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Background: CART potentiates GSIS in pancreatic beta cells and confers neuroprotection.
Results: CART reduced beta cell apoptosis, induced phosphorylation of IRS, PKB, p44/42 MAPK, and CREB, and increased
proliferation.
Conclusion: CART protects beta cells from glucotoxicity and activates kinases important for cell survival and proliferation.
Significance: CART is a novel islet peptide that improves glycemia and beta cell viability.

Cocaine- and amphetamine-regulated transcript (CART) is
an islet peptide that promotes glucose-stimulated insulin secre-
tion in beta cells via cAMP/PKA-dependent pathways. In addi-
tion, CART is a regulator of neuronal survival. In this study, we
examined the effect of exogenous CART 55–102 on beta cell
viability and dissected its signaling mechanisms. Evaluation of
DNA fragmentation and chromatin condensation revealed that
CART 55–102 reduced glucotoxicity-induced apoptosis in both
INS-1 (832/13) cells and isolated rat islets. Glucotoxicity in
INS-1 (832/13) cells also caused a 50% reduction of endogenous
CART protein. We show that CART increased proliferation in
INS-1 (832/13) cells, an effect that was blocked by PKA, PKB,
andMEK1 inhibitors. In addition, CART induced phosphoryla-
tion of CREB, IRS, PKB, FoxO1, p44/42 MAPK, and p90RSK in
INS-1 (832/13) cells and isolated rat islets, all key mediators of
cell survival andproliferation.Thus,wedemonstrate thatCART
55-102 protects beta cells against glucotoxicity and promotes pro-
liferation. Taken together our data point to the potential use of
CART in therapeutic interventions targeted at enhancing func-
tional beta cell mass and long-term insulin secretion in T2D.

The pancreatic beta cells are key regulators of glucose home-
ostasis, and type 2 diabetes (T2D)2 evolves due to the inability of

the islets to adapt the beta cell mass to the increased insulin
demand. Beta cell mass is governed by a fine balance between
apoptosis and limited regenerative capacity (1–4). Regenera-
tion is likely due to the replication of the existing beta cells as
well as neogenesis from progenitors (5, 6). Dysregulation of any
of these physiological processes is likely to cause a decrease in
beta cell mass. Therefore, molecular therapies to restore func-
tional beta cell mass are critical.
Recent studies have shown the anorexigenic regulatory pep-

tide cocaine- and amphetamine-regulated transcript (CART)
to be neuroprotective (7, 8) and to activate extracellular signal-
regulated kinase (ERK) signaling in both primary cortical neu-
rons and neuronal cell lines (7, 9, 10). CART is highly expressed
in several islet cell types during development (11), and
CART�/� mice exhibit impaired beta cell function (12). Fur-
ther, CART regulates islet hormone secretion and glucose
homeostasis and potentiates the effect of glucagon-like pep-
tide-1 (GLP-1) on glucose-stimulated insulin secretion in
INS-1 (832/13) cells and isolated islets from both normal and
diabetic GK rats in a 3�-5�-cyclic adenosine monophosphate/
protein kinase A (cAMP/PKA)-dependent manner (12, 13).
Together these findings suggest that CART is important for
normal beta cell function. Although studies to identify the
CART receptor are ongoing (9, 10, 14), evidence from nucleus
accumbens neurons and differentiated PC12 cells suggests
CART to act via a G protein-coupled receptor (10, 15) that
mediates inhibition of adenylate cyclase (Gi/o). However, our
previous work in the INS-1 (832/13) cells shows that CART
stimulates the production of cAMP (indicative of a Gs�-cou-
pled receptor) in the presence of IBMX (13). In addition to its
role in islet hormone secretion, CART has been implicated in
the regulation of beta cell growth. This is based on our obser-
vations of increased CART in the beta cells of several rodent
models of T2D (13) and in endocrine cells under different
growth situations (11, 13, 16, 17). However, the role of CART in
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beta cell survival and the signaling mechanisms involved
remain unknown.
In this study, we report that CART expression in INS-1 (832/

13) beta cells is regulated by glucose. Importantly, exogenous
CART protects beta cells from glucotoxicity via increased pro-
liferation and reduced apoptosis. Furthermore, we show that
CART, in addition to increasing cAMP production, induces
phosphorylation of cAMP-response element-binding protein
(CREB), insulin receptor substrate protein (IRS), protein kinase
B (PKB)/forkhead box protein O1 (FoxO1), and p44/42-mito-
gen-activated protein kinase (p44/42MAPK)/p90 ribosomal S6
kinase (p90RSK) in the INS-1 (832/13) cells and rat islets.

