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Abstract

Glucagon-like peptide-2 (GLP-2) is a 33-amino-acid proglucagon-derived
peptide secreted from enteroendocrine L cells. GLP-2 circulates at low basal
levels in the fasting period, and plasma levels rise rapidly after food ingestion.
Renal clearance and enzymatic inactivation control the elimination of bioac-
tive GLP-2. GLP-2 increases mesenteric blood flow and activates proab-
sorptive pathways in the gut, facilitating nutrient absorption. GLP-2 also
enhances gut barrier function and induces proliferative and cytoprotective
pathways in the small bowel. The actions of GLP-2 are transduced via a sin-
gle G protein–coupled receptor (GLP-2R), expressed predominantly within
the gastrointestinal tract. Disruption of GLP-2R signaling increases suscep-
tibility to gut injury and impairs the adaptive mucosal response to refeeding.
Sustained augmentation of GLP-2R signaling reduces the requirement for
parenteral nutrition in human subjects with short-bowel syndrome. Hence
GLP-2 integrates nutrient-derived signals to optimize mucosal integrity and
energy absorption.
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GLP-2: glucagon-like
peptide-2

Proglucagon:
the prohormone
precursor encoding
glucagon,
oxyntomodulin,
GLP-1, and GLP-2

PGDP:
proglucagon-derived
peptide

Enteroendocrine L
cells: specialized gut
endocrine cells that
express the
proglucagon (Gcg)
gene and produce
GLP-1 and GLP-2

Dipeptidyl
peptidase-4 (DPP-4):
the specialized
exopeptidase that
exists as both a
membrane-spanning
and a soluble form and
that inactivates GLP-2
by cleavage at the
position 2 alanine

h[Gly2]-GLP-2 (also
known as
teduglutide):
a degradation-resistant
GLP-2 analog
approved for the
treatment of human
short-bowel syndrome

GLP-2 SYNTHESIS AND SECRETION

Glucagon-like peptide-2 (GLP-2) is a 33-amino-acid proglucagon-derived peptide (PGDP) hor-
mone liberated from proglucagon in enteroendocrine L cells in the small and large intestines.
GLP-2 is also synthesized in the brain, predominantly in the brain stem, from where it may
be transported to distal regions of the central nervous system to exert more-localized actions.
The control of intestinal proglucagon (and hence GLP-2) expression is regulated by nutrients;
food ingestion is the key stimulus for the induction of intestinal proglucagon gene expression
and for the synthesis and secretion of the gut PGDPs. Nevertheless, intestinal PGDPs are also
secreted at low basal rates even in the fasting state. There is limited information about the tran-
scription factors and mechanisms critical for intestinal proglucagon gene transcription and for
GLP-2 biosynthesis; Pax6, Cdx2/3, and Pparβ/δ are required for L cell development and/or in-
testinal proglucagon gene transcription in mice. Prohormone convertase 1 (PC1) liberates GLP-2
from proglucagon in the intestine; mice and humans with inactivating mutations in PC1 ex-
hibit reduced levels of circulating mature GLP-2(1–33) and enteropathies (1, 2). Plasma GLP-2
levels rise rapidly following meal ingestion (3) through mechanisms requiring engagement of
neural and endocrine circuits, as well as direct nutrient contact with L cells. Although localized
predominantly to the distal gut, L cells have been identified more proximally in the jejunum.
However, the relative contributions of proximal versus distal L cells to total PGDP secretion fol-
lowing meals and under different pathophysiological conditions are controversial and difficult to
ascertain.

Plasma levels of intestinal PGDPs and GLP-2 rise rapidly in response to intestinal injury or
major intestinal resection; nevertheless, the signals coupling sensing of gut injury to stimulation
of L cell secretion remain obscure. Intact GLP-2(1–33) is cleaved within minutes to GLP-2(3–33)
by dipeptidyl peptidase-4 (DPP-4) (4). Hence DPP-4-resistant GLP-2 analogs such as human
[Gly2]–GLP-2 (h[Gly2]-GLP-2, or teduglutide) exhibit longer circulating half-lives and greater
bioactivity relative to the native molecule (4). Inhibition of DPP-4 activity modestly potentiates
the actions of native GLP-2, but treatment with DPP-4 inhibitors does not significantly expand
the mucosal epithelium in normal rats (5). The predominant organ responsible for clearance of
GLP-2 is the kidney, and circulating GLP-2 levels rise in the setting of renal impairment (6).
Hence, dosing requirements for therapy with GLP-2R agonists such as teduglutide are reduced
by ∼50% in human subjects with moderate to severe renal impairment (7).

GLP-2 RECEPTOR

Most GLP-2 actions are mediated by a single G protein–coupled receptor (GPCR) (8), the GLP-2
receptor (GLP-2R), which exhibits considerable amino acid identity with related members of the
class B GPCR superfamily that signal through adenylate cyclase (9). The human GLP-2R cDNA
was cloned from intestinal and hypothalamic libraries and encodes a 553-amino-acid protein;
the human Glp2r gene was localized to 17p13.3, a chromosomal region not yet identified as an
intestinal disease susceptibility locus (8). A genome-wide association study examining the genetic
determinants of fetal hemoglobin levels identified an association between variants in the Glp2r and
fetal hemoglobin in erythrocytes of male subjects (10). The GLP-2R is highly selective for GLP-
2 and reacts only weakly following exposure to equimolar concentrations of structurally related
peptides such as glucagon, GLP-1, and glucose-dependent insulinotropic polypeptide (GIP) (11).
Although GLP-2(3–33) is a pharmacological antagonist at the rodent GLP-2R, this peptide also
exerts weak agonist activity (12).
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LOCALIZATION OF GLP-2 RECEPTOR EXPRESSION

Glp2r mRNA transcripts have been localized to the gastrointestinal tract, central nervous system,
and lung (8, 13). Within the gut, Glp2r mRNA transcripts are detected in the stomach and in both
the small and large intestines. The precise sites of GLP-2R expression within the gastrointestinal
tract in different animals and in humans are controversial. Immunocytochemical localization of
GLP-2R expression was reported by using a polyclonal antiserum, ALX427, in human enteroen-
docrine cells (13). Subsequent studies employing in situ hybridization localized Glp2r mRNA
transcripts to murine enteric neurons (14). A combination of in situ hybridization and immuno-
cytochemistry identified subepithelial myofibroblasts as the principal GLP-2R+ cell type in rat,
mouse, marmoset, and human small and large intestines (15). In contrast, Guan and colleagues (16)
used a combination of immunocytochemistry and RNA isolated from laser capture microdissected
tissue to identify GLP-2R expression in enteric neurons that coexpress vasoactive intestinal pep-
tide (VIP) or endothelial nitric oxide synthase (eNOS) within the submucosal plexus and myenteric
plexus. Multiple GLP-2R+ enteroendocrine cells were also identified by immunocytochemical
techniques in human and pig intestines (16). Similarly, immunocytochemistry localized GLP-2R
expression to vagal afferents in the nodose ganglia, enteroendocrine cells, enteric neurons, and
nerve fibers in the rat myenteric plexus (17), and rat colon submucosal glial cells in culture also
express an immunoreactive GLP-2R (18). Localization of GLP-2R-binding sites in human tissues
and tumors has also been carried out by using receptor autoradiography. Analysis of 237 tumor
and 148 non-neoplastic tissue samples detected GLP-2-binding sites in 68% of gastrointestinal
stromal tumors and the intestinal myenteric plexus, with relatively more binding sites detected in
the myenteric plexus from human subjects with Crohn’s disease (19).

The divergent results obtained in studies of receptor localization likely reflect the low abun-
dance of GLP-2R+ cells, species-specific differences in GLP-2R expression, and challenges with
the sensitivity and specificity of methods and reagents (predominantly antisera) used to local-
ize GLP-2R expression. Although several papers have described partial characterization of the
sensitivity and specificity of various GLP-2R antisera (13, 16, 17), the precise attributes of each
antiserum are often incompletely understood. Indeed, most reports employing antisera to detect
the GLP-2R fail to validate the sensitivity or the specificity of the antisera by using appropriate
positive and negative controls. Furthermore, we recently described major challenges surrounding
the sensitivity and specificity of antisera used to detect the related GLP-1R, demonstrating that
several commonly used GLP-1R antisera exhibit very poor sensitivity and a lack of specificity (20).

To better define the attributes of several commercially available antisera used to detect the
GLP-2R, we assessed the sensitivity and specificity of two commonly used antisera by Western
blot analysis of (a) tissue extracts from Glp2r+/+ and Glp2r−/− mice and (b) cells transfected
with Glp2r cDNAs from three different species (Figure 1). Both antisera detected a large number
of immunoreactive proteins in tissue extracts from jejunum and colon, tissues known to express
the GLP-2R, as well as in two control tissues, liver and kidney, which do not express the GLP-
2R (8, 13). Furthermore, the multiple proteins detected were indistinguishable in extracts from
Glp2r−/− versus Glp2r+/+ mice. Hence, both antisera exhibit a complete lack of specificity. We
next transfected the mouse, rat, or human Glp2r cDNAs into baby hamster kidney (BHK) fibro-
blasts and used the GLP-2R antisera in attempts to detect immunoreactive GLP-2R protein by
conventional Western blot analysis. Neither commercially available antiserum was able to detect
any of the three GLP-2R proteins (Figure 1b). To greatly enhance the sensitivity of the detection
method, we immunoprecipitated extracts by using an anti-FLAG antibody from cells transfected
with the FLAG epitope–tagged human GLP2R cDNA. Immunoblotting revealed a faint GLP-
2R-immunoreactive band with only one of the antisera, whereas the previously described ALX427
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antisera (13) robustly detected the immunoprecipitated human GLP-2R (Figure 1c). Hence these
findings engender a further note of caution in regard to the interpretation of data obtained with
incompletely characterized antisera used to detect the GLP-2R in immunocytochemical or im-
munoblotting analyses.

GLP-2 RECEPTOR SIGNAL TRANSDUCTION

GLP-2 directly increases cyclic AMP (cAMP) production in a broad range of GLP-2R-transfected
cells (8, 21). Activation of GLP-2R signaling activates immediate-early-gene expression, increases
levels of intracellular calcium, and induces the expression of cell survival genes and proteins (8,
21, 22). The direct prosurvival actions of GLP-2 in fibroblasts expressing a transfected GLP-2R
are independent of Akt, p90Rsk, or p70 S6 kinase activation and are linked to protein kinase A
(PKA)-dependent inhibition of glycogen synthase kinase-3 activation (22). Although prolonged
GLP-2R activation in vivo is not associated with tachyphylaxis (23), GLP-2R desensitization can
be induced in heterologous cells in vitro, with reduced cell surface GLP-2R expression mediated
through lipid raft–sensitive, clathrin-independent mechanisms (24). To date, studies show little
evidence for substantial differences in rodent versus human GLP-2R signaling pathways.

