced diabetes. Of note, verapamil was well tolerated and
did not lead to any weight loss or to any cardiovascular side
effects, such as hypotension (Supplementary Figure 4A and
data not shown, respectively).
Oral verapamil improves STZ-induced diabetes and
enhances b-cell survival and function. To further address
the question whether verapamil could reverse diabetes, not

FIG. 1. Effects of calcium channel blockers on b-cell TXNIP expression. A: INS-1 cells were incubated for 24 h with diltiazem (50 mmol/L), ve-
rapamil (50 mmol/L), NiCl2 (500 mmol/L), or the calcium chelator EGTA (500 mmol/L), and TXNIP expression was assessed by quantitative RT-
PCR. B: INS-1 cells were incubated for 48 h in the presence (V) or absence (C) of verapamil (50 mmol/L), and effects on TXNIP protein levels were
assessed by Western blotting and corrected for b-actin. C: Isolated human islets were incubated for 24 h at the designated concentrations of
verapamil, and TXNIP expression was assessed by quantitative RT-PCR. D: C57BL/6 mice received verapamil (100 mg/kg/day) in their drinking
water for 3 weeks, and their islet TXNIP expression was assessed by quantitative RT-PCR. Bars represent means 6 SEM of at least three in-
dependent experiments.
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just prevent it, we performed an additional set of experi-
ments in which we again induced diabetes in mice with
multiple low-dose STZ injections but selected only the mice
that actually had become overtly diabetic after 15 days

(blood glucose .250 mg/dL) and only then started oral ve-
rapamil administration and followed mice for an additional
10 days. In addition, we also included an even lower dose of
verapamil (0.5 mg/mL drinking water resulting in a dose of

FIG. 2. Verapamil effects on TXNIP promoter activity. INS-1 cells were grown in 12-well plates and transfected with different TXNIP promoter
reporter plasmids (0.4 mg/well) together with pRL-TK control plasmid (20 ng/well) using DharmaFECT Duo transfection reagent (1 mL/well).
Verapamil was added to the medium with a final concentration of 100 mmol/L. At 24 h after transfection, cells were harvested and luciferase
activity was determined by Dual Luciferase assay kit. Bars represent mean luciferase activity 6 SEM of at least three independent experiments as
compared with no verapamil control.

FIG. 3. ChIP analysis of ChREBP binding to the TXNIP promoter in response to verapamil. INS-1 cells were treated with verapamil for the designated
times, and ChIP assays were performed as described previously (11) using 4 mg ChREBP antibody (A) or normal rabbit IgG (B), and real-time PCR was
performed using primers flanking the E-boxes. Effects of ChREBP overexpression on verapamil-mediated inhibition of TXNIP expression. INS-1 cells were
grown in 6-well plates and transfected with control LacZ (C) or ChREBP plasmids (2 mg/well) (D). At 24 h after transfection, verapamil was added to the
medium with a final concentration of 50 mmol/L; 48 h after transfection, cells were harvested for RNA extraction and analyzed by quantitative RT-PCR.
Bars represent means 6 SEM of at least three independent experiments.
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50 mg/kg/day) to see whether the effect might be dose de-
pendent. As shown in Fig. 6A, all three experimental groups
were severely diabetic with blood glucose levels;300 mg/dL
at day 15, and there was no difference between the groups;
in addition, no significant difference in body weight was
observed in response to verapamil or over the course of the
experiment (Supplementary Fig. 4B). However, while dia-
betes progressed in the STZ control group, reaching blood
glucose levels .350 mg/dL 25 days after STZ injection, low-
dose verapamil significantly reduced blood glucose levels to
255 mg/dL, and high-dose verapamil even normalized blood
glucose levels to ;200 mg/dL, demonstrating that verapamil
can improve overt diabetes and suggesting that the re-
duction in blood glucose levels is indeed dose dependent.
Moreover, verapamil also led to a significant increase in
serum insulin levels (Fig. 6B), and while healthy, insulin-
containing islets were seen in the pancreas cross-sections
of verapamil-treated mice, severe islet destruction was ob-
served in STZ control mice (Fig. 6C). Together, this suggests
that verapamil can enhance b-cell survival and function even
in the face of severe diabetes.
Oral verapamil administration promotes b-cell survival
and improves glucose homeostasis in BTBR ob/ob
mice. To further evaluate whether verapamil also may
have protective effects in the context of type 2 diabetes,
we treated 4-week-old BTBR ob/ob mice with verapamil.
Unlike on the C57BL/6 background, the leptin ob/ob mu-
tation on the BTBR background leads to not only severe