EXPERIMENTAL PROCEDURES

Reagents and Antibodies—Rat CART (55–102) peptide (18,
19) was a kind gift fromDr. Lars Thim and Dr. Birgitte S.Wulff
(Novo Nordisk A/S, Målöv, Denmark). RPMI 1640, cell culture
supplements, High Capacity cDNA reverse transcription kit,
precast NOVEX SDS polyacrylamide 4–12% Bis-Tris gels, lau-
ryl dodecyl sulfate sample buffer, Click-iT� TUNEL Alexa
Fluor� 488 kit, Hoechst 33342, ProLong� Gold antifade, Opti-
MEM, and fetal bovine serum (FBS)were purchased from Invit-
rogen. The following were purchased as indicated: H89
(BioMol), MicroBCA protein assay and SuperSignal� West
Pico (Pierce), NucleoSpin (Machery-Nagel), real-time PCR
Primers (DNA Technologies A/S), Brilliant� II SYBR Green
master mix (Agilent Technologies),Complete protease inhibi-
tors, XTT reagent, and FuGENE HD (Roche Applied Science),
Glosensor (Promega), and cAMP enzyme immunoassay (EIA)
kit (Cayman Chemical Co. Most of the other reagents were
obtained from Sigma unless otherwise mentioned. The follow-
ing antibodies were used: HRP-conjugated anti-rabbit second-
ary antibody for Western blots; anti-phospho-PKB (Ser-473)
and anti-phospho-IRS-1 (Tyr-612) (BIOSOURCE/Invitrogen);
anti-IRS-2 (Upstate Biotech); anti-PKB, anti-phospho-p44/42
MAPK (Thr-202/Tyr-204), anti-p44/42 MAPK, anti-phospho-
CREB (Ser-133), anti-CREB, anti-phospho-p90RSK (Ser-380),
anti-RSK1/RSK2/RSK3, anti-phospho-FoxO1 (Ser-256), and
anti-�-tubulin (Cell Signaling Technologies); anti-CART anti-
body (20) (a kind gift from Prof. Michael J. Kuhar (Emory Uni-
versity, Atlanta, GA)); guinea pig-anti-proinsulin antibody
(Euro-Diagnostica AB); and Texas red anti-guinea pig second-
ary antibody (Jackson ImmunoResearch Laboratories).
INS-1 (832/13) Clonal Beta Cell Culture—INS-1 832/13 cells

(passages 60–70) were cultured in monolayers as described
previously (21). Briefly, cells were cultured at 37 °C and 5%CO2
in RPMI 1640 with GlutaMAXTM medium containing 2 g/liter
(11.1 mM) D-glucose and supplemented with 10% FBS, 10 mM

HEPES, 1 mM sodium pyruvate, 1% penicillin/streptomycin,
and 50 �M �-mercaptoethanol.
Isolation of Rat Islets—Wild type female Sprague-Dawley rats

(8–10 weeks old; 180–200 g) were purchased from Taconic
(Ry, Denmark) and housed under standardized conditions. The
study was approved by the Animal Ethics Committees in Lund
and Malmö. Islets were isolated by collagenase digestion in
Hanks’ buffer and handpicked under a microscope. Isolated rat
islets were maintained for 24 h in Complete RPMI 1640

medium with 10% FBS. Thereafter, islets were cultured for the
respective experiments as specified below.
Hoechst and Terminal Deoxynucleotidyl Transferase-medi-

ated Biotinylated UTP Nick End Labeling Staining (TUNEL)—
INS-1 (832/13) cells were seeded on poly-D-lysine-coated
4-well chamber slides and allowed to adhere for 24 h. To exam-
ine the effect of glucose and serum on cell toxicity (Hoechst),
cells were grown in different glucose concentrations with 10 or
1% FBS for 48 h. To test the effect of exogenous CART on
glucotoxicity, cells were exposed to 5 and 25 mM glucose at 1%
serum concentration for 48 h followed by exposure to CART
55–102 for an additional 48 h. Prior to processing for Hoechst
andTUNEL, the cells were rinsedwith PBS followed by fixation
in ice-cold 4% buffered paraformaldehyde and permeabiliza-
tion with 0.25% Triton X-100 in PBS for 20 min at room
temperature.
DNA fragmentation was assayed with Click-iT� TUNEL

Alexa Fluor� 488-based apoptosis detection system according
to the manufacturer’s instructions. Briefly, the fixed and per-
meabilized cells were incubated with terminal deoxynucleoti-
dyl transferase reaction mixture for 1 h at 37 °C in a humidified
chamber. No enzyme and DNase I-treated controls were
included. Following the enzymatic reaction, sampleswere incu-
bated in the dark with the Click-iT� reaction mixture for 30
min at room temperature. INS-1 (832/13) cells were stained
with Hoechst and mounted using ProLong� Gold antifade.

Isolated rat islets (60–80) for each condition were cultured
in RPMI 1640 medium containing 1% FBS with or without the
addition of 100 nMCART55–102 at 5 or 25mMglucose for 48 h.
The islets were then gently dispersed with 0.25% trypsin/EDTA
into a single cell suspension and were centrifuged with a Cyto-
Spin machine onto slides. Finally, cells were fixed and permea-
bilized as mentioned above. After TUNEL staining, to identify
beta cells, rat islets were stained with a guinea pig-anti-pro-
insulin antibody at a dilution of 1:2000 overnight at 4 °C. After
secondary antibody staining, the samples were stained in the
dark for 15 min with 10 �g/ml Hoechst 33342 at room temper-
ature. They were rinsed in 1� PBS, and the slides were
mounted using polyvinyl alcohol mounting media with 1,4-
diazabicyclo[2.2.2]octane. Fluorescent cell nuclei were visual-
ized in an Olympus BX60 (Tokyo, Japan) epifluorescence
microscope at 200� (islets) and 400� (INS-1 cells) magnifica-
tion, and images were acquired using a digital camera (Nikon
DS-2Mv, Nikon, Tokyo, Japan). A total of 1500–2000 cells for
each condition were counted to determine the percentage of
abnormal nuclei (Hoechst) and the percentage of TUNEL-pos-
itive cells. For Hoechst staining, we quantified cells with con-
densed chromatin, crescent-shaped condensation around the
periphery of the nucleus, or the entire nucleus appearing as one
or a group of featureless, bright spherical beads as morpholog-
ical abnormalities, i.e. dying cells. Thereafter, the total number
of cells was assessed, and the ratio was calculated.
RNA Extraction and RT-Quantitative PCR—Cells were