GLP-2 also increased cAMP accumulation in dispersed neonatal brain stem cultures (25),
in cultures of rat astrocytes (26), in fetal rat intestinal cell cultures (27), and in intestinal
homogenates prepared from rat jejunum 2 h after injection of GLP-2 (28). Primary cultures
of murine subepithelial myofibroblasts express the GLP-2R at low levels, and GLP-2 (10−8 M
or 10 nM) transiently induced insulin-like growth factor 1 (Igf1) mRNA transcripts but had
no effect on cAMP; Erk1/2 phosphorylation; intracellular calcium; or expression of Epiregulin,
heparin-binding epidermal growth factor (Hb-egf ), ErbB1, or ErbB2 mRNA transcripts in the
same experiments (29). Similarly, acute injection of h[Gly2]-GLP-2 into fasted mice increased
Igf1 mRNA transcripts in jejunal mucosa through mechanisms sensitive to the phosphoinositide-
3-kinase (PI3K) inhibitor wortmannin (29). Administration of GLP-2 in vivo induced rapid Akt
phosphorylation in murine enterocytes of fasted mice (30), and GLP-2 directly increased levels of
p-Akt and p-Erk in primary cultures of enteric neurons and glial cells from rat colonic submucosal
enteric plexus (18). In contrast, GLP-2 did not increase cAMP levels in rat colonic myenteric
neuron cultures (18). GLP-2 infusion in pigs increased jejunal eNOS expression in extracts from
gut mucosa (16). GLP-2 also increased VIP expression within the rat ileal and colonic submucosal
plexus through mechanisms sensitive to rapamycin and PD-98059 (18). Furthermore, GLP-2R

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 1
Analysis of the sensitivity and specificity of representative GLP-2 receptor (GLP-2R) antisera. (a) Western blot analysis with the
indicated commercial GLP-2R antibodies of whole-tissue extracts (40 μg protein/lane) from jejunum, colon, liver, and kidney of two
Glp2r−/− mice and two wild-type littermates. Molecular mass standards are indicated at the right. (b) BHK cells were left
untransfected (lane 5) or were transiently transfected with the vector pcDNA3.1 alone (lane 1) or with the mouse (lane 2), rat (lane 3),
or human (lane 4) Glp2r cDNA cloned into pcDNA3.1. Whole-cell extracts (40 μg protein/lane) were prepared 48 h after transfection
and analyzed by immunoblotting with the indicated commercial GLP-2R antibodies. A rabbit polyclonal antibody against neomycin
phosphotransferase II (NPTII, ∼26 kDa), encoded by pcDNA3.1, was used to assess the efficiency of the transfection. (c) Whole-cell
extracts (450 μg protein) from BHK cells transfected with pcDNA3.1 (lane 1) or with an N-terminal FLAG epitope–tagged human
GLP2R cDNA cloned into pcDNA3.1 (lane 2) were immunoprecipitated with an agarose-conjugated anti-FLAG M1 antibody.
Immune complexes were next analyzed by Western blotting by using the indicated commercial GLP-2R antibodies and a previously
characterized rabbit polyclonal GLP-2R antibody (ALX427). The ALX427 antiserum detected two immunoreactive GLP-2R proteins
of ∼65 and ∼80 kDa, corresponding to differently glycosylated species of the GLP-2R. The human and rodent Glp2r cDNAs are
predicted to encode proteins with a molecular mass of ∼53 kDa after signal peptide cleavage at a predicted consensus cleavage site.
However, the mature GLP-2R proteins are ∼20 kDa larger because of posttranslational glycosylation (8, 12, 13, 17, 24).
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Short-bowel
syndrome (SBS):
a clinical condition
characterized by loss of
fluids, electrolytes, and
energy malabsorption
arising in human
subjects after resection
of considerable
amounts of the small
bowel, with or without
concomitant resection
of the large bowel

signaling responses, including induction of VIP expression, were markedly attenuated in primary
cultures from the ileal submucosal ganglia of Pi3kγ−/− mice (18). A small body of literature
supports the existence of GLP-2-activated signaling mechanisms in cells that do not express the
known GLP-2R. Whether these findings are attributable to smaller bioactive peptides derived
from GLP-2 and/or to the existence of GLP-2R-independent signaling mechanisms requires
further investigation. The diversity of GLP-2R signaling pathways and targets identified to date
likely reflects differences in the experimental models, paradigms, and cell types under analysis.

GLP-2 ACTIONS WITHIN THE GASTROINTESTINAL TRACT

The first-described actions for GLP-2 encompassed the rapid induction of intestinal hexose trans-
port (31) and the stimulation of crypt cell proliferation. Increased cell proliferation promotes
expansion of the mucosal epithelium in the small and large intestines (32). GLP-2 also exerts
antiapoptotic actions in the normal intestine and injured intestine, enhances barrier function, and
selectively increases blood flow to the gastrointestinal tract (Figure 2).

Blood Flow

GLP-2 rapidly increased visceral blood flow and portal blood volume in pigs receiving parenteral
nutrition (PN), whereas coinfusion of L-NAME (NG-nitro-L-arginine methyl ester) eliminated
the GLP-2-stimulated induction of blood flow (33), consistent with the importance of nitric oxide
as a downstream target for GLP-2 action (16). The induction of blood flow was significant in
the pancreas and proximal gut (the duodenum and jejunum) and more prominent in the serosa
versus the mucosa, whereas GLP-2 failed to increase blood flow in the porcine ileum or colon (34).
Native GLP-2 also rapidly increased mesenteric blood flow in healthy human subjects (35), as well
as in subjects with short-bowel syndrome (SBS), end-jejunostomy, and less than 200 cm of residual
small bowel (36). The GLP-2-stimulated increases in blood flow were proportional to the length

GLP-2 actions: pharmacology versus physiology

Actions within the

gastrointestinal tract

Crypt cell proliferation

Epithelium apoptosis

Blood flow

Nutrient absorption

Motility

Inflammation

Gastric acid secretion

Gut permeability 

Extraintestinal actions

Glucagon secretion

Resorption

Food intake

Gut motility

Blood pressure 

Pancreas

Bone

Central nervous system

Intestinal mucosal adaptation

to enteral refeeding

Small-intestine susceptibility

to mucosal injury

Paneth cell function (intestinal

host-microbiota interaction) 

Exogenous GLP-2 treatment Endogenous GLP-2R action

Figure 2
Pharmacological and physiological mechanisms of GLP-2 action.
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of residual intestine. GLP-2 infusion in neonatal pigs increased intestinal blood flow, upregulated
intestinal eNOS mRNA and protein, and enhanced intestinal eNOS phosphorylation at Ser1117.
Whether induction of eNOS activity is always required for the GLP-2-dependent stimulation of
blood flow remains uncertain (16).

Nutrient Absorption

Activation of GLP-2R signaling stimulates nutrient absorption and crypt cell proliferation and
reduces apoptosis, leading to the rapid expansion of a proabsorptive mucosal epithelium (32,
37). Conversely, the absence of intestinal nutrients in rodents is associated with the rapid de-
velopment of mucosal hypoplasia; infusion of GLP-2 reverses intestinal hypoplasia in the small
bowels of parenterally fed rats in the absence of enteral nutrients, implying that GLP-2 may be
the signal linking luminal nutrients to control of mucosal proliferation and apoptosis (38). The
intestinotrophic actions of exogenous GLP-2 were also associated with the suppression of protein
degradation in the small-bowel mucosa of parenterally fed pigs (39). Furthermore, the endoge-
nous GLP-2R is essential for the mucosal adaptation to enteral refeeding, as mucosal regrowth
was attenuated in wild-type mice administered the antagonist GLP-2(3–33) (12), and Glp2r−/−
mice exhibited defective crypt cell proliferation and failed to significantly expand the small-bowel
mucosal epithelium following refeeding (40) (Figure 2).

GLP-2 increases absorption of carbohydrates, amino acids, and lipids. The GLP-2-stimulated
increases in nutrient absorption may be independent of simultaneous increases in blood flow;
however, coadministration of the nonselective NOS inhibitor L-NAME eliminated GLP-2 in-
duction of both blood flow and glucose uptake (33). Notably, GLP-2 augmented carbohydrate
absorption in experimental models of small-bowel resection (41). GLP-2 rapidly augments the
uptake of lipids and enhances triglyceride-rich-chylomicron secretion from the gut mucosa in mice
through mechanisms requiring functional CD36 expression (42). Acute administration of GLP-2
also increased plasma triglyceride and free-fatty-acid levels in healthy human subjects during a
test meal (43).

Gut Motility and Acid Secretion

Pharmacological levels of GLP-2 inhibit gastrointestinal motility and gastric acid secretion in
rodents, pigs, and humans when infused at doses that achieve circulating GLP-2 levels that are
generally higher than those obtained after meal ingestion. The effect of GLP-2 to inhibit small-
bowel motility in rats and gastric emptying in humans is less potent than that observed with
comparable infusions of GLP-1, and the inhibitory effects of GLP-2 and GLP-1 on gastric emp-
tying are not additive (44). Although GLP-2 promotes smooth muscle relaxation and modulates
electrical activity in the small bowel and colon, possibly through inhibition of cholinergic activ-
ity (45), the physiological relevance of endogenous GLP-2R signaling to small- and large-bowel
motility is uncertain. Gastric emptying is accelerated in mice with targeted deletion of Glp2r in
neurons expressing proopiomelanocortin (46), but whether neuronal GLP-2R activity is essential
for the inhibitory effects of GLP-2 on motility in the stomach, small bowel, or large bowel has
not been delineated.

Gut Permeability

GLP-2 rapidly decreases gut permeability and increases intestinal barrier function in normal ro-
dents and in preclinical models of gut injury. GLP-2 reduces ionic conductance across the gut
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epithelium and decreases transcellular migration of larger molecules such as horseradish perox-
idase. Ultrastructural features evident following GLP-2R activation in mice include increased
enterocyte length and a greater number of microvilli (47). The actions of GLP-2 to reduce gut
permeability have also been demonstrated in experimental models of acute pancreatitis (48). The
mechanisms recruited by GLP-2R signaling that rapidly reduce gut permeability have not been
identified, and direct addition of GLP-2 to isolated intestinal segments has little or no effect
on ionic conductance or barrier function. Pharmacological GLP-2 administration reduced gut
permeability in ob/ob mice, whereas acute transient interruption of GLP-2R signaling using GLP-
2(3–33) deteriorated gut barrier function, suggesting that modulation of GLP-2R signaling rep-
resents an important determinant of intestinal permeability (49). In contrast, systemic markers of
inflammation and gut permeability were not enhanced in ob/ob:Glp2r−/− mice (50), and chronic
administration of h[Gly2]-GLP-2 for several months to nonobese diabetic mice, a model of type
1 diabetes that exhibits increased gut permeability, improved gut barrier function but failed to mod-
ify the incidence of type 1 diabetes (51). Similarly, gut permeability appears normal in Glp2r−/−
mice (52). GLP-2 also reduces bacterial translocation in experimental models of gut injury or sep-
sis (48, 52, 53); whether this observation reflects direct effects on barrier function, augmentation
of immune responses, or maintenance/restoration of epithelial integrity is challenging to resolve.
Hence the significance of the GLP-2R for physiological and pharmacological control of intestinal
barrier function remains uncertain.