obesity and insulin resistance but also severe diabetes. It is
interesting that while control ob/ob mice developed severe
diabetes with blood glucose levels .500 mg/dL, oral ve-
rapamil significantly reduced blood glucose levels within
a few days, and this difference was maintained throughout
the experiment, even though verapamil was not able to
completely protect against this very severe form of di-
abetes (Fig. 7A). This might be the result of some ongoing
decrease in b-cell function in this diabetes model. Verap-
amil also led to a dramatic improvement in insulin sensi-
tivity as assessed by ITTs (Fig. 7B)—and resulted in
slightly reduced body weight (Supplementary Fig 5A)—
which may contribute to the improved glucose homeo-
stasis. However, verapamil also significantly increased
serum insulin levels (Fig. 7C) and reduced b-cell apoptosis
(Fig. 7D and E) even in the face of chronic hyperglycemia,
suggesting again that enhanced b-cell survival and func-
tion was playing a major role in the observed effects.
Similar to our findings in the STZ model, we found that our
verapamil regimen reduced islet TXNIP levels by .70% in
this model of obesity, insulin resistance, and type 2 diabetes
(Supplementary Fig. 5B). Of note, our double mutant con-
genic BTBRlepob/obtxniphcb/hcb, representing a genetic model
of TXNIP deficiency (HcB-19) combined with the BTBR
ob/ob model of diabetes, also revealed decreased b-cell
apoptosis and improved ITT and glucose homeostasis (2).
Together with our current results, these findings strongly
suggest that verapamil acts through TXNIP inhibition to

FIG. 4. Changes in nuclear ChREBP in response to verapamil and CyA. INS-1 cells were incubated in the presence or absence of verapamil (50
mmol/L) for 24 h, and ChREBP levels were analyzed by Western blotting in whole cell extracts (A) or nuclear fractions (B) as detailed in RESEARCH

DESIGN AND METHODS. C: INS-1 cells were transfected with the FL-TXNIP promoter reporter plasmid (0.4 mg/well) together with pRL-TK control
plasmid (20 ng/well) using DharmaFECT Duo transfection reagent (1 mL/well) and incubated in the presence or absence of the calcineurin in-
hibitor CyA (5 mmol/L) for 24 h. Bars represent luciferase activity (mean 6 SEM) of three independent experiments. D: INS-1 cells were incubated
in the presence or absence of CyA (5 mmol/L) for 24 h, and ChREBP levels were assessed in the nuclear fractions (n = 3).
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promote b-cell survival and improve glucose homeostasis
in this severe form of obesity-induced diabetes.

DISCUSSION

The results of the current study identify for the first time
an effective pharmacological means (i.e., calcium channel
blockers) to inhibit pancreatic b-cell expression of proa-
poptotic TXNIP, enhance b-cell survival and function, and
thereby prevent and even improve overt diabetes and shed
new light on the mechanisms involved.

We initially identified TXNIP as a strongly glucose-
induced gene in a human islet microarray study (1) and
went on to show that b-cell TXNIP expression is upregulated
in islets of diabetic mice and induces b-cell apoptosis (2,4).
In fact, we found that TXNIP was critical for glucotoxicity-
induced b-cell death (3). In addition, we discovered that
genetic TXNIP deficiency (whole body/HcB-19 or b-cell-
specific/bTKO) promotes endogenous b-cell mass and pro-
tects mice against STZ-induced as well as obesity-induced
diabetes, suggesting that TXNIP inhibition represents an
attractive target for the treatment of type 1 and type 2 di-
abetes (2). However, until now, effective TXNIP inhibitors
were lacking. Our current studies reveal that calcium
channel blockers such as verapamil provide an effective
tool to reduce b-cell TXNIP expression, inhibit b-cell

apoptosis, enhance b-cell survival and function, and res-
cue mice from diabetes. They thereby provide a proof of
principle that pharmacological downregulation of TXNIP
can protect against diabetes, which is consistent with the
proapoptotic properties of TXNIP as well as with our
findings in genetic models of TXNIP deficiency, and fur-
ther establish TXNIP as a therapeutic target amenable to
pharmacological intervention. Of interest, verapamil was
effective in reducing TXNIP expression only when glucose
levels were elevated, which is a very attractive feature that
would allow normalization of TXNIP levels in diabetes but
eliminate unwanted effects due to excessive reduction of
TXNIP below physiological levels. Moreover, our results in-
dicate that verapamil administration was able to not only
prevent diabetes progression (Fig. 5) but also halt/delay
diabetes development and significantly improve glucose
homeostasis and b-cell survival and function in already
diabetic mice (Fig. 6). This result is obviously very prom-
ising in terms of the possibilities of translating these find-
ings into patients with diabetes.