seeded in 6-well plates and grown at different glucose concen-
trations. RNA was extracted with TRIzol and purified using a
NucleoSpin kit, and 1�g of RNAwas reverse-transcribed using
HighCapacity cDNAkit as per themanufacturer’s instructions.
Real-time quantitative PCR was performed using SYBR Green
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chemistry on Stratagene Mx3005P using the following primers:
CART (forward, 5�-TGGATGATGCGTCCCATG, and reverse,
5�-TACTTCTTCTCATAGATCGGAATG), PPIA (forward,,
5�-AATGCTGGACCAAACACAAATG and reverse, 5�-CAAT-
GCTCATGCCTTCTTTCAC), and HPRT-1 (forward, 5�-GTT-
GGATATGCCCTTGACTATAATG, and reverse, 5�-AGATT-
CAACTTGCCGCTGTC). CART gene expression was
normalized to the reference genes, peptidylprolyl isomerase
A (PPIA) and HPRT-1.
Immunoblotting—For immunoblotting, INS-1 (832/13) cells

were seeded in 6-well plates and stimulated when they reached
80% confluency as indicated in the figure legends. Isolated rat
islets (150–200) for each condition from a total of 12 rats were
cultured in RPMI 1640 medium containing 1% FBS at 25 mM

glucose for 48 h and stimulated as indicated in the figure leg-
ends. At the respective time points, they were rinsed with ice-
cold Dulbecco’s PBS, and protein was extracted in ice-cold
Nonidet P-40 lysis buffer (50 mM Tris-HCl (pH 7.5), 1 mM

EGTA, 1 mM EDTA, 1 mM sodium orthovanadate, 10 mM sodi-
um-�-glycerophosphate, 50mM sodium fluoride, 5mM sodium
pyrophosphate, 1 mM dithiothreitol (DTT), 1% (w/v) Nonidet
P-40, and 0.27 M sucrose) with Complete protease inhibitor
mixture. Lysates were centrifuged at 14,000 � g for 15 min at
4 °C, and the protein concentration was determined using
MicroBCA.
The total cell lysates were heated at 95 °C for 2 min in lauryl

dodecyl sulfate sample buffer. Total protein (10–30 �g) was
resolved on precast NOVEX 4–12% Bis-Tris gels and trans-
ferred onto nitrocellulose membranes. The membranes were
blocked for 30min at room temperature in 50mMTris-HCl (pH
7.6), 137 mM NaCl, and 0.2% (w/v) Tween 20 (TBS-T) contain-
ing 10% (w/v) nonfat dried milk followed by overnight incuba-
tion at 4 °C with the indicated antibodies (1:1000) in TBS-T
containing 5% (w/v) protease-free bovine serum albumin. For
CART immunoblots, total cell lysates were resolved on precast
mini-PROTEAN 16.5% Tris-Tricine gels, transferred onto
PVDFmembranes, and blocked with 1% (w/v) nonfat dry milk/
Tris-buffered saline with Tween 20 (TBS-T). The blots were
incubated overnight at 4 °C with C4 anti-CART antibody
(1:1000 in 1% (w/v) nonfat dry milk/TBS-T). The bands were
visualized by enhanced chemiluminescence using horseradish
peroxidase-conjugated secondary antibody, and images were
acquired with a Fuji LAS 1000 charge-coupled device camera.
The band intensities were quantified using ImageJ software
(National Institutes of Health). Although the CART 55–102
(�5-kDa band) was normalized to �-tubulin, the phosphoryl-
ated protein bands were normalized to the respective total pro-
tein levels. Changes in protein levels are depicted as relative to
the control condition and specified further in the respective
figure legends.
XTT Assay—INS-1 (832/13) cells cultured in 96-well plates

were exposed tomediumcontaining 1%FBS and 25mMglucose
for 48 h. Cells were thereafter exposed to different kinase inhib-
itors (1 h; 5 �M H89, PKA inhibitor; 1 �M Akti1/2 and 5 �M

MK-2206, PKB inhibitors; and 100 nM PD0325901, MEK1
inhibitor) with orwithout the addition of 100 nMCART55–102
for an additional 48 h. Following this, 50 �l of XTT working
reagent was added to each well and incubated for 4 h at 37 °C

and 5% CO2. Absorbance at 450 and 630 nm was measured
using a plate reader.
Cyclic AMP Enzyme Immunoassay (cAMP EIA)—INS-1