EXTRAINTESTINAL ACTIONS OF GLP-2

Endocrine Pancreas

Exogenous GLP-2 administration to achieve plasma levels of more than 400 pmol/L rapidly in-
creased plasma glucagon levels (Figure 2) without changing glucose levels in normal humans
during both the fasting and postprandial states (43); the stimulatory effects of GLP-2 on glucagon
levels were preserved in subjects with type 1 diabetes (54) but were diminished in human subjects
with type 2 diabetes (55). GLP-2 infusion directly increased glucagon secretion from the perfused
rat pancreas, consistent with a possible role for GLP-2Rs in islet α cells coupled to the control of
glucagon secretion. Indeed, a 142-bp Glp2r cDNA product was generated by polymerase chain
reaction in RNA from rat islets, and strong GLP-2R immunopositivity was detected by immuno-
cytochemistry in islet α cells of rats and humans (56). In contrast, GLP-2 did not increase plasma
glucagon levels under conditions of high or low glucose in mice or in isolated murine islets in
vitro, and a full-length Glp2r mRNA transcript was not detected in RNA from murine islets (50).
Furthermore, genetic disruption of the murine Glp2r is not associated with changes in fasting
glucose, glucose tolerance, or plasma glucagon levels (50). Changes in glucagon levels or glycemia
were not reported following acute or chronic GLP-2 or teduglutide administration in patients
with SBS. Hence the importance of endogenous or exogenous GLP-2R signaling for the control
of glucagon secretion and glucose homeostasis in different species requires further clarification.

Bone

Bone resorption increases in the fasted state, whereas meal ingestion is associated with reduction
of bone resorption in rodents and humans, implicating a role for one or more gut-derived factors
in bone remodeling. A 5-week course of 400 μg of native GLP-2 administered twice daily to
human subjects with SBS significantly increased spinal bone mineral density, intestinal calcium
absorption rates, and levels of plasma ionized calcium (57). Furthermore, a single subcutaneous
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ErbB superfamily:
the group of
structurally related
membrane-spanning
receptors, including
the epidermal growth
factor receptor, that
transduce one or more
signals linking
GLP-2R activation to
the promotion of
intestinal growth

injection of GLP-2 in the morning reduced markers of bone resorption in plasma [serum C-
terminal telopeptides of type 1 collagen (CTX)] and urine [deoxypyridinoline (DPD)], with no
effect on markers of bone resorption (osteocalcin) in fasting postmenopausal women (58). Admin-
istration of GLP-2 in the evening to healthy postmenopausal women also reduced the nocturnal
increase in serum CTX and produced modest but nonsignificant increases in osteocalcin levels
(59). However, sustained GLP-2 administration (1.6 or 3.2 mg daily at 10 PM) to postmenopausal
women for 14 days revealed persistent suppression of bone resorption [reduction in serum CTX
but no effect on osteocalcin and PINP (type 1 procollagen N-terminal propeptide), markers of
bone formation] (60). A longer (4-month), randomized, double-blind, placebo-controlled trial of
GLP-2 administration in postmenopausal women (with doses ranging from 0.4 to 3.2 mg daily in
the evening) demonstrated a persistent reduction in bone resorption (serum CTX) that was sus-
tained at day 120 and a significant dose-dependent increase in total hip bone mineral density, but
no change in spine bone mineral density or changes in markers of bone formation were detected
(61). The precise mechanisms and cellular targets through which GLP-2 inhibits bone resorption
require further elucidation.

Central Nervous System

Intracerebroventricular administration of GLP-2 in rodents elicited a broad range of actions,
including inhibition of food intake, preservation of cell survival, reduction of gut motility, and
decreases in blood pressure (25, 46, 62) (Figure 2). In contrast, peripheral subcutaneous or in-
travenous GLP-2 administration to humans did not inhibit food intake or gastric emptying and
had no significant effect on heart rate or blood pressure. GLP-2 regulates ion channel activity and
stimulates astrocyte proliferation in vitro, but whether endogenous or exogenous central-nervous-
system GLP-2R signaling modulates proliferative or cytoprotective actions in neural cells in vivo
requires additional investigation.

MOLECULAR MEDIATORS OF GLP-2 RECEPTOR SIGNALING
IN THE GASTROINTESTINAL TRACT

Keratinocyte Growth Factor

Multiple growth factors have been identified as targets of GLP-2 action, including keratinocyte
growth factor (KGF) (15), IGF-1 (63), and the ErbB superfamily of ligands (64) (Figure 3).
GLP-2R expression was localized to subepithelial myofibroblasts in the rat, marmoset, and human
small and large intestines by immunocytochemistry and was colocalized with a surprisingly large
number of cells immunopositive for KGF (15). Coadministration of GLP-2 and immunoneutral-
izing antisera against KGF demonstrated near complete attenuation of GLP-2-stimulated colonic
growth in mice; in contrast, GLP-2 robustly increased the mass of the murine small bowel in-
dependently of concomitant KGF immunoneutralization (53). Whether GLP-2 increases KGF
gene expression or circulating or intestinal levels of bioactive KGF remains unknown.

Insulin-Like Growth Factor 1

The observation that exogenous GLP-2 or IGF-1 increased nuclear β-catenin localization and
c-myc and sox-9 mRNA expression in the murine small bowel, together with attenuation of
GLP-2 induction of nuclear β-catenin expression by concomitant administration of the IGF-
1 receptor kinase inhibitor NVP-AEW541, implicated a role for IGF-1 as a downstream target of
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Figure 3
Key growth factor pathways transducing the intestinotrophic actions of GLP-2. IGF-1R and ErbB signaling
mediates the intestinotrophic response to GLP-2. Abbreviations: KGF, keratinocyte growth factor; IGF-1,
insulin-like growth factor 1; VIP, vasoactive intestinal peptide.

GLP-2 action (63) (Figure 3). Furthermore, GLP-2 directly increased levels of Igf1 mRNA and
immunoreactive IGF-1 protein in fetal rat intestinal cell cultures, and the intestinotrophic action
of GLP-2 was attenuated in the small bowels of Igf1−/− mice (30, 63). The actions of GLP-2 to
induce Akt phosphorylation in murine crypt cells were attenuated by NVP-AEW541 but were pre-
served in Igf1−/− mice, suggesting that factors other than IGF-1 contribute to GLP-2-mediated
Akt activation (30).

Murali et al. (65) examined the GLP-2–IGF-1 axis in mice with combined inactivation of the
IGF-binding protein (IGFBP)3 and 5 genes. Igfbp3/5 knockout mice fail to exhibit a proliferative
response to IGF-1 in the mouse jejunum (65). Nevertheless, GLP-2 significantly increased crypt
cell proliferation, villous height, and crypt depth in Igfbp3/5−/− mice, indicating that IGF-1 ac-
tion is not universally required for the intestinotrophic properties of GLP-2. Similarly, exogenous
GLP-2 increased crypt depth, villus height, small-bowel weight, and mucosal cross-sectional area
independently of any changes in crypt cell proliferation in the jejuna of mice with conditional
deletion of the Igf1r from intestinal epithelium (66). However, the GLP-2-dependent induc-
tion of c-myc and nuclear β-catenin expression was attenuated in intestinal epithelium–specific
Igf1r−/− mice. Hence IGF-1/IGF-1R signaling is required for a component of GLP-2 action in
the gastrointestinal tract (Figure 3).

Epidermal Growth Factor and ErbB Ligands

Acute GLP-2 administration rapidly induced the expression of multiple ErbB ligands in the mouse
jejunum (and colon), including mRNA transcripts for amphiregulin, epiregulin, epigen, Hb-egf, and
neuregulin-1 (64). In contrast, neither IGF-1 nor KGF increased the expression of ErbB ligands
in the small or the large bowel. Furthermore, both EGF and GLP-2 produced similar induction
of immediate early genes such as c-fos, Egr-1, and Phlda-1 and proteins such as p-Erk1/2 and
p-Akt in both the small and the large bowel, although the effects of EGF were more robust and
rapid (64). Whereas some ErbB ligands such as TGF-α require processing by metalloproteinases
prior to activation, coadministration of GM6001, a broad-spectrum matrix metalloproteinase
inhibitor, did not abrogate the GLP-2-stimulated induction of ErbB ligands or immediate-early-
gene expression. The intestinotrophic actions of GLP-2 were preserved in the Egfrwa2/wa2 mouse
and in mice coadministered EGFR inhibitors (64, 67, 68); hence the EGFR is not the primary
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ErbB target for GLP-2 action. In contrast, the pan-ErbB inhibitor CI-1033 markedly attenuated
the intestinotrophic actions of GLP-2 in the small bowel and colon (64).

Studies of refeeding-induced mucosal proliferation revealed the importance of ErbB signaling
for the actions of endogenous GLP-2. The adaptive mucosal proliferative response to refeeding
was markedly impaired in the proximal small bowels of Glp2r−/− mice, and exogenous admin-
istration of EGF, but not that of IGF-1, reversed the mucosal hypoplasia in the jejuna of refed
Glp2r−/− mice (40). Consistent with a role for ErbB ligands in the transition from fasting to
refeeding, levels of amphiregulin, epiregulin, Hb-egf, Phlda-1, and c-fos mRNA transcripts and p-
Akt protein were induced in the guts of refed mice via mechanisms sensitive to ErbB inhibition
via CI-1033 (40). Hence the endogenous GLP-2R controls the mucosal adaptation to refeeding
via the activity of one or more ErbB ligands (Figure 3).

Similarly, GLP-2 rapidly and directly increased expression of mRNA transcripts encoding the
Egfr, ErbB2, ErbB3, and ErbB4 receptors and expression of mRNA transcripts for the cognate
ligands encoded by EGF, amphiregulin, epiregulin, and Hb-egf in primary cultures from the rat
submucosal enteric plexus (18). The identity of the key ErbB-related targets essential for the
pleiotropic actions of GLP-2 in the gut requires further assessment.