Verapamil is a first-generation L-type calcium channel
blocker and as such, reduces cellular calcium influx. Since
b-cell insulin release is dependent on calcium influx, inhi-
bition of calcium entry would, from a purely functional
point of view, be expected to block b-cell insulin release.
The significant increase in serum insulin levels we observed

FIG. 5. Verapamil effects on STZ-induced diabetes and b-cell apoptosis. Male C57BL/6 mice received multiple low-dose STZ injections (40 mg/kg/day)
for 5 days and then half the mice received verapamil (V) in their drinking water (100 mg/kg/day). A: Blood glucose (mean 6 SEM) in STZ- and STZ +
verapamil–treated mice (n = 3 mice per group). B: Verapamil effects on islet TXNIP protein levels in STZ-induced diabetic mice. S, STZ. C: Comparison
of pancreas cross-section of STZ- and STZ + verapamil–treated mice (blue = insulin staining). D and E: b-Cell apoptosis as assessed by TUNEL in
response to verapamil treatment in STZ-induced diabetic mice. pos, positive. White arrows point at apoptotic nuclei. In total,>2,000 b-cell nuclei were
analyzed per group; bars represent means 6 SEM. (A high-quality digital representation of this figure is available in the online issue.)
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in verapamil-treated animals (Figs. 6 and 7) is therefore
particularly impressive, and in the context of reduced
b-cell apoptosis, this finding underlines the importance
and the extent of functional b-cell preservation achieved
with verapamil. On the other hand, in the severely insulin-
resistant ob/ob mice, verapamil also improved insulin
sensitivity, and this may contribute to the overall improved
glucose homeostasis in this model and indirectly promote
b-cell survival and insulin secretion (Fig. 7). Of note, this
finding is consistent with our previous results in whole
body TXNIP-deficient HcB-19 mice (2) and demonstrates
that similar to genetic TXNIP deficiency, pharmacological
downregulation of TXNIP seems to have additional extrap-
ancreatic effects that are beneficial for improving glucose
homeostasis. On the basis of reported effects of TXNIP in
extrapancreatic tissues, these are likely to include increased
muscle and adipose glucose uptake (14) and decreased
hepatic glucose production (15).

Using promoter deletion studies, we discovered that ve-
rapamil mediates its TXNIP-lowering effects via a specific
cis-acting element consisting of an E-box repeat in the
TXNIP promoter (Fig. 2). We previously reported that this
E-box motif serves as the binding site for ChREBP, which
acts as a key transcription factor controlling b-cell TXNIP
transcription (11). We now found in our ChIP studies that
verapamil decreases in vivo binding of ChREBP to this TXNIP
promoter region (Fig. 3A). We further observed that while
total ChREBP levels remained unchanged by verapamil (Fig.
4A), nuclear ChREBP was significantly reduced (Fig. 4B).

This is consistent with the notion that nuclear localization of
ChREBP plays a key role in the regulation of gene tran-
scription by this transcription factor (16,17). Nevertheless,
constitutive overexpression of ChREBP was able to blunt the
verapamil effects and thereby further confirmed the critical
role this pathway plays for the observed TXNIP-lowering ve-
rapamil effects (Fig. 3C and D). Of note, this novel pathway
seems to have implication beyond TXNIP because verapamil
also reduced ChREBP binding to LPK, another known
ChREBP target (Supplementary Fig. 2). In addition, our
findings indicate that the calcium channel blocker effects on
TXNIP expression are primarily mediated by a decrease in
intracellular calcium because we found that they were not
agent or class specific (diltiazem and verapamil), were not
restricted to L-type calcium channel blockers (NiCl2), and
could be mimicked by calcium chelators (EGTA) (Fig. 1A).
Moreover, we observed that the calcineurin inhibitor CyA
was able to effectively mimic the verapamil effects on
TXNIP transcription and ChREBP nuclear localization. It is
interesting that calcineurin signaling recently has also been
implicated in b-cell survival (18). Taken together, we pro-
pose a novel signaling pathway by which verapamil reduces
intracellular calcium, which in turn controls calcineurin sig-
naling and results in increased phosphorylation and nuclear
exclusion of ChREBP, decreased ChREBP binding to the
TXNIP promoter, and the observed reduction in TXNIP ex-
pression and b-cell apoptosis.