(832/13) cells were cultured in 24-well plates and stimulated
with compounds when they were 80% confluent. Briefly, the
cells were exposed to 25 �M IBMX for 20 min followed by the
addition of 100 nM CART 55–102 and 10 �M forskolin for 30
min. At the end of the incubation, 200 �l of 0.1 M hydrochloric
acid was added per well and incubated at room temperature for
20min. Cell lysates were centrifuged at 14,000� g for 20min at
4 °C, and supernatants were collected and assayed using the
cAMP EIA kit as per the manufacturer’s instructions.
GloSensorTM cAMP Assay—INS-1 (832/13) cells were cul-

tured in 35-mmdishes asmentioned above. At 50% confluency,
cells were transiently transfected with pGlosensorTM_22F
cAMP plasmid using FuGENE� HD in regular growth medium
without antibiotics for 48 h. After transfection, the cells were
equilibrated in 2% v/v dilution of the GlosensorTM cAMP rea-
gent stock solution in serum-free RPMI 1640 with 10 mM

HEPES for 20 min followed by a 10-min incubation with 25 �M

IBMX at room temperature. Using the GloMax� 20/20 lumi-
nometer, a 5-min preread kinetic measurement was performed
tomonitor the base line. Subsequently, 100 nMCARTor 100 nM
GLP-1 was added to the cells, and kinetic traces were acquired
over 35 min and then plotted on a linear scale.
Statistical Analysis—Comparisons between any two groups

of data were performed using a Student’s two-sample t test
assuming unequal variance. A p value of � 0.05 was considered
statistically significant. Numerical data were expressed as
mean � S.D. with n signifying the number of experiments.

RESULTS

CART Is Expressed in INS-1 (832/13) Clonal Beta Cells and Is
Regulated by Glucose—INS-1 (832/13) cells are rat insulinoma
cells stably transfected with a plasmid coding for human proin-
sulin (21, 22). To determine endogenous CART expression in
INS-1 (832/13) cells and its regulation by glucose, the cells were
grown in medium supplemented with different glucose con-
centrations at 1% serum. Cells grown at the standard culture
concentration of glucose (11.1 mM) were used as control. We
found both CART transcript (65 � 26%) and protein (39 �
36%) levels to be maximal at 5 mM glucose and decreased at
higher glucose concentrations (Fig. 1, A–C). At 25 mM glucose,
CART mRNA and protein expression was significantly
decreased when compared with the control (71 � 11%; p �
0.008 and 56 � 12%; p � 0.0001) and with 5 mM glucose (82 �
11%; p � 0.01 and 68 � 12%; p � 0.003). Immunoblotting with
the anti-CART antibody in the INS-1 (832/13) cells revealed
three bands (Fig. 1B, arrowheads), similar to observations by
Dey et al. (23) in�TC3 cells. The�15-kDa band corresponds to
proCART, the �5-kDa band corresponds to CART 55–102
(upper band of the doublet that is concurrent with the CART
peptide used as positive control), and a lower band at �4.5 kDa
corresponds to CART 62–102 peptide.
CART Protects Beta Cells from Glucotoxicity—Given the

altered beta cell morphology in the CART�/� mice (12), and
having observed reduced expression of endogenous CART in
the INS-1 (832/13) cells at 25 mM glucose, we wanted to inves-
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tigate whether exogenous CART has a protective effect at this
potentially cytotoxic glucose concentration. To confirm that 25
mM glucose was toxic to the INS-1 (832/13) cells, we exposed
cells to varying glucose concentrations at 1% serum for 24 h. As
expected, Hoechst staining revealed a higher percentage of
abnormal nuclei at 25 mM when compared with 5 mM glucose
(Fig. 2A; p � 0.0001). Taking these data together with the
CART expression data (Fig. 1), we subsequently chose to use
glucose concentrations of 5 and 25mM at 1% serum and 100 nM
CART (55–102) peptide.We chose this concentration ofCART
based on previous studies on the effect of CART on glucose-
stimulated insulin secretion (13). Exposure of INS-1 (832/13)
cells to CART decreased cell toxicity by 69% (p � 0.013) at 25
mM glucose, with no significant change observed at 5 mM glu-
cose (Fig. 2, B–F).
We next evaluated DNA fragmentation as a measure of apo-

ptosis using TUNEL assay.We usedGLP-1 as a positive control
because previous studies have shown GLP-1 to protect against
glucotoxicity in beta cells (24). The addition of CART
decreased glucotoxicity-induced apoptosis by 63% (p� 0.03) in
the INS-1 (832/13) cells (Fig. 3, A–E) in accordance with
Hoechst staining. This effect of CART was comparable with
that of GLP-1 (Fig. 3E). We next examined the effect of CART
in isolated rat islets using TUNEL. CART prevented beta cell
apoptosis in the rat islets by 66% (p � 0.001) at 25 mM glucose
(Fig. 3, F–J), thus corroborating the effects observed in INS-1
(832/13) cells.
CART Elevates cAMP and Increases CREB Phosphorylation

in Beta Cells—We have previously shown exogenous CART to
raise intracellular cAMP and to potentiate glucose-stimulated