GLP-2 ACTION IN EXPERIMENTAL MODELS OF GUT INJURY

GLP-2 and Preclinical Models of Cancer

Although sustained administration of GLP-2 does not appear to increase cancer incidence in non-
sensitized preclinical models, prolonged GLP-2R activation in rodents pretreated with chemical
carcinogens increases the size and number of intestinal polyps. Thulesen et al. (69) treated mice
twice daily with 25 μg of native GLP-2 or h[Gly2]-GLP-2, following initiation of colonic tu-
mor formation by using the carcinogen 1,2-dimethylhydrazine. Native GLP-2 administration for
1 month increased the number of small polyps, whereas h[Gly2]-GLP-2 treatment increased the
number of small and large polyps. Histologically, the polyps were nonmalignant tubular adeno-
mas. Similarly, administration of h[Gly2]-GLP-2, at 1.5 μg twice daily for 4 weeks, to mice with
azoxymethane (AOM)-induced aberrant crypt foci (ACF) significantly increased the numbers of
ACF, whereas treatment with the GLP-2R antagonist GLP-2(3–33) reduced the development of
ACFs (70). Notably, two mice developed intramucosal colonic tumors with histological features
consistent with colonic adenocarcinoma.

Trivedi et al. (71) assessed the consequences of GLP-2R agonism in rats and mice with
inflammation-associated colonic dysplasia and cancer. Rats were treated with a high-fat diet and
2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), and mice were administered dextran
sulfate and treated with AOM. Increased numbers of ACF and colon cancers were detected in
PhIP-treated rats that were administered h[Gly2]-GLP-2. The number of colonic lesions exhibit-
ing high-grade dysplasia was increased in mice with colitis following AOM administration and
decreased following treatment with GLP-2(3–33) (71). In contrast, treatment of nude mice with
implanted subcutaneous human colon cancers that expressed the human GLP-2R with 5 μg of
GLP-2 twice daily for 6 weeks had no effect on tumor growth (72). Similarly, administration of
5 μg of GLP-2 daily for 7 weeks to ApcMin+/− mice did not increase the number or size of in-
testinal tumors, and genetic inactivation of the endogenous Glp2r in Glp2r−/−: ApcMin/+ mice did
not modify tumor number, size, or location (72). Hence the ability of exogenous or endogenous
GLP-2R signaling to modify the growth of preexisting intestinal tumors depends on the precise
experimental model used.
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Table 1 Preclinical models of intestinal disorders exhibiting amelioration in response to GLP-2a

� TPN-induced gut hypoplasia
� Major small-bowel resection and short-bowel syndrome
� Colonic injury (dextran sulfate colitis)
� Indomethacin-induced enterocolitis
� TNBS-induced enteritis
� Infectious enteritis
� Antigen-induced inflammatory bowel disease
� Burn- and radiation-induced enteritis
� Vascular intestinal ischemia
� Chemotherapy-induced mucositis
� Immune-mediated hypersensitivity injury
� Sepsis-induced mucosal dysfunction and reduced barrier function

aAbbreviations: TNBS, trinitrobenzene sulfonic acid; TPN, total parenteral nutrition.

CHEMICAL, ISCHEMIC, AND RADIATION INJURY
IN THE GASTROINTESTINAL TRACT

Activation of GLP-2R signaling protects the small and large bowels in a broad spectrum of ex-
perimental models of intestinal injury (Table 1). GLP-2R agonists have been administered both
prior to and after chemotherapy and chemical injury; the degree of mucosal protection was highly
dependent on the specific model and timing of GLP-2 administration. Administration of h[Gly2]-
GLP-2 after a single injection of 5-fluorouracil (5-FU) improved villus height and crypt depth
in rats, whereas administration of h[Gly2]-GLP-2 for 6 days prior to and 3 days following 5-FU
injection was less effective in preserving the crypt–villus axis (73). Similarly, Boushey and col-
leagues (53) demonstrated that administration of h[Gly2]-GLP-2 for 3 days prior to and several
weeks after administration of either 5-FU or irinotecan (IRT) resulted in significantly greater sur-
vival rates relative to survival rates of mice treated with chemotherapy alone. Enhanced survival
was also detected in a subset of tumor-bearing mice treated with sequential courses of IRT and
h[Gly2]-GLP-2 for 3 weeks. h[Gly2]-GLP-2 reduced bacterial septicemia, preserved gut histol-
ogy, and decreased crypt compartment apoptosis in mice concomitantly treated with IRT (53).
Similarly, a DPP-4-resistant GLP-2 analog (NNC103-0066) preserved villus height and intestinal
weight and reduced apoptosis in the crypt compartment of mice treated with erlotinib and cisplatin
(68).

As discussed above, GLP-2 augments intestinal blood flow in the absence of vascular injury.
Several studies have examined the cytoprotective and regenerative properties of GLP-2 in the
setting of ischemic intestinal injury. Administration of GLP-2 for 3 days by intravenous infusion
after acute transient superior mesenteric artery (SMA) occlusion preserved mucosal DNA and
protein content in the rat small bowel (74). Intestinal damage and bacterial translocation were
also attenuated when GLP-2 [0.25 mg/(kg·day)] was given for 3 days prior to SMA occlusion in
mice (75). Whether GLP-2 can preserve blood flow in atherosclerotic or inflamed blood vessels
has not been tested.

Exogenous GLP-2 also reduces the severity of intestinal inflammation in the small and large
bowels (Figure 2). h[Gly2]-GLP-2 administration preserved mucosal histology, integrity, and
colon length; decreased expression of inflammatory cytokines; and reduced weight loss in both
CD1 and BALB/C mice with dextran sulfate colitis (76). Similarly, h[Gly2]-GLP-2–treated mice
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Major small-bowel
resection (MSBR):
an experimental
preclinical model
employing intestinal
resection that is
commonly used to
mimic elements of
short-bowel syndrome

with dextran sulfate colitis displayed reduced intestinal damage, decreased disease activity scores,
decreased weight loss, and improved survival, but the protective effects of GLP-2 were markedly
attenuated by concomitant administration of methylprednisolone (77). h[Gly2]-GLP-2 also en-
hanced survival, reduced intestinal injury, stimulated crypt cell proliferation, attenuated crypt
compartment apoptosis, and decreased bacterial translocation in mice with indomethacin-induced
small-bowel enteritis (78). GLP-2 had a therapeutic effect when administration was commenced
prior to or after induction of gut injury with indomethacin and was associated with reduced expres-
sion of TNF-α, IL-2, IFN-γ, and IL-10 in the small bowel (78). Similarly, GLP-2 2G-XTEN,
a long-acting GLP-2R agonist, improved body weight, decreased intestinal ulceration, preserved
small-bowel mucosal histology, and reduced levels of TNF-α in rats with indomethacin-induced
enteritis (79). Administration of GLP-2 prior to γ-radiation-induced intestinal injury also pre-
served epithelial mass and increased crypt stem cell survival in mice and rats (80, 81).

The mechanisms mediating the anti-inflammatory actions of GLP-2 are likely indirect,
either through maintenance of gut barrier integrity or through induction of anti-inflammatory
mediators. GLP-2R expression or action has not been demonstrated in immune cells from bone
marrow, spleen, thymus, or lymph nodes (51). Although IL-10 is not required for the therapeutic
and anti-inflammatory actions of GLP-2 in the gut (82), Sigalet and colleagues (83) identified
VIP as an important mediator of the anti-inflammatory effects of GLP-2. The anti-inflammatory
actions of GLP-2 (reduced intestinal cytokine expression and decreased myeloperoxidase activ-
ity) in a rat model of trinitrobenzene sulfonic acid (TNBS)-induced colitis were attenuated by
coadministration of the VIP hybrid antagonist Lys(1)-Pro(2,5)-Arg(3,4)-Tyr(6)VIP(7–28) (83);
conversely, GLP-2 increased the number of VIP+ neurons in the ileal submucosal plexus. The
anti-inflammatory actions of GLP-2 were more apparent when GLP-2 administration was com-
menced after the induction of gut injury. GLP-2 [0.05 mg/(kg·day)] selectively preserved the
number of VIP+ neurons but had no effect on neuronal NOS, neurons, or glial cells in intesti-
nal ganglia from rats with TNBS-induced colitis (84). GLP-2 also increased the expression of
neuronal markers in cells cultured from the submucosal plexus ex vivo; such increases occurred
through mechanisms sensitive to the inhibition of PI3K, mTOR, or Erk1/2 (18). Furthermore,
enteric neuronal preparations isolated from Pi3kγ−/− mice failed to upregulate VIP expres-
sion in response to GLP-2 administration for 7 days ex vivo, yet exhibited a marked induction
of mRNA transcripts for the ErbB ligands encoded by amphiregulin, epiregulin, and Hb-egf and
for the Egfr, ErbB2, ErbB3, and ErbB4 receptors (17). Nevertheless, VIP is not required for the
GLP-2-dependent induction of ErbB ligands or for the stimulation of intestinal growth in mice
(85).

Major Small-Bowel Resection

Endogenous circulating GLP-2 levels increase following major small-bowel resection (MSBR)
(86), independently of the presence or absence of enteral nutrients (87). Scott and colleagues (41)
administered h[Gly2]-GLP-2 twice daily [0.1 mg/(kg·day)] for 21–40 days in rats after a 75% resec-
tion of the mid-small bowel. Teduglutide significantly increased parameters of adaptation (crypt +
villus height, mucosal weight, xylose absorption) in the proximal jejunum, but not in the ileum
(41). The actions of GLP-2 (maintenance of barrier function, augmentation of crypt cell prolif-
eration and crypt + villus height, SGLT-1 expression) to enhance intestinal adaptation occurred
independently of enteral feeding in parenterally fed rats following MSBR (88). Nevertheless, body
weight, mucosal DNA and protein content, and villus height were greater after MSBR in rats that
received both enteral nutrition and GLP-2 [0.1 mg/(kg·day) for 7 days] than in rats that received
nutrition or GLP-2 alone (89). Interestingly, GLP-2 increased proglucagon (Gcg) gene expression
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in the colons of parenterally fed rats after MSBR, implying that GLP-2 may upregulate its own
expression (89). Similarly, increased levels of Gcg and Glp2r mRNA transcripts were observed in
the ilea of enterally fed rats after 7 days of continuous GLP-2 [0.1 mg/(kg·day)] infusion (90).
Perez and colleagues (91) examined the importance of endogenous GLP-2 for intestinal adapta-
tion in rats after MSBR with and without concomitant administration of anti-GLP-2 antisera that
commenced immediately after surgery and continued for 7 days. GLP-2 immunoneutralization
reduced villus height and crypt depth and decreased the number of proliferating crypt cells. Con-
tinuous GLP-2 infusion [0.1 mg/(kg·day)] reduced mortality in rats after MSBR; consistent with
the short biological half-life of GLP-2 and the rapid turnover of the gut epithelium, cessation of
exogenous GLP-2 administration reversed the beneficial effects on protein and DNA content and
rates of apoptosis in the remnant rat intestine after MSBR (92). Although most preclinical MSBR
studies have shown beneficial effects of exogenous GLP-2 on intestinal adaptation, administration
of hGLP-2 (1.6 mg/day for 7 days, then 0.8 mg/day for 5 weeks) to 4-week-old piglets after MSBR
resulted in significantly decreased weight gain, independent of changes in food intake, compared
with control pigs fed an enteral diet (93). Furthermore, GLP-2 had no effect on villus height or
crypt depth in control animals or after MSBR. Hence further study of GLP-2 action in young
pigs is required to explain why these results differ substantially from observations in rodents and
from studies demonstrating enhanced nutrient absorption, stimulation of crypt cell proliferation,
and inhibition of apoptosis in the porcine small bowel after GLP-2 administration (94).

