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regulator of energy homeostasis expressed in a subpopulation
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Abstract Type 2 diabetes is characterised by chronic
hyperglycaemia and its incidence is highly increased by exag-
gerated food consumption. It results from a lack of insulin
action/production, but growing evidence suggests that it might
also involve hyperglucagonaemia and impaired control of glu-
cose homeostasis by the brain. In recent years, the cocaine and
amphetamine-regulated transcript (CART) peptides have gen-
erated a lot of interest in the battle against obesity because, via
the brain, they exert anorexic effects and they increase energy
expenditure. They are also localised, outside the brain, in dis-
crete regions of the body and play a hormonal role in control-
ling various functions. In this issue of Diabetologia, the
Wierup group (doi: 10.1007/s00125-016-4020-6) shows that
CART peptides are expressed heterogeneously in islet cells of
various species, including humans, and that their expression is
upregulated in diabetes. The authors also shine a spotlight on
some interesting effects of CART peptides on islet function,
including stimulation of insulin secretion and inhibition of
glucagon release. CART peptides would thus be at the
centre of a cooperation between the brain and the endocrine
pancreas to control glucose homeostasis. Although the
mechanisms of action of CART peptides remain enigmatic
because no specific receptor for these peptides has so far
been discovered, their potential therapeutic use is evident
and represents a new challenge for future research.
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Abbreviations
Arc Arcuate nucleus
[Ca2+]c Free cytosolic Ca2+ concentration
CART Cocaine- and amphetamine-regulated transcript
GLP-1 Glucagon-like-peptide-1
TRH Thyrotropin releasing hormone

Introduction

Glucose homeostasis results from a fine tuned balance be-
tween intake, elimination, storage, production and utilisation
of fuels linked to glucose metabolism. It is affected by a
change in flux of any of these processes. Type 2 diabetes,
which is diagnosed based on impaired glucose homeostasis,
mainly occurs as a result of impaired insulin production and
action, but recent evidence infers that hyperglucagonaemia
and impaired blood glucose control by the brain are also re-
sponsible [1–3]. Weight gain and obesity are risk factors for
type 2 diabetes.

In order to cure type 2 diabetes, an ideal drug would correct
all the defects induced by the disease. Such a drug does not yet
exist, but some of them exert multiple beneficial effects, includ-
ing those which target the glucagon-like-peptide-1 (GLP-1)
receptor or those that block its degradation. The GLP-1-based
therapeutics improve glucose homeostasis by stimulating insu-
lin secretion, promoting beta cell survival and proliferation,
decreasing glucagonaemia, and producing anorexic effects
[4–6]. In this issue of Diabetologia, the Wierup group (with
Abels as first author) shows that cocaine- and amphetamine-
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regulated transcript (CART) peptides stimulate insulin secre-
tion and inhibit glucagon release from human and mouse islets
[7]. Because these peptides also induce weight loss and in-
crease energy expenditure, the authors suggest that CART pep-
tides or their mimetics might be promising agents to combat
diabetes.

Synthesis and processing of CART peptides

The designation ‘CART’ comes from previous experiments
which showed that administration of cocaine or amphetamine
in rodents upregulated a particular mRNA that was named
Cart (encoded by the Cartpt gene), which produces peptides
referred to as CART peptides [8, 9]. In rats, the Cartpt gene is
transcribed into two alternatively spliced mRNAs of different
lengths, producing two different peptides; pro-CART 1–102
and pro-CART 1–89 (Fig. 1). Nonetheless, this mRNA splic-
ing does not affect the activity of resultant CART peptides
because their active parts are encoded by regions that lie
downstream of the spliced region. CART peptides are proc-
essed in a tissue-specific manner by pro-hormone convertases
into several peptides, at least two of which are biologically
active. In rats, the bioactive peptides derived from pro-CART
1–102 are CART 55–102 and CART 62–102. Although the
bioactive peptides derived from pro-CART 1–89 are num-
bered differently than those derived from pro-CART 1–102,
namely CART 42–89 and 49–89, their amino acid sequences
are identical to those derived from pro-CART 1–102. As a
result, some confusion is present in the literature because the
same proteins (with the same amino acid sequences) are clas-
sified differently. Therefore, the bioactive peptides are inter-
changeably called CART 55–102 or CART 42–89, and CART
62–102 or CART 49–89. Humans only produce pro-CART

1–89, the bioactive forms of which are similar to those of rats,
except for the first amino acid of the long bioactive form
(CART 42–89). Unless otherwise specified, ‘CART’ will be
used hereafter to refer to any of either rat or human bioactive
peptides.

CART secretion and transduction pathways
activated by CART

It is unclear whether CART is secreted in a regulated fashion;
there are indications that CART is released in a Ca2+-depen-
dent way [10]. This is supported by the presence of CART
immunoreactivity in dense core vesicles of axon terminals
[11] and in secretory granules of islet cells [12]. CART is
found in the circulation (mainly as CART 55–102) in the
range of 10–100 pmol/l [13–15], i.e. at much lower concen-
trations than those tested in most functional experiments
(10–100 nmol/l). Diurnal variations of CART levels have
been reported [14].