insulin secretion in a PKA-dependent manner in INS-1 (832/
13) cells in the presence of 100 �M IBMX (13). In this study, we
aimed at providing further evidence for the stimulatory effect of
CART on cAMP levels using two independent assays. cAMP
levels were monitored at steady state by cAMP EIA (Fig. 4A)
and in real time by the GloSensorTM cAMP assay (Fig. 4B).
Forskolin and GLP-1 were used as positive controls. We
observed an increase in cAMPproduction byCART in the pres-
ence of 25 �M IBMX in both assays, reflecting the activation of
adenylate cyclase. Importantly, CART also increased cAMP in
the absence of IBMX. Based on these observations and our pre-
vious studies (13), we hypothesized that CART, via enhanced
cAMP production, regulates downstream effectors including
PKA and MAPK. The cAMP-PKA-CREB signaling pathway is
known to be important in the physiological function of beta
cells including efficient glucose sensing, insulin signaling, and
survival (25, 26). We therefore examined whether CART acti-
vates CREB by inducing its phosphorylation at Ser-133 in the
beta cells. In the INS-1 (832/13) cells, chronic exposure (48 h) to
25 mM glucose followed by acute stimulation with CART did
not affect CREB phosphorylation (data not shown), but in the
rat islets, CREB phosphorylation increased by 42 � 2% (p �
0.003) and 102 � 31% (p � 0.03) at 15 and 60 min, respectively
(Fig. 4D). However, when the INS-1 (832/13) cells were glu-
cose-starved for 2 h in Krebs-Ringer buffer with HEPES
(KRB-Hwith 2.8mMglucose) following 48hof culture in 25mM

glucose and then stimulated with CART for 15 and 60 min, we
observed that CREB phosphorylation was elevated by 95� 65%
(p � 0.03) at the latter time point (Fig. 4C).

FIGURE 1. CART is expressed in INS-1 (832/13) cells with CART mRNA and protein decreased at 25 mM glucose. A, CART mRNA expression determined by
RT-quantitative PCR is shown relative to the control (INS-1 (832/13) cells grown at 11.1 mM glucose concentration). B and C, representative immunoblot (B) and
quantitation (C) of CART protein in the INS-1 (832/13) cells at different glucose concentrations relative to control (11.1 mM glucose) and normalized to �-tubulin.
Purified CART 55–102 peptide (10 ng) was used as a positive control (last lane), which corresponded to the upper band of the observed doublet. INS-1 (832/13),
cells grown in regular medium (10% FBS, 11.1.mM glucose); M, molecular mass markers with kilodaltons (kDa) depicted. The arrowheads correspond to 15-kDa
proCART, 5-kDa CART 55–102, and �4.5-kDa CART 62–102. The data in panels A and C are presented as mean � S.D. (n � 3– 4 experiments done in replicates
of 2–3). *, p � 0.05 between 5 mM and 25 mM.
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CART Activates IRS Proteins, PKB/FoxO1, and p44/42
MAPK/p90RSK—Previous studies have implicated IRS-2 and
its tyrosine phosphorylation in the regulation of beta cell mass
and survival (27–29). Using the anti-phospho-Tyr-612 IRS-1
antibody, following 48 h of chronic glucotoxicity and an acute
exposure to CART in the INS-1 (832/13) cells, there was an
increase in tyrosine phosphorylation after 15min (27� 2%; p�
0.04; Fig. 5A). In the rat islets, there was a significant increase at
60 min (35 � 5%; p � 0.01; Fig. 5B).

PKB-mediated signaling pathways have been implicated in
preventing lipo-, gluco-, and glucolipotoxicity in the parental
INS-1 as well as in the INS-1 (832/13) cells (24, 30). Moreover,
CART activated MAPKs in rodent pituitary-derived cells (9)
and conferred neuroprotection against cerebral ischemia (7).
These findings prompted us to investigate whether CART acti-
vated these protein kinases in beta cells.
In INS-1 (832/13) cells and isolated rat islets cultured in glu-

cotoxic conditions, the addition of CART resulted in elevated
phospho-PKB (Figs. 6A and 7A) and phospho-p44/42 MAPK
(Figs. 6B and 7B). As positive controls for PKB and p44/42
MAPK activation, we used 100 ng/ml IGF-1 and 400 ng/ml
12-O-tetradecanoylphorbol-13-acetate, respectively. The
phosphorylation of PKB at Ser-473 was significantly increased
at 15 min in INS-1 (832/13) cells (40 � 14%; p � 0.037) and rat
islets (40 � 6%; p � 0.027). This was further elevated at 60 min
by 81� 26%; p� 0.034 (INS-1 (832/13) cells) and 67� 6%; p�
0.01 (rat islets). On the other hand, p44/42MAPK phosphoryl-
ation at Thr-202/Tyr-204 was elevated by 53 � 18%; p � 0.035
after 15 min in INS-1 (832/13) cells with no significant change