Intestinal diversion carried out for the treatment of severe obesity, with or without concomitant
diabetes, is associated with increased delivery of incompletely digested nutrients to the distal
small bowel and increased secretion of GLP-1, GLP-2, and related gut peptides. Small-bowel
hyperplasia has been observed in some preclinical models of intestinal bypass (95), raising the
possibility that one or more gut peptides, including GLP-2, contribute to adaptive intestinal
growth in this context. Paradoxically, although enhanced GLP-2 action would be predicted to
augment nutrient absorption, bariatric surgery is universally associated with weight loss. Thus,
the role of GLP-2 in the control of energy absorption in this setting requires more careful analysis.

PHYSIOLOGICAL ACTIONS OF ENDOGENOUS
GLP-2 RECEPTOR SIGNALING

In contrast to the large number of pharmacological actions ascribed to activation of the GLP-
2R, much less is known about the importance of basal GLP-2R signaling (Figure 2). Studies of
GLP-2 physiology have employed immunoneutralizing antisera, the GLP-2R peptide antagonist
GLP-2(3–33), and Glp2r−/− mice. Immunoneutralization of endogenous GLP-2 by administra-
tion of polyclonal GLP-2 antisera for 13 days attenuated the increase in cross-sectional area of
the small-bowel mucosa without changes in the small-bowel weight of rats with streptozotocin-
induced diabetes (96). However, no differences in small-bowel weight or crypt plus villus height
were detected in Glp2r−/− mice with experimental diabetes or in ob/ob:Glp2r−/− mice (50).
Ishizuka et al. (97) administered an anti-GLP-2 antiserum to 3-week-old weanling rats every other
day for 2 weeks and detected reductions in body weight gain, small- and large-bowel weight,
and small-bowel length and a significant decrease in the number of BrdU+ cells in the distal
ileum.

Studies of wild-type mice and rats administered GLP-2(3–33) and Glp2r−/− mice have demon-
strated the importance of basal GLP-2R signaling for the adaptive mucosal response to refeeding.
Shin et al. (12) demonstrated that GLP-2(3–33) attenuated the increases in small-bowel weight,
crypt + villus height, and crypt cell proliferation and blocked the reduction of apoptotic villus
tip cells in the murine small bowel. GLP-2(3–33) also reduced small-bowel weight and crypt plus
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villus height and increased villus tip apoptosis in randomly fed mice (12). Similarly, GLP-2(3–33)
partially attenuated mucosal growth and decreased plasma levels of IGF-1 in refed rats (98). Con-
sistent with these findings, refeeding did not increase small-bowel weight, crypt cell proliferation,
or villus cell number in Glp2r−/− mice, and basal levels of mRNA transcripts for Egf, Kgf, and
Igf1r were significantly lower in fasted Glp2r−/− mice (40).

Despite the actions of exogenous GLP-2 to increase small- and large-bowel mucosal mass,
Glp2r−/− mice develop normally and exhibit normal small- and large-bowel weight, mucosal his-
tology, small-bowel permeability, and normal numbers and localization of differentiated cell types
in the small- and large-bowel epithelium (52). Nevertheless, these mice fail to exhibit induction of
growth factor gene expression or small- and large-bowel growth in response to exogenous GLP-2
administration. Although the extent of large-bowel injury following dextran sulfate administra-
tion was similar in Glp2r−/− versus Glp2r+/+ mice, loss of the GLP-2R conferred enhanced
susceptibility to small-bowel injury and greater levels of septicemia following indomethacin ad-
ministration. Furthermore, levels of small-bowel bacterial colonization were significantly higher,
expression of Paneth cell gene products was reduced, and intestinal bactericidal activity was im-
paired in Glp2r−/− mice. Taken together, these findings reveal essential roles for GLP-2R signal-
ing in adaptive mucosal growth, resistance to small-bowel injury, and microbial-mucosal defense
mechanisms in mice (Figure 2).

SHORT-BOWEL SYNDROME IN HUMAN SUBJECTS

Native GLP-2 enhances energy absorption in human subjects with SBS (Figure 4). Energy bal-
ance was assessed in nine human SBS patients treated with placebo, intravenous GLP-1, and/or
intravenous GLP-2; 1 pmol(kg·min) was administered for 72 h. Both GLP-1 and GLP-2 reduced
excretion of fecal wet weight and decreased energy loss, but GLP-2 or GLP-1 alone only modestly
enhanced energy absorption (99); the combination of GLP-1 plus GLP-2 was most effective in
enhancing fluid absorption. Hence, although a proabsorptive effect can be detected rapidly fol-
lowing native GLP-2 administration in human subjects with SBS, the optimal dosing regimen, the
time required to achieve maximal efficacy, and the mechanisms contributing to the proabsorptive
actions require further study.

Administration of GLP-2 (400 μg subcutaneously twice daily for 35 days) in eight subjects with
small-bowel resection and no residual colon significantly reduced gastric emptying and stomal
output, improved intestinal energy absorption, and increased lean and fat mass and weight gain,
independently of changes in small-bowel transit time (100). Histological evidence for increased
crypt depth and villus height was also obtained from analysis of small-bowel biopsies. Spinal and hip
bone mineral density and calcium absorption were increased, and markers of bone turnover were
reduced, with a significant decrease in levels of deoxypyridinoline in GLP-2-treated subjects (57).

Native GLP-2 was administered (400 μg subcutaneously three times daily) in an open-label
study to 11 subjects with SBS, 7 of whom had intestinal failure requiring either parenteral fluids
and/or PN, with serial analysis of nutritional balance; parenteral nutritional support was kept
constant. The most consistent finding for 8 subjects who completed the study was a reduction in
fecal wet weight, with no significant changes in energy intake or absorption, intestinal mucosal
morphology, or bone mineral density (101). GLP-2 improved multiple components of the quality-
of-life evaluation instrument in most patients, but 2 patients with Crohn’s disease discontinued
therapy because of progressive abdominal discomfort (102).

The therapeutic actions of teduglutide, a degradation-resistant human GLP-2 analog, have
been extensively examined in human subjects with SBS. Administration of teduglutide once or
twice daily for 16 days improved energy absorption and decreased energy excretion in short-bowel
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Energy absorption

Fluid absorption

Calcium, mineral, and electrolyte absorption

Plasma citrulline

Bone density

Weight gain

Lean body mass

Urine output

Creatinine clearance

Diarrhea

Energy malabsorption

Weight loss

Requirement for parenteral nutrition

Figure 4
Actions of GLP-2 in human subjects with short-bowel syndrome.

patients; the improvements in energy absorption required ongoing teduglutide administration
and were not evident 2–3 weeks following cessation of drug administration (103). A randomized,
controlled clinical trial examined the efficacy of teduglutide administered to SBS patients once
daily at doses of 0.05 or 0.1 mg/kg versus the efficacy of placebo over 26 weeks. Inclusion criteria
included a history of stable SBS requiring intravenous fluid or PN support at least 3 times per week
(104). PN weaning guidelines mandated no more than a 10% reduction in PN at 4-week intervals,
with a concomitant requirement for an increase in urine volumes, consistent with maintenance of
adequate hydration. Responders were defined as subjects who managed to reduce parenteral fluid
requirements by 20% or more from baseline at weeks 20 and 24. Both doses of teduglutide were
associated with a reduction of parenteral fluid volumes, but only the 0.05 mg/(kg·day) dose achieved
a statistically significant 20% reduction in parenteral fluid requirements (104). In this experiment,
84 patients were randomized, and 83 were dosed. At the end of 24 weeks, 94%, 88%, and 77%
of the placebo group, the 0.1 mg/(kg·day) group, and the 0.05 mg/(kg·day) group, respectively,
completed the study. Three teduglutide-treated subjects, all of whom had been PN dependent for
years prior to enrolling in the study, were completely weaned from PN. The reductions in PN
were associated with reduced oral intake and increased urine volumes, consistent with maintenance
or enhancement of hydration status. Teduglutide-treated subjects gained weight and exhibited
increased plasma levels of citrulline and a significant increase in bone mineral content (104).
Intestinal mucosal histology evaluated in a subset of patients demonstrated a significant increase
in small-bowel villous height and colonic crypt depth.
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The safety, tolerability, and efficacy of teduglutide were monitored for an additional 28 weeks in
a blinded extension study of the same groups of subjects randomized to receive treatment with 0.05
or 0.1 mg/(kg·day) for an initial 24 weeks. In this study, 52 out of 56 subjects agreed to continue on
teduglutide after completing the first 24-week study, and 43 completed a 1-year course of tedug-
lutide (105). The most commonly reported treatment-associated adverse events were headache,
nausea, vomiting, abdominal pain, nasopharyngitis, catheter sepsis, and urinary tract infection.
Abdominal pain and injection site complaints were also common, as were reports of stomal site
reaction or hypertrophy (105). Seven patients discontinued teduglutide because of persistent ab-
dominal complaints. A progressive reduction in PN volume over 52 weeks was achieved in the
teduglutide-treated subjects, most notably in the group receiving 0.05 mg/(kg·day) (4.9 L/week or
a 52% reduction at week 52). Of subjects treated with 0.05 mg/(kg·day) and subjects treated with
0.1 mg/(kg·day), 68% and 52%, respectively, achieved at least a 20% reduction in PN volume by
week 52 (105). Four weeks after drug cessation, PN requirements increased in subjects treated
with 0.05 mg/(kg·day) teduglutide, but not in the group dosed with 0.1 mg/(kg·day). Hence the
efficacy of teduglutide appears to be sustained over time, with many patients continuing to re-
duce PN requirements with ongoing treatment. Furthermore, a subset of patients, predominantly
those with greater body mass index and residual small-bowel length, plus colon in continuity, can
maintain a stable body mass index after discontinuation of teduglutide (106).

A second randomized, placebo-controlled clinical trial examined the efficacy of a single tedu-
glutide dose, 0.05 mg/(kg·day), over 24 weeks in 86 subjects (43 in each arm) with SBS (107). PN
was reduced if urine volumes were more than 10% greater than baseline. In this study, 63% of
the teduglutide-treated group versus 30% of the placebo-treated subjects achieved at least a 20%
reduction in PN volume at weeks 20 and 24. Adverse events were evenly distributed across groups,
but plasma citrulline, a biomarker for intestinal mucosal mass, was significantly increased in the
teduglutide-treated patients. Small-bowel length did not predict teduglutide responsivity, and a
trend toward greater responsivity was observed in patients without a colon in continuity (107).
At week 24, the mean PN volume reductions were 32% versus 21%, and the responder rate (20–
100% reduction in PN) was 77% versus 46%, in the teduglutide- versus placebo-treated subjects,
respectively. At 24 weeks, body weight was slightly increased (by 1 kg), and citrulline levels were
significantly higher in subjects receiving teduglutide, whereas body weight was reduced (by 0.6 kg)
in placebo-treated subjects. The most commonly reported adverse events in teduglutide-treated
subjects were abdominal pain, nausea, stomal complications, and abdominal distention, and six
patients developed non-neutralizing anti-teduglutide antibodies (107).