In the present studies, we have combined mechanistic
molecular studies, in vitro INS-1 experiments, and in vivo

FIG. 6. Verapamil (V) effects on glucose homeostasis and b-cell function and survival in overtly diabetic mice. Male C57BL/6 mice received multiple
low-dose STZ injections (40 mg/kg/day) for 5 days. At day 15, overtly diabetic mice (blood glucose >250 mg/dL) were selected to receive verapamil
in their drinking water at a regular dose of 1 mg/mL or at a 50% lower dose of 0.5 mg/mL or to serve as controls. A: Blood glucose (mean 6 SEM) in
the three experimental groups. P values designate level of significance compared with the STZ control group (n = 4–8 mice per group). B: Serum
insulin levels (mean 6 SEM) in STZ-induced diabetic mice and STZ + verapamil–treated (0.5 mg/mL) mice (n = 6–7). C: Comparison of pancreas
cross-section of STZ- and STZ + verapamil–treated mice (blue = insulin staining). (A high-quality digital representation of this figure is available in
the online issue.)
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studies using two different mouse models of type 1 and type
2 diabetes as well as human islets and different doses of
verapamil to elucidate the potential of pharmacological
downregulation of proapoptotic TXNIP for the treatment of
diabetes. Our genetic models of whole body and b-cell
TXNIP deficiency reported previously (2) strongly support
the role of TXNIP inhibition in the observed antidiabetic
effects. Additional attractive features of this approach in
regard to potential translation into clinical studies include
the possibility for oral administration of verapamil or other
calcium channel blockers and the fact that this class of
medications has been widely used for many years, including
by patients with diabetes and cardiovascular disease. More-
over, concerns about off-target effects and cardiac com-
plications are dramatically reduced by the fact that
calcium channel blockers are heart medications and, more
important, we and others have demonstrated their beneficial
effect specifically in diabetic cardiomyopathy (7,19). In ad-
dition, while the strongest effects are expected in tissues
with high expression levels of L-type calcium channels, such
as heart and b-cells, downregulation of TXNIP in other tis-
sues seems also to be beneficial (14,15) and might be re-
sponsible for the improved insulin sensitivity we observed in
BTBR ob/obmice (Fig. 7B) as well as our previously reported
double mutant congenic BTBRlepob/obtxniphcb/hcb (2).

On the other hand, we obviously also wondered why such
potentially beneficial effects of calcium channel blockers in

terms of diabetes control and progression have not been
recognized in humans. In this regard, we have to remem-
ber that calcium channel blockers are antihypertensive
drugs and most of the larger clinical studies focus on
mortality and cardiovascular events as primary and sec-
ondary outcomes, rather than metabolic control. Indeed, in
this cohort, verapamil has been shown to have beneficial
effects in diabetic cardiomyopathy (19). In addition, while
our data indicate that verapamil is capable of reversing
diabetes progression in overtly diabetic mice, the effect is
more pronounced when the treatment is initiated earlier in
the disease progress. However, unlike ACE inhibitors, cal-
cium channel blockers are not typically used as the first-line
antihypertensive drug in patients with diabetes, resulting
in a diabetic population taking verapamil that is skewed
toward those with long-term disease where the interven-
tion may be less effective. In future clinical studies, it
therefore will be interesting to evaluate whether early
initiation of a calcium channel blocker such as verapamil
might be beneficial in preserving endogenous insulin se-
cretion and preventing or halting disease progression es-
pecially in the hypertensive patient. In fact, two spin-off
studies of the International Verapamil SR/Trandolapril
Study (INVEST) reveal that newly diagnosed diabetes was
less frequent in verapamil SR–treated patients as com-
pared with atenolol-treated patients (P , 0.01) and that
verapamil SR reduced the risk of new-onset diabetes

FIG. 7. Verapamil (V) effects on obesity-induced diabetes and b-cell survival. BTBRlepob/ob
mice, as a model of severe obesity, insulin resistance,

and diabetes, received verapamil (1 mg/mL) in their drinking water starting at age 4 weeks. A: Blood glucose (mean 6 SEM) in verapamil-treated
and control ob/ob mice (n = 8–10 mice per group). W, weeks. B: ITTs were performed as described in RESEARCH DESIGN AND METHODS. Blood glucose
(mean 6 SEM) in verapamil-treated and control ob/ob mice is shown (n = 4). ■, verapamil-treated mice; ○, control ob/ob mice. C: Serum insulin
levels (mean 6 SEM) in 8-week-old ob/ob (white bar) and verapamil-treated ob/ob (black bar) mice (n = 4–5). D and E: b-Cell apoptosis as
assessed by TUNEL in response to verapamil treatment in obesity-induced BTBR ob/ob mice. pos, positive. White arrows point at apoptotic nuclei.
In total, >3,000 b-cell nuclei were analyzed per group; bars represent means 6 SEM. (A high-quality digital representation of this figure is
available in the online issue.)
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especially in Hispanics (20,21). Obviously, these clinical
findings strongly support our more mechanistic studies
and suggest that verapamil-derived approaches may in-
deed provide clinically relevant outcomes in terms of di-
abetes prevention.

In summary, the results of the current studies provide
the basis for future clinical trials using calcium channel
blockers (or other TXNIP inhibitors) that promise to en-
hance b-cell survival and function and lead to better
therapies for patients with type 1 and type 2 diabetes.
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