at 60 min. However, in rat islets, we observed a 67 � 13% (p �
0.034) increase in p44/42MAPKphosphorylation at 60min but
no change at the earlier time point. Several protein substrates
downstream of PKB and p44/42 MAPK are known to promote
beta cell survival and/or proliferation (31, 32). Activation of
PKB and subsequent inactivation of FoxO1 are implicated in
glucose-dependent insulinotropic polypeptide-mediated beta
cell survival (33). In addition, in beta cells, p44/42 MAPK is
known to activate p90RSK in response to GLP-1, and this sig-
naling is suggested to mediate survival (34). Indeed, further
investigation showed that CART induced phosphorylation of
both FoxO1 at Ser-256 (Figs. 6C and 7C) and p90RSKat Ser-380
(Figs. 6D and 7D). The phospho-FoxO1 (Ser-256) antibody
(Cell Signaling Technology) recognizes a doublet that was
quantified. In the INS-1 (832/13) cells, the temporal increase in
phosphorylation of FoxO1 (92� 8% at 15 and 60min; p� 0.04)
and p90RSK (53� 17% at 15min; p� 0.03) was concomitant to
that of PKB and p44/42 MAPK, respectively. Importantly, we
observed similar temporal increases in the phosphorylation of
FoxO1 (28 � 6%; p � 0.04 and 40 � 8%; p � 0.04 at 15 and 60
min, respectively) andp90RSK (80� 14%;p� 0.03 at 60min) in
the rat islets.
CART Increases Proliferation in INS-1 (832/13) Cells via

PKA-, PKB-, and MAPK-dependent Pathways—After having
established that CART promotes cell viability and reduces apo-
ptosis under glucotoxic conditions, we examined the effect of
CART on proliferation. At 25 mM glucose, the addition of
CART increased cell proliferation by 31� 4% (p� 0.002) in the
INS-1 (832/13) cells (Fig. 8). CARThadno effect at 5 or 11.1mM

FIGURE 2. Beta cell death (detected as abnormal nuclei in Hoechst staining) is increased under glucotoxic conditions, and the addition of CART 55–102
rescues the INS-1 (832/13) cells. A, quantification of abnormal nuclei of cells grown in different glucose concentrations in the presence of 1% serum. B–E,
representative images of cells exposed to 5 mM (B and C) or 25 mM glucose (D and E) with or without the addition of 100 nM CART 55–102. F, quantification of
cells with abnormal nuclei in Hoechst staining. Random fields totaling 1500 –2000 cells were counted for each condition. 10 nM GLP-1 was used as a positive
control. Data are represented as mean � S.D. of n � 3 independent experiments. *, p � 0.05, comparing 5 and 25 mM glucose, and #, p � 0.05, comparing 25
mM glucose with and without CART. Scale bar � 20 �M
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glucose (data not shown). Having established that CART acti-
vates PKB, p44/42 MAPK, and CREB in the INS-1 (832/13)
cells, we next studied whether these pathways are required for
the effect of CART on proliferation. Indeed we observed that
CART-mediated proliferation in INS-1 (832/13) was prevented
by the addition of pharmacological inhibitors of PKA (H89),
PKB (Akti1/2 andMK-2206), andMEK1 (PD-0325901) (Fig. 8).

DISCUSSION

T2D is characterized by hyperglycemia, impaired islet hor-
mone secretion, and reduced beta cell survival (35, 36). Here we
show that the novel islet peptide CART protects against gluco-
toxicity-induced apoptosis and increases cell proliferation in
beta cells. Further, we show that CART activates key signaling
molecules in cell survival and proliferation includingCREB, IRS
proteins, PKB, and p44/42 MAPK.
Interestingly, we observed reduced CART mRNA and pro-

tein expression at high glucose concentrations. These findings

gain support from a previous report on parental INS-1 cells
(37).We believe that the reduced endogenous levels of beta cell
CART under glucotoxic conditions in the INS-1 (832/13) cells
could play a role in the observed reduced viability, thus pointing
to the importance of CART in normal beta cell function. Our
present findings that CART regulates beta cell viability is in line
with previous observations that CART is up-regulated in endo-
crine cells in different situations of cell growth, for example,
during rodent embryonic development (11), in beta cells of
rodent models of T2D (13), as well as in endocrine tumors (16,
17). Our data from Hoechst and TUNEL staining show that
glucotoxicity-mediated beta cell apoptosis was reduced by
CART, thus promoting cell viability.
CART regulates glucose homeostasis and potentiates GLP-

1-mediated glucose-stimulated insulin secretion in INS-1 (832/
13) cells and isolated islets from both wild type and GK rats in a
cAMP/PKA-dependent manner (12, 13). Concurrent with
these observations, we report that CART elevated cAMP in the

FIGURE 3. CART 55–102 prevents beta cell apoptosis in both INS-1 (832/13) cells and isolated rat islets. Representative images of INS-1 (832/13) cells (A–D)
and rat islets (F–I�) cultured in 5 mM (A, B, F, F�, G, and G�) or 25 mM glucose (C, D, H, H�, I, and I�) with or without the addition of CART 55–102. (F, G, H, and I) show
the merged image of insulin (red), TUNEL (green), and Hoechst for nuclei (blue). F�, G�, H�, and I� show the same images with TUNEL and Hoechst staining. E and
J), quantification of TUNEL-positive INS-1 (832/13) cells (E) and rat beta cells (J). 10 nM GLP-1 was used as a positive control. Rat islet beta cells were identified
using anti-proinsulin antibody. Random fields totaling 1500 –2000 cells were counted. The data are presented as mean � S.D. of n � 2– 4 independent
experiments. *, p � 0.05, 5 versus 25 mM glucose, and #, p � 0.05, comparing 25 mM glucose with and without CART. Scale bar � 20 �M
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presence of IBMX in the INS-1 (832/13) cells. This indicates
that CART, similar to GLP-1, signals through a Gs-coupled G
protein-coupled receptor in beta cells. It is noteworthy that the
GloSensor cAMP assay used in this study, in comparison with
the cAMP EIA, accurately tracks both the magnitude and the
kinetics of cAMP alterations. When discussing CART-medi-
ated cAMP signaling, it is important to note that although the
CART receptor is still unidentified, it is currently considered to
be coupled to pertussis-sensitive cAMP reduction rather than
stimulation (9, 14). On the contrary, our results indicate the
beta cell CART receptor to be coupled toG�s rather thanG�i/o,
suggesting the presence of more than one CART receptor,
which warrants further investigation.
Previous studies have shown glucose and GLP-1 receptor