UNANSWERED QUESTIONS AND FUTURE DIRECTIONS

Prior to the description of the original biological actions of GLP-2 in 1996 (32), only a few dozen
papers had described elements of GLP-2 biology, with early studies restricted largely to describing
the synthesis, secretion, and circulating levels of GLP-2 in rodents and humans. Subsequently, sev-
eral hundred papers have described multiple new aspects of GLP-2 biology, including metabolic,
proabsorptive, anti-inflammatory, proliferative, antimicrobial, and cytoprotective actions in the
gut mucosa. Surprisingly, however, despite the molecular cloning and characterization of the
GLP-2R and the development of tools and mouse lines for analysis of loss of GLP-2 activity,
the molecular mechanisms transducing the pleiotropic actions of GLP-2 in rare GLP-2R+ cells
within the gut mucosa remain largely obscure.

Most GLP-2 actions described to date (summarized in Figure 2) are indirect and secondary to
endocrine, paracrine, autocrine, and neural signals activated by the GLP-2R within, and possibly
external to, the gut. The extraintestinal actions of GLP-2 remain even less defined, and the
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importance of exogenous and endogenous GLP-2 action in the central and peripheral nervous
systems remains uncertain. Many of the key actions of GLP-2 described in preclinical studies
(Figure 2 and Table 1) are conserved in humans, as teduglutide has demonstrated durable efficacy
in enhancing energy absorption and reducing PN requirements in human subjects with SBS.
Nevertheless, despite a pilot study of teduglutide action in human subjects with Crohn’s disease
(108), the therapeutic potential of GLP-2 action in miscellaneous human gastrointestinal disorders
exhibiting pathological features modeled in many of the preclinical studies to date (Table 1)
remains largely unexplored. Furthermore, the finding that sustained pharmacological GLP-2
administration promotes polyp and cancer cell growth in sensitized rodent models of carcinogen-
induced neoplasia emphasizes the importance of careful screening and follow-up of human subjects
treated with teduglutide. We have likely uncovered only a small subset of GLP-2 actions. Hence
the current GLP-2 landscape will likely change substantially in the coming years as we collectively
address the many unanswered questions surrounding the pleiotropic mechanisms of GLP-2 action
in the gut and peripheral tissues.

DISCLOSURE STATEMENT

B.Y. is not aware of any affiliations, memberships, funding, or financial holdings that might be
perceived as affecting the objectivity of this review. D.J.D. has been a consultant to NPS Phar-
maceuticals, Inc., and is a party to a GLP-2 license agreement, together with the University of
Toronto, the University Health Network, and NPS Pharmaceuticals, Inc.

LITERATURE CITED

1. Ugleholdt R, Zhu X, Deacon CF, Orskov C, Steiner DF, Holst JJ. 2004. Impaired intestinal proglucagon
processing in mice lacking prohormone convertase 1. Endocrinology 145:1349–55

2. Jackson RS, Creemers JW, Farooqi IS, Raffin-Sanson ML, Varro A, et al. 2003. Small-intestinal
dysfunction accompanies the complex endocrinopathy of human proprotein convertase 1 deficiency.
J. Clin. Investig. 112:1550–60

3. Brubaker PL, Crivici A, Izzo A, Ehrlich P, Tsai CH, Drucker DJ. 1997. Circulating and tissue forms of
the intestinal growth factor, glucagon-like peptide-2. Endocrinology 138:4837–43

4. Drucker DJ, Shi Q, Crivici A, Sumner-Smith M, Tavares W, et al. 1997. Regulation of the biological
activity of glucagon-like peptide 2 in vivo by dipeptidyl peptidase IV. Nat. Biotechnol. 15:673–77

5. Simonsen L, Pilgaard S, Orskov C, Rosenkilde MM, Hartmann B, et al. 2007. Exendin-4, but not
dipeptidyl peptidase IV inhibition, increases small intestinal mass in GK rats. Am. J. Physiol. Gastrointest.
Liver Physiol. 293:G288–95

6. Tavares W, Drucker DJ, Brubaker PL. 2000. Enzymatic- and renal-dependent catabolism of the in-
testinotropic hormone glucagon-like peptide-2 in rats. Am. J. Physiol. Endocrinol. Metab. 278:E134–39

7. Nave R, Halabi A, Herzog R, Schaffer P, Diefenbach J, et al. 2013. Pharmacokinetics of teduglutide in
subjects with renal impairment. Eur. J. Clin. Pharmacol. 69:1149–55

8. Munroe DG, Gupta AK, Kooshesh F, Vyas TB, Rizkalla G, et al. 1999. Prototypic G protein–coupled
receptor for the intestinotrophic factor glucagon-like peptide 2. Proc. Natl. Acad. Sci. USA 96:1569–73

9. Mayo KE, Miller LJ, Bataille D, Dalle S, Goke B, et al. 2003. International Union of Pharmacology.
XXXV. The glucagon receptor family. Pharmacol. Rev. 55:167–94

10. Bhatnagar P, Purvis S, Barron-Casella E, DeBaun MR, Casella JF, et al. 2011. Genome-wide association
study identifies genetic variants influencing F-cell levels in sickle-cell patients. J. Hum. Genet. 56:316–23

11. DaCambra MP, Yusta B, Sumner-Smith M, Crivici A, Drucker DJ, Brubaker PL. 2000. Structural
determinants for activity of glucagon-like peptide-2. Biochemistry 39:8888–94

12. Shin ED, Estall JL, Izzo A, Drucker DJ, Brubaker PL. 2005. Mucosal adaptation to enteral nutrients is
dependent on the physiologic actions of glucagon-like peptide-2 in mice. Gastroenterology 128:1340–53

578 Drucker · Yusta

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PH76CH26-Drucker ARI 31 December 2013 9:42

13. Yusta B, Huang L, Munroe D, Wolff G, Fantaske R, et al. 2000. Enteroendocrine localization of GLP-2
receptor expression. Gastroenterology 119:744–55

14. Bjerknes M, Cheng H. 2001. Modulation of specific intestinal epithelial progenitors by enteric neurons.
Proc. Natl. Acad. Sci. USA 98:12497–502

15. Orskov C, Hartmann B, Poulsen SS, Thulesen J, Hare KJ, Holst JJ. 2005. GLP-2 stimulates colonic
growth via KGF, released by subepithelial myofibroblasts with GLP-2 receptors. Regul. Pept. 124:
105–12

16. Guan X, Karpen HE, Stephens J, Bukowski JT, Niu S, et al. 2006. GLP-2 receptor localizes to en-
teric neurons and endocrine cells expressing vasoactive peptides and mediates increased blood flow.
Gastroenterology 130:150–64

17. Nelson DW, Sharp JW, Brownfield MS, Raybould HE, Ney DM. 2007. Localization and activation of
glucagon-like peptide-2 receptors on vagal afferents in the rat. Endocrinology 148:1954–62

18. de Heuvel E, Wallace LE, Sharkey KA, Sigalet DL. 2012. Glucagon-like peptide 2 induces vasoac-
tive intestinal polypeptide expression in enteric neurons via phophatidylinositol-3 kinase-γ signalling.
Am. J. Physiol. Endocrinol. Metab. 303:E994–1005

19. Korner M, Rehmann R, Reubi JC. 2012. GLP-2 receptors in human disease: high expression in gas-
trointestinal stromal tumors and Crohn’s disease. Mol. Cell. Endocrinol. 364:46–53

20. Panjwani N, Mulvihill EE, Longuet C, Yusta B, Campbell JE, et al. 2013. GLP-1 receptor activation
indirectly reduces hepatic lipid accumulation but does not attenuate development of atherosclerosis in
diabetic male ApoE−/− mice. Endocrinology 154:127–39

21. Yusta B, Boushey RP, Drucker DJ. 2000. The glucagon-like peptide-2 receptor mediates direct inhi-
bition of cellular apoptosis via a cAMP-dependent protein kinase–independent pathway. J. Biol. Chem.
275:35345–52

22. Yusta B, Estall J, Drucker DJ. 2002. GLP-2 receptor activation engages Bad and glycogen synthase
kinase 3 in a protein kinase A–dependent manner and prevents apoptosis following inhibition of phos-
phatidylinositol 3-kinase. J. Biol. Chem. 277:24896–906

23. Tsai C-H, Hill M, Asa SL, Brubaker PL, Drucker DJ. 1997. Intestinal growth–promoting properties of
glucagon-like peptide 2 in mice. Am. J. Physiol. Endocrinol. Metab. 273:E77–84

24. Estall JL, Yusta B, Drucker DJ. 2004. Lipid raft–dependent glucagon-like peptide-2 receptor trafficking
occurs independently of agonist-induced desensitization. Mol. Biol. Cell 15:3673–87

25. Lovshin JA, Huang Q, Seaberg R, Brubaker PL, Drucker DJ. 2004. Extrahypothalamic expression of
the glucagon-like peptide-2 receptor is coupled to reduction of glutamate-induced cell death in cultured
hippocampal cells. Endocrinology 145:3495–506

26. Velazquez E, Ruiz-Albusac JM, Blazquez E. 2003. Glucagon-like peptide-2 stimulates the proliferation
of cultured rat astrocytes. Eur. J. Biochem. 270:3001–9

27. Walsh NA, Yusta B, DaCambra MP, Anini Y, Drucker DJ, Brubaker PL. 2003. Glucagon-like peptide-2
receptor activation in the rat intestinal mucosa. Endocrinology 144:4385–92

28. Villanueva SS, Arias A, Ruiz ML, Rigalli JP, Pellegrino JM, et al. 2010. Induction of intestinal multidrug
resistance–associated protein 2 by glucagon-like peptide 2 in the rat. J. Pharmacol. Exp. Ther. 335:332–41

29. Leen JL, Izzo A, Upadhyay C, Rowland KJ, Dube PE, et al. 2011. Mechanism of action of glucagon-like
peptide-2 to increase IGF-I mRNA in intestinal subepithelial fibroblasts. Endocrinology 152:436–46

30. Dube PE, Rowland KJ, Brubaker PL. 2008. Glucagon-like peptide-2 activates β-catenin signaling in
the mouse intestinal crypt: role of insulin-like growth factor-I. Endocrinology 149:291–301

31. Cheeseman CI. 1997. Upregulation of SGLT-1 transport activity in rat jejunum induced by GLP-2
infusion in vivo. Am. J. Physiol. Regul. Integr. Comp. Physiol. 273:R1965–R71