Although specific binding for various CART peptides has
been documented [8, 9, 16], the putative receptor of CART
has not yet been identified. In vitro studies suggest that CART
binds to G-protein coupled receptors. In fact, there are indica-
tions that several CART receptor subtypes might exist. Some
effects of CART are blocked by pertussis toxin treatment,
suggesting a coupling to Gi/o-proteins [8, 16]. Other studies
have reported that CART increases cyclic AMP levels, which
rather points to the involvement of Gs proteins. CART was
also found to induce phosphorylation of cyclic AMP-response
element-binding protein (CREB), insulin receptor substrate
protein (IRS), protein kinase B (PKB), forkhead box protein
O1 (FoxO1), p44/42-mitogen-activated protein kinase
(p44/42 MAPK, also known as extracellular signal-regulated
kinase [ERK1/2]) and p90 ribosomal S6 kinase (p90RSK) in
INS-1 cells or hypothalamic neurons [8, 17]. The possibility
that multiple CART receptor subtypes exist is strengthened by
the observations that CART 55–102 and CART 62–102 dis-
play different potencies in some studies [8].

Extrapancreatic effects of CART

CART is widely expressed in the central nervous system.
Although variable conclusions have been reported between
studies, a consensus emerges that CART is anorexigenic.
This role is supported by its distribution in brain regions con-
trolling food intake, such as the arcuate nucleus (Arc), the
lateral hypothalamus area, the paraventricular nucleus and
the nucleus accumbens. Furthermore, observations have
shown that administration of CART decreases food intake,
whereas mice with global deletion of Cartpt (Cartpt-/- mice)
gain body weight [8, 11, 18]. Studies in humans corroborate
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Fig. 1 Amino acid numbering of rat and human pro-CART and CART
peptides. In the rat, the Cartpt gene produces two mRNA splice variants,
one that encodes a long form of pro-CART (pro-CART 1–102) and one
that encodes a short form (pro-CART 1–89). The amino acid sequences
are similar in both forms except for 13 amino acids (highlighted in blue),
which are spliced out in the short form. The bioactive fragments lie in the
carboxyl-terminal parts, shown in beige. The amino acid sequences of the
bioactive peptides are similar in the long and short forms of pro-CART,
but they are numbered differently. Only the short form is found in humans
and only amino acid 42 (highlighted in green) is different between the
bioactive forms of rats and humans
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these conclusions; missense mutation and single-nucleotide
polymorphisms of Cartpt are associated with obesity [16, 19].

The Arc is a major centre controlling appetite. It contains
two sets of neurons which reciprocally control food intake: the
orexigenic neuropeptide Y (NPY)/Agouti-related peptide
(AgRP) neurons, which promote food intake and reduce en-
ergy expenditure, and the adjacent anorexigenic pro-
opiomelanocortin (POMC)/CART neurons, which inhibit
food intake and increase energy expenditure. Fasting reduces
Cart mRNA levels in various regions of the brain controlling
food intake [16]. Interestingly, CART might mediate the ef-
fects of leptin since administration of leptin increases Cart
mRNA levels in the Arc and hypothalamic regions.
Moreover, in animals with disrupted leptin signalling, Cart
mRNA is almost absent in the Arc.

CART does not only control food intake but it also regu-
lates thermogenesis. Indeed, CART is expressed in arcuate
neurons which project to the paraventricular nucleus and con-
trol the release of thyrotropin-releasing hormone (TRH). TRH
in turn regulates pituitary gland secretion of thyroid-
stimulating hormone, which alters energy homeostasis by
stimulating heat production by muscle and brown adipose
tissue [8]. CART also plays a role in motor activity, reward
and stress, and has functional properties of an endogenous
psychostimulant [8, 19]. Further, it is involved in anxiety-
like behaviour, depression, fear and startle behaviour [8, 11].

Outside the brain, CART is found in enteric neurons, in the
vagal nerves, in pituitary endocrine cells, in adrenomedullary
cells and in antral gastrin-producing G-cells [20, 21]. CART is
directly released into the hypothalamic–pituitary portal circuit
and exerts multiple effects on the pituitary function [22].
Adrenals importantly contribute to circulating CART since
adrenalectomy causes a 70% reduction in blood CART levels
in the rat [14]. CART may also control bone resorption since
Cartpt-/- mice show signs of osteoporosis [13].