agonists to regulate beta cell mass and survival in an IRS-2-de-
pendentmanner (38–41). Transgenicmice overexpressing Irs2
in pancreatic beta cells are protected fromdevelopment of T2D
(27), whereas Irs2 knock-outmice are characterized by reduced
beta cell mass and development of T2D (42, 43). Further, the
tyrosine phosphorylation of IRS-2 has been implicated in

FIGURE 4. CART 55–102 increases intracellular cAMP and induces phosphorylation of CREB at Ser-133 in INS-1 (832/13) cells and rat islets. A, the
intracellular cAMP levels were assessed by EIA using 10 �M forskolin as positive control. The data are presented as mean � S.D. of n � 3– 4 independent
experiments each performed in replicates of 3– 4 wells per condition. The addition of 100 nM CART 55–102 elevated cAMP in the presence of IBMX, *, p � 0.05
when compared with no CART control. B, kinetic response of the pGloSensorTM-22F biosensor variant after transient expression. 100 nM CART 55–102 elevated
cAMP both in the presence and in the absence of IBMX. The data are shown as a representative trace from two experiments each performed in quadruplicates
for each compound. RLU, relative light units. C and D, CART 55–102-mediated phosphorylation of CREB at Ser-133 in INS-1 (832/13) cells (C) exposed to
glucotoxic conditions followed by 2 h of starvation in KRB-H buffer and in isolated rat islets (D). A representative immunoblot is shown with 5 �M

forskolin as a positive control. The bar graph represents quantification of the relative levels of phospho-CREB to total CREB. The data are represented as
mean � S.D. (n � 3– 6 experiments) with each condition performed in replicates (2–3) for INS-1 (832/13) and isolated rat islets. *, p � 0.05, when
compared with no CART control.

FIGURE 5. CART 55–102 induces tyrosine phosphorylation of IRS in INS-1
(832/13) cells (A) and isolated rat islets (B) exposed to 48 h glucotoxic
conditions followed by stimulation with CART 55–102 for indicated
times. Representative immunoblots are shown with IGF-1 as positive control.
The bar graphs represent quantification of relative levels of phospho-Tyr IRS
(pY IRS) normalized to total IRS-2. The data are presented as mean � S.D. of
n � 3 independent experiments with each condition performed in replicates
(2–3). *, p � 0.05, when compared with no CART control.
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increased beta cell growth and survival (28). In light of this, our
observation that CART induces the tyrosine phosphorylation
of IRS in beta cells following a glucotoxic insult provides further
support for a role of CART in cell viability. The antibody used
was raised against an epitope of human IRS-1 containing Tyr-
612 (the sequence being conserved in mouse, rat, and chicken).
This site, and its surrounding sequence, is, however, conserved
in IRS-2, and given the predominance of IRS-2 in pancreatic
beta cells (29, 43–47), it is likely that the anti-pY612 IRS-1
antibody also recognizes the IRS-2 isoform. The observation
that acute CART exposure resulted in increased levels of total
IRS-2 protein (data not shown) is likely related to altered pro-
tein stability. IRS proteins are known to be regulated via pro-
teasomal degradation, for example, during prolonged treat-
ment with insulin/IGF-1, and potentially also glucose. It is
possible that CART inhibits signaling pathways that trigger this
degradation.
Once phosphorylated, IRS proteins are known to interface

with SH2 domain-containing proteins and further activate
other tyrosine kinases, thus initiating signaling cascades (29, 48,
49). A number of growth factor- and glucose-regulated protein
kinase cascades have been implicated in beta cell survival sig-
naling, including PI3K/PKB, Ras/MAPK/RSK, and cAMP/

PKA/CREB pathways (24, 32–34, 50, 51). The addition of exog-
enous CART following exposure of INS-1 (832/13) cells and rat
islets to high glucose activated PKB and p44/42 MAPK, two
central mediators of cell proliferation and anti-apoptotic
action. The observation of CART-mediated phosphorylation of
FoxO1 at Ser-256, a substrate for PKB, is suggestive of a PKB/
FoxO1 survival cascade in CART-mediated cytoprotection of
beta cells. The observed effects of CART on these pathways are
reminiscent of the effects of both GLP-1 and glucose-depen-
dent insulinotropic polypeptide (24, 30, 33, 52–55).
We also showed that CART induces phosphorylation of

p44/42 MAPK at Thr-202/Tyr-204, a key modulator of both
beta cell proliferation and survival. This is in line with prior
studies showing CART to activate the MAPK pathway and
promoting subsequent neuroprotection (7, 9). Further, we
observed the activation of p90RSK at Ser-380, a downstream
target of p44/42MAPK, and a regulator of cell proliferation. In
fact, Quoyer et al. (34), have shown GLP-1 to be anti-apoptotic
in beta cells through the activation of p44/42 MAPK and
p90RSK. In addition, the temporal phosphorylation of FoxO1
and p90RSK is similar to that of PKB and p44/42 MAPK,
respectively, indicating the linearity of these signaling mole-
cules downstream of CART. Importantly, we show further evi-