32. Drucker DJ, Ehrlich P, Asa SL, Brubaker PL. 1996. Induction of intestinal epithelial proliferation by
glucagon-like peptide 2. Proc. Natl. Acad. Sci. USA 93:7911–16

33. Guan X, Stoll B, Lu X, Tappenden KA, Holst JJ, et al. 2003. GLP-2-mediated up-regulation of intesti-
nal blood flow and glucose uptake is nitric oxide–dependent in TPN-fed piglets. Gastroenterology 125:
136–47

34. Stephens J, Stoll B, Cottrell J, Chang X, Helmrath M, Burrin DG. 2006. Glucagon-like peptide-2 acutely
increases proximal small intestinal blood flow in TPN-fed neonatal piglets. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 290:R283–89

www.annualreviews.org • Physiology and Pharmacology of Glucagon-Like Peptide-2 579

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PH76CH26-Drucker ARI 31 December 2013 9:42

35. Bremholm L, Hornum M, Henriksen BM, Larsen S, Holst JJ. 2009. Glucagon-like peptide-2 increases
mesenteric blood flow in humans. Scand. J. Gastroenterol. 44:314–19

36. Bremholm L, Hornum M, Andersen UB, Hartmann B, Holst JJ, Jeppesen PB. 2011. The effect of
glucagon-like peptide-2 on mesenteric blood flow and cardiac parameters in end-jejunostomy short
bowel patients. Regul. Pept. 168:32–38

37. Brubaker PL, Izzo A, Hill M, Drucker DJ. 1997. Intestinal function in mice with small bowel growth
induced by glucagon-like peptide-2. Am. J. Physiol. Endocr. Metab. 272:E1050–E8

38. Chance WT, Foley-Nelson T, Thomas I, Balasubramaniam A. 1997. Prevention of parenteral nutrition–
induced gut hypoplasia by coinfusion of glucagon-like peptide-2. Am. J. Physiol. Gastrointest. Liver Physiol.
273:G559–63

39. Burrin DG, Stoll B, Jiang R, Petersen Y, Elnif J, et al. 2000. GLP-2 stimulates intestinal growth in
premature TPN-fed pigs by suppressing proteolysis and apoptosis. Am. J. Physiol. Gastrointest. Liver
Physiol. 279:G1249–56

40. Bahrami J, Yusta B, Drucker DJ. 2010. ErbB activity links the glucagon-like peptide-2 receptor to
refeeding-induced adaptation in the murine small bowel. Gastroenterology 138:2447–56

41. Scott RB, Kirk D, MacNaughton WK, Meddings JB. 1998. GLP-2 augments the adaptive response to
massive intestinal resection in rat. Am. J. Physiol. Gastrointest. Liver Physiol. 275:G911–21

42. Hsieh J, Longuet C, Maida A, Bahrami J, Xu E, et al. 2009. Glucagon-like peptide-2 increases intestinal
lipid absorption and chylomicron production via CD36. Gastroenterology 137:997–1005

43. Meier JJ, Nauck MA, Pott A, Heinze K, Goetze O, et al. 2006. Glucagon-like peptide 2 stimulates
glucagon secretion, enhances lipid absorption, and inhibits gastric acid secretion in humans. Gastroen-
terology 130:44–54

44. Nagell CF, Wettergren A, Pedersen JF, Mortensen D, Holst JJ. 2004. Glucagon-like peptide-2 inhibits
antral emptying in man, but is not as potent as glucagon-like peptide-1. Scand. J. Gastroenterol. 39:353–58

45. Amato A, Rotondo A, Cinci L, Baldassano S, Vannucchi MG, Mule F. 2010. Role of cholinergic neurons
in the motor effects of glucagon-like peptide-2 in mouse colon. Am. J. Physiol. Gastrointest. Liver Physiol.
299:G1038–44

46. Guan X, Shi X, Li X, Chang B, Wang Y, et al. 2012. GLP-2 receptor in POMC neurons suppresses
feeding behavior and gastric motility. Am. J. Physiol. Endocrinol. Metab. 130:E853–64

47. Benjamin MA, McKay DM, Yang PC, Cameron H, Perdue MH. 2000. Glucagon-like peptide-2 enhances
intestinal epithelial barrier function of both transcellular and paracellular pathways in the mouse. Gut
47:112–19

48. Kouris GJ, Liu Q, Rossi H, Djuricin G, Gattuso P, et al. 2001. The effect of glucagon-like peptide
2 on intestinal permeability and bacterial translocation in acute necrotizing pancreatitis. Am. J. Surg.
181:571–75

49. Cani PD, Possemiers S, Van de Wiele T, Guiot Y, Everard A, et al. 2009. Changes in gut microbiota
control inflammation in obese mice through a mechanism involving GLP-2-driven improvement of gut
permeability. Gut 58:1091–103

50. Bahrami J, Longuet C, Baggio LL, Li K, Drucker DJ. 2010. The glucagon-like peptide-2 receptor
modulates islet adaptation to metabolic stress in the ob/ob mouse. Gastroenterology 139:857–68

51. Hadjiyanni I, Li KK, Drucker DJ. 2009. Glucagon-like peptide-2 reduces intestinal permeability but
does not modify the onset of type 1 diabetes in the nonobese diabetic mouse. Endocrinology 150:592–99

52. Lee S-J, Lee J, Li KK, Holland D, Maughan H, et al. 2012. Disruption of the murine Glp2r impairs
Paneth cell function and increases susceptibility to small bowel enteritis. Endocrinology 153:1141–51

53. Boushey RP, Yusta B, Drucker DJ. 2001. Glucagon-like peptide (GLP)-2 reduces chemotherapy-
associated mortality and enhances cell survival in cells expressing a transfected GLP-2 receptor. Cancer
Res. 61:687–93

54. Christensen M, Knop FK, Vilsboll T, Aaboe K, Holst JJ, et al. 2010. Glucagon-like peptide-2, but
not glucose-dependent insulinotropic polypeptide, stimulates glucagon release in patients with type
1 diabetes. Regul. Pept. 163:96–101

55. Lund A, Vilsboll T, Bagger JI, Holst JJ, Knop FK. 2011. The separate and combined impact of the
intestinal hormones, GIP, GLP-1, and GLP-2, on glucagon secretion in type 2 diabetes. Am. J. Physiol.
Endocrinol. Metab. 300:E1038–46

580 Drucker · Yusta

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PH76CH26-Drucker ARI 31 December 2013 9:42

56. de Heer J, Pedersen J, Orskov C, Holst JJ. 2007. The α cell expresses glucagon-like peptide-2 recep-
tors and glucagon-like peptide-2 stimulates glucagon secretion from the rat pancreas. Diabetologia 50:
2135–42

57. Haderslev KV, Jeppesen PB, Hartmann B, Thulesen J, Sorensen HA, et al. 2002. Short-term admin-
istration of glucagon-like peptide-2. Effects on bone mineral density and markers of bone turnover in
short-bowel patients with no colon. Scand. J. Gastroenterol. 37:392–98

58. Henriksen DB, Alexandersen P, Bjarnason NH, Vilsboll T, Hartmann B, et al. 2003. Role of gastroin-
testinal hormones in postprandial reduction of bone resorption. J. Bone Miner. Res. 18:2180–89

59. Henriksen DB, Alexandersen P, Byrjalsen I, Hartmann B, Bone HG, et al. 2004. Reduction of nocturnal
rise in bone resorption by subcutaneous GLP-2. Bone 34:140–47

60. Henriksen DB, Alexandersen P, Hartmann B, Adrian CL, Byrjalsen I, et al. 2007. Disassociation of bone
resorption and formation by GLP-2: a 14-day study in healthy postmenopausal women. Bone 40:723–29

61. Henriksen DB, Alexandersen P, Hartmann B, Adrian CL, Byrjalsen I, et al. 2009. Four-month treatment
with GLP-2 significantly increases hip BMD: a randomized, placebo-controlled, dose-ranging study in
postmenopausal women with low BMD. Bone 45:833–42

62. Lovshin J, Estall J, Yusta B, Brown TJ, Drucker DJ. 2001. Glucagon-like peptide-2 action in the murine
central nervous system is enhanced by elimination of GLP-1 receptor signaling. J. Biol. Chem. 276:21489–
99

63. Dube PE, Forse CL, Bahrami J, Brubaker PL. 2006. The essential role of insulin-like growth factor-1
in the intestinal tropic effects of glucagon-like peptide-2 in mice. Gastroenterology 131:589–605

64. Yusta B, Holland D, Koehler JA, Maziarz M, Estall JL, et al. 2009. ErbB signaling is required for the
proliferative actions of GLP-2 in the murine gut. Gastroenterology 173:986–96

65. Murali SG, Brinkman AS, Solverson PM, Pun W, Pintar JE, Ney DM. 2012. Exogenous GLP-2 and
IGF-I induce a differential intestinal response in IGF binding protein-3 and -5 double knockout mice.
Am. J. Physiol. Gastrointest. Liver Physiol. 302:G794–804

66. Rowland KJ, Trivedi S, Lee D, Wan K, Kulkarni RN, et al. 2011. Loss of glucagon-like peptide-
2–induced proliferation following intestinal epithelial insulin-like growth factor-1–receptor deletion.
Gastroenterology 141:2166–75.e7

67. Hare KJ, Hartmann B, Kissow H, Holst JJ, Poulsen SS. 2007. The intestinotrophic peptide, GLP-
2, counteracts intestinal atrophy in mice induced by the epidermal growth factor receptor inhibitor,
gefitinib. Clin. Cancer Res. 13:5170–75

68. Rasmussen AR, Viby NE, Hare KJ, Hartmann B, Thim L, et al. 2010. The intestinotrophic peptide,
GLP-2, counteracts the gastrointestinal atrophy in mice induced by the epidermal growth factor receptor
inhibitor, erlotinib, and cisplatin. Dig. Dis. Sci. 55:2785–96

69. Thulesen J, Hartmann B, Hare KJ, Kissow H, Orskov C, et al. 2004. Glucagon-like peptide 2 (GLP-2)
accelerates the growth of colonic neoplasms in mice. Gut 53:1145–50

70. Iakoubov R, Lauffer LM, Trivedi S, Kim YI, Brubaker PL. 2009. Carcinogenic effects of exogenous and
endogenous glucagon-like peptide-2 in azoxymethane-treated mice. Endocrinology 150:4033–43

71. Trivedi S, Wiber SC, El-Zimaity HM, Brubaker PL. 2012. Glucagon-like peptide-2 increases dysplasia
in rodent models of colon cancer. Am. J. Physiol. Gastrointest. Liver Physiol. 302:G840–49

72. Koehler JA, Harper W, Barnard M, Yusta B, Drucker DJ. 2008. Glucagon-like peptide-2 does not modify
the growth or survival of murine or human intestinal tumor cells. Cancer Res. 68:7897–904

73. Tavakkolizadeh A, Shen R, Abraham P, Kormi N, Seifert P, et al. 2000. Glucagon-like peptide 2: a new
treatment for chemotherapy-induced enteritis. J. Surg. Res. 91:77–82

74. Prasad R, Alavi K, Schwartz MZ. 2000. Glucagonlike peptide-2 analogue enhances intestinal mucosal
mass after ischemia and reperfusion. J. Pediatr. Surg. 35:357–59

75. Guan L, Gong D, Tian N, Zou Y. 2005. Uncoupling protein 2 involved in protection of glucagon-like
peptide 2 in small intestine with ischemia-reperfusion injury in mice. Dig. Dis. Sci. 50:554–60

76. Drucker DJ, Yusta B, Boushey RP, Deforest L, Brubaker PL. 1999. Human [Gly2]-GLP-2 reduces the
severity of colonic injury in a murine model of experimental colitis. Am. J. Physiol. Gastrointest. Liver
Physiol. 276:G79–91

77. L’Heureux MC, Brubaker PL. 2003. Glucagon-like peptide-2 and common therapeutics in a murine
model of ulcerative colitis. J. Pharmacol. Exp. Ther. 306:347–54

www.annualreviews.org • Physiology and Pharmacology of Glucagon-Like Peptide-2 581

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PH76CH26-Drucker ARI 31 December 2013 9:42

78. Boushey RP, Yusta B, Drucker DJ. 1999. Glucagon-like peptide 2 decreases mortality and reduces the
severity of indomethacin-induced murine enteritis. Am. J. Physiol. Endocrinol. Metab. 277:E937–47

79. Alters SE, McLaughlin B, Spink B, Lachinyan T, Wang CW, et al. 2012. GLP2-2G-XTEN: a pharma-
ceutical protein with improved serum half-life and efficacy in a rat Crohn’s disease model. PLoS ONE
7:e50630

80. Booth C, Booth D, Williamson S, Demchyshyn LL, Potten CS. 2004. Teduglutide ([Gly2]GLP-2)
protects small intestinal stem cells from radiation damage. Cell Prolif. 37:385–400

81. Torres S, Thim L, Milliat F, Vozenin-Brotons MC, Olsen UB, et al. 2007. Glucagon-like peptide-2
improves both acute and late experimental radiation enteritis in the rat. Int. J. Radiat. Oncol. Biol. Phys.
69:1563–71

82. Ivory CP, Wallace LE, McCafferty DM, Sigalet DL. 2008. Interleukin-10-independent anti-
inflammatory actions of glucagon-like peptide 2. Am. J. Physiol. Gastrointest. Liver Physiol. 295:G1202–10

83. Sigalet DL, Wallace LE, Holst JJ, Martin GR, Kaji T, et al. 2007. Enteric neural pathways mediate the
anti-inflammatory actions of glucagon-like peptide 2. Am. J. Physiol. Gastrointest. Liver Physiol. 293:G211–
21

84. Sigalet DL, Wallace L, de Heuval E, Sharkey KA. 2010. The effects of glucagon-like peptide 2 on enteric
neurons in intestinal inflammation. Neurogastroenterol. Motil. 22:1318–e350

85. Yusta B, Holland D, Waschek JA, Drucker DJ. 2012. Intestinotrophic glucagon-like peptide-2 (GLP-2)
activates intestinal gene expression and growth factor–dependent pathways independent of the vasoactive
intestinal peptide gene in mice. Endocrinology 153:2623–32

86. Thulesen J, Hartmann B, Kissow H, Jeppesen PB, Orskov C, et al. 2001. Intestinal growth adaptation
and glucagon-like peptide 2 in rats with ileal–jejunal transposition or small bowel resection. Dig. Dis.
Sci. 46:379–88

87. Dahly EM, Gillingham MB, Guo Z, Murali SG, Nelson DW, et al. 2003. Role of luminal nutrients and
endogenous GLP-2 in intestinal adaptation to mid-small bowel resection. Am. J. Physiol. Gastrointest.
Liver Physiol. 284:G670–82

88. Martin GR, Wallace LE, Sigalet DL. 2004. Glucagon-like peptide-2 induces intestinal adaptation in
parenterally fed rats with short bowel syndrome. Am. J. Physiol. Gastrointest. Liver Physiol. 286:G964–72

89. Liu X, Nelson DW, Holst JJ, Ney DM. 2006. Synergistic effect of supplemental enteral nutrients and
exogenous glucagon-like peptide 2 on intestinal adaptation in a rat model of short bowel syndrome. Am.
J. Clin. Nutr. 84:1142–50

90. Koopmann MC, Nelson DW, Murali SG, Liu X, Brownfield MS, et al. 2008. Exogenous glucagon-
like peptide-2 (GLP-2) augments GLP-2 receptor mRNA and maintains proglucagon mRNA levels in
resected rats. J. Parenter. Enter. Nutr. 32:254–65

91. Perez A, Duxbury M, Rocha FG, Ramsanahie AP, Farivar RS, et al. 2005. Glucagon-like peptide 2 is an
endogenous mediator of postresection intestinal adaptation. J. Parenter. Enter. Nutr. 29:97–101

92. Koopmann MC, Chen X, Holst JJ, Ney DM. 2010. Sustained glucagon-like peptide-2 infusion is required
for intestinal adaptation, and cessation reverses increased cellularity in rats with intestinal failure. Am. J.
Physiol. Gastrointest. Liver Physiol. 299:G1222–30

93. Pereira-Fantini PM, Nagy ES, Thomas SL, Taylor RG, Sourial M, et al. 2008. GLP-2 administration
results in increased proliferation but paradoxically an adverse outcome in a juvenile piglet model of short
bowel syndrome. J. Pediatr. Gastroenterol. Nutr. 46:20–28

94. Burrin DG, Stoll B, Guan X, Cui L, Chang X, Holst JJ. 2005. Glucagon-like peptide 2 dose-dependently
activates intestinal cell survival and proliferation in neonatal piglets. Endocrinology 146:22–32

95. Borg CM, le Roux CW, Ghatei MA, Bloom SR, Patel AG. 2007. Biliopancreatic diversion in rats is
associated with intestinal hypertrophy and with increased GLP-1, GLP-2 and PYY levels. Obes. Surg.
17:1193–98

96. Hartmann B, Thulesen J, Hare KJ, Kissow H, Orskov C, et al. 2002. Immunoneutralization of endoge-
nous glucagon-like peptide-2 reduces adaptive intestinal growth in diabetic rats. Regul. Pept. 105:173–79

97. Ishizuka S, Inafune A, Hira T, Izumi H, Ozawa K, et al. 2009. Administration of anti-glucagon-like
peptide-2 serum suppresses epithelial cell proliferation of the distal small intestine in weanling rats.
Biomed. Res. 30:259–61

582 Drucker · Yusta

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PH76CH26-Drucker ARI 31 December 2013 9:42

98. Nelson DW, Murali SG, Liu X, Koopmann MC, Holst JJ, Ney DM. 2008. Insulin-like growth factor I
and glucagon-like peptide-2 responses to fasting followed by controlled or ad libitum refeeding in rats.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 294:R1175–84

99. Madsen KB, Askov-Hansen C, Naimi RM, Brandt CF, Hartmann B, et al. 2013. Acute effects of con-
tinuous infusions of glucagon-like peptide (GLP)-1, GLP-2 and the combination (GLP-1+GLP-2) on
intestinal absorption in short bowel syndrome (SBS) patients. A placebo-controlled study. Regul. Pept.
184:30–39

100. Jeppesen PB, Hartmann B, Thulesen J, Graff J, Lohmann J, et al. 2001. Glucagon-like peptide 2 improves
nutrient absorption and nutritional status in short-bowel patients with no colon. Gastroenterology 120:806–
15

101. Jeppesen PB, Lund P, Gottschalck IB, Nielsen HB, Holst JJ, et al. 2009. Short bowel patients treated for
two years with glucagon-like peptide 2: effects on intestinal morphology and absorption, renal function,
bone and body composition, and muscle function. Gastroenterol. Res. Pract. 2009:616054

102. Jeppesen PB, Lund P, Gottschalck IB, Nielsen HB, Holst JJ, et al. 2009. Short bowel patients treated
for two years with glucagon-like peptide 2 (GLP-2): compliance, safety, and effects on quality of life.
Gastroenterol. Res. Pract. 2009:425759

103. Jeppesen PB, Sanguinetti EL, Buchman A, Howard L, Scolapio JS, et al. 2005. Teduglutide (ALX-0600),
a dipeptidyl peptidase IV resistant glucagon-like peptide 2 analogue, improves intestinal function in short
bowel syndrome patients. Gut 54:1224–31

104. Jeppesen PB, Gilroy R, Pertkiewicz M, Allard JP, Messing B, O’Keefe SJ. 2011. Randomised placebo-
controlled trial of teduglutide in reducing parenteral nutrition and/or intravenous fluid requirements in
patients with short bowel syndrome. Gut 60:902–14

105. O’Keefe SJ, Jeppesen PB, Gilroy R, Pertkiewicz M, Allard JP, Messing B. 2013. Safety and efficacy
of teduglutide after 52 weeks of treatment in patients with short bowel syndrome intestinal failure.
Clin. Gastroenterol. Hepatol. 11:815–23.e3

106. Compher C, Gilroy R, Pertkiewicz M, Ziegler TR, Ratcliffe SJ, et al. 2011. Maintenance of parenteral
nutrition volume reduction, without weight loss, after stopping teduglutide in a subset of patients with
short bowel syndrome. J. Parenter. Enter. Nutr. 35:603–9

107. Jeppesen PB, Pertkiewicz M, Messing B, Iyer K, Seidner DL, et al. 2012. Teduglutide reduces need for
parenteral support among patients with short bowel syndrome with intestinal failure. Gastroenterology
143:1473–81

108. Buchman AL, Katz S, Fang JC, Bernstein CN, Abou-Assi SG. 2010. Teduglutide, a novel mucosally
active analog of glucagon-like peptide-2 (GLP-2) for the treatment of moderate to severe Crohn’s disease.
Inflamm. Bowel Dis. 16:962–73

www.annualreviews.org • Physiology and Pharmacology of Glucagon-Like Peptide-2 583

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PH76-FrontMatter ARI 22 January 2014 18:37

Annual Review of
Physiology

Volume 76, 2014
Contents

PERSPECTIVES, David Julius, Editor

A Conversation with Leonard and Leonore Herzenberg
Leonard A. Herzenberg, Leonore A. Herzenberg, and Mario Roederer � � � � � � � � � � � � � � � � � � � � 1

CARDIOVASCULAR PHYSIOLOGY, Marlene Rabinovitch, Section Editor

Direct Reprogramming of Fibroblasts into Myocytes
to Reverse Fibrosis
Naoto Muraoka and Masaki Ieda � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �21

Hypoxia-Inducible Factor 1 and Cardiovascular Disease