CARTand pancreatic islets

CART has been shown to affect the function of the islets of
various species. In this issue of Diabetologia, Abels et al [7]
explored the possible role of CART in human andmouse islets
in healthy conditions and in diabetes. In mice, rats and
humans, CART is expressed in islet endocrine cells and in
parasympathetic and sensory fibres innervating the islets [20,
21, 23]. The distribution of CART in islet cells is highly var-
iable between species (Fig. 2). In the normal state, CART is
expressed in rats in a subpopulation of delta- and beta cells [7,
21, 24, 25]. In mice, it is also found in a subpopulation of beta
cells but it is barely detected in delta cells. In humans, CART
(identified as CART 55–102 by western-blot) is consistently
expressed in beta- and alpha cells, contrary to what was found
in mice and rats [7]. The expression pattern is altered by dia-
betes and CARTexpression is strongly upregulated in the beta
cells of several animal models of type 2 diabetes, i.e. in
dexamethasone-treated rats, Goto–Kakizaki (GK) rats,
Zucker diabetic fatty (ZDF) rats, ob/ob mice, high fat diet
fed mice and dominant-negative HNF1α mice [7, 21, 24].
However, CART remains undetectable in alpha cells of dia-
betic rodent models [7]. In humans, diabetes increases CART
expression in both alpha- and beta cells (Fig. 2).

Interestingly, CART expression is very variable between
beta cells. Even in diabetic conditions, the percentage of
CART-positive beta cells does not exceed 60%. The reasons
for this heterogeneity are unknown but this situation is remi-
niscent of the variability of placental lactogen-induced seroto-
nin immunoreactivity in individual beta cells [26, 27], and of
the variability in glucose responsiveness of individual beta
cells [28, 29]. Heterogeneity of proliferation, gene expression
and the function of beta cells between islets as a result of
differential blood flow has also been documented in the rat
[30]. It is possible that glycaemia is a direct regulator of CART
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Fig. 2 Distribution of CART
immunoreactivity in islet cells of
various species at the adult stage
in normal (non-diabetic)
conditions or in conditions of type
2 diabetes. Beta-, alpha- and delta
cells are represented in the islet
drawing as black, green and blue
cell outlines, respectively. The
level of CART expression is
illustrated by the intensity of the
red colour used to fill the cell.
+, expressed; ++, strongly
expressed; NT, not tested;
†, personal communication (from
N. Wierup, Lund University
Diabetes Centre, Sweden)
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expression since experiments on dexamethasone-treated rats
(as a model of type 2 diabetes) have shown that correction of
hyperglycaemia using insulin normalised the upregulation of
CARTexpression [7]. A role for CART in islet growth or islet
cell differentiation is also possible since its expression is in-
creased in some rodent islet cells during development [21].

Several groups have tested the effect of CART on the secre-
tion of islet hormones (Table 1). In the rat, CARTexerts variable
effects on insulin secretion depending on the study, being inhib-
itory, stimulatory or lacking any effect [21, 24, 31]. However, it
has been found that CARTstimulates insulin release frommouse
and human islets [7]. This acute effect of CART is associated
with an increase in the frequency of glucose-induced oscillations
in free cytosolic Ca2+ concentration ([Ca2+]c) and a better syn-
chronisation of [Ca2+]c oscillations between islet subregions.
Moreover, a 24 h-exposure of mouse islet cells to CART (to
mimic type 2 diabetes) has been found to stimulate insulin re-
lease. Interestingly, in the presence of GLP-1 or cyclic AMP-
producing agents, CART 55–102 consistently amplifies insulin
secretion from rodent islets in a protein kinase A (PKA)-depen-
dent manner [7, 21, 24]. CART 55–102 also protects beta cells
against glucotoxicity and promotes survival and induces prolif-
eration of beta cells [17]. In addition, it inhibits glucagon secre-
tion of human and mouse islets at low glucose [7], and modestly
inhibits somatostatin secretion from rat islets [17, 24].

Together, these experiments highlight an important role of
CART in islet function. This is further strengthened by the
observation thatCartpt-/- mice have impaired insulin secretion
which may partly be due to a reduction in pancreatic duodenal
homeobox 1 (PDX1) and glucose transporter 2 (GLUT2) ex-
pression [18]. Because of the beneficial effect of CART on
islet function, Abels et al [7] speculate that the upregulation
of CART in type 2 diabetes might reflect a homeostatic com-
pensatory mechanism to overcome hyperglycaemia.

Although the study by Abels et al [7] gives new insights
into the effects of CART on islet function, there are still many
questions that remain unanswered and require further investi-
gation. For example, is CART released from islet cells and is it
released in a regulated fashion? Does CART exert paracrine
effects and what are these effects? How is CART expression
regulated and why is it so heterogeneous between beta cells?
By which mechanism does CART control insulin and gluca-
gon secretion? Is the long-term effect of CART (≥24 h expo-
sure) due to transcriptional effects, as shown in other systems
[32, 33]?

Conclusion

Overall, there are numerous indications that the effects of
CART peptides, whether mediated by the central nervous sys-
tem or the islets, are beneficial to combat obesity and type 2
diabetes. Moreover, CART and GLP-1 exert many similar
effects [4] that, at least at the islet level, are additive. One
major drawback of targeting CART might be the increase in
fear and anxiety-like behaviour. However, these unwanted
effects might possibly be avoided if they are mediated by
different receptor subtypes than those producing the beneficial
effects. Therefore, identification of CART receptors is urgent-
ly needed. Given the enormous public health burden of both
obesity and type 2 diabetes, exploration of the pharmacother-
apies which target CART peptides provides an exciting and
challenging area for research.
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