FIGURE 6. CART 55–102 activates PKB- and MAPK-dependent pathways in INS-1 (832/13) cells exposed to glucotoxic conditions. A–D, representative
immunoblots are shown with respective positive controls, IGF-1 (A and C) and 12-O-tetradecanoylphorbol-13-acetate (TPA) (B and D). The bar graphs represent
quantification of relative levels of phospho-PKB (Ser-473) (A), phospho-FoxO1 (Ser-256) (C), phospho-p44/42 MAPK (Thr-202/Tyr-204) (B), and phospho-
p90RSK (Ser-380) (D). All phosphorylated protein bands were normalized to that of the corresponding total protein. The data are presented as mean � S.D. of
n � 3–5 independent experiments with each condition performed in replicates (2–3). *, p � 0.05, when compared with no CART control.
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dence for the role of the MAPK and PKB signaling in CART-
mediated cell proliferation with the use of pharmacological
inhibitors of these kinases.
The cAMP/PKA/CREB pathway has been implicated in cell

proliferation with cAMP having an inhibitory role in some cell
types, but enhancing proliferation in others (51). In our study,
proliferation was blocked by H89, a PKA inhibitor, suggesting
that cAMP/PKA signaling might be relevant to cell prolifera-
tion in the INS-1 (832/13) cells. Furthermore, our observation
that CART activated CREB in the INS-1 (832/13) cells and rat
islets is corroborated by findings from prior studies in neuronal
models (15, 56, 57). Because glucose by itself is known to trigger
these signaling pathways in the beta cells (32, 58, 59), we con-
firmed that CART indeed activates CREB by starving the cells
for an additional 2 h in KRB-Hwith 2.8mM glucose after 48 h of
glucotoxicity before stimulating with CART. Further, evidence
of this pathway being involved in beta cell proliferation comes
from in vivo studies showing that beta Gs knock-out mice
exhibit reduced beta cell mass due to decreased cell prolifera-

FIGURE 7. CART 55–102 activates PKB- and MAPK-dependent pathways in isolated rat islets exposed to glucotoxic conditions. A–D, representative
immunoblots are shown with respective positive controls IGF-1 (A and C) and 12-O-tetradecanoylphorbol-13-acetate (TPA) (B and D). The bar graphs represent
quantification of relative levels of phospho-PKB (Ser-473) (A), phospho-FoxO1 (Ser-256) (C), phospho-p44/42 MAPK (Thr-202/Tyr-204) (B), and phospho-
p90RSK (Ser-380) (D). All phosphorylated protein bands were normalized to that of the corresponding total protein. The data are presented as mean � S.D. of
n � 3 independent experiments with each condition performed in duplicates. *, p � 0.05, when compared with no CART control.

FIGURE 8. CART 55–102 increases cell proliferation in INS-1 (832/13) cells
via PKA-, MAPK-, and PKB-dependent pathways. The addition of 100 nM

CART 55–102 increased proliferation in INS-1 (832/13) cells cultured in 25 mM

glucose for 48 h. The addition of pharmacological inhibitors of PKA (H89),
MEK1 (PD0325901), and PKB (Akti1/2 and MK2206) abolished the proliferative
effect of CART. The data are presented as mean � S.D. of n � 3–5 independent
experiments each performed in replicates of 6 – 8 wells per condition. *, p �
0.05 when compared with no CART control for each inhibitor.
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tion (60). Studies in mouse beta cells show that IRS-2 is regu-
lated in aCREB-dependentmanner promoting cell survival (26,
61, 62). Considering the positive effect of CART on CREB
observed in INS-1 832/13 cells and isolated rat islets, it is pos-
sible that long-term treatment with CART (such as in our sur-
vival assays) indeed leads to a CREB-dependent induction of
IRS-2 expression, thus suggesting a link between CREB and
IRS-2 in CART action.
Our primary objective in this study was to elucidate the role

of CART in regulating beta cell viability and its signalingmech-
anisms.We demonstrate that CART prevents beta cell apopto-
sis and increases proliferation under glucotoxic conditions.
Further, we show that CART treatment leads to the activation
of key pro-survival molecules including cAMP, CREB, IRS pro-
teins, PKB, FoxO1, p44/42 MAPK, and p90RSK in INS-1 (832/
13) clonal beta cells and isolated rat islets. These results,
together with our previous work (12, 13), suggest a pleiotropic
role of CART in beta cells including regulation of insulin secre-
tion, beta cell protection, and proliferation. Our work also indi-
cates the presence of more than one CART receptor subtype.
Progressive deterioration and loss of beta cell function have
been attributed to hyperglycemia in T2D. Therefore, molecules
including CART that reduce beta cell glucotoxicity and pro-
mote maintenance of functional beta cell mass may present as
novel therapeutics.
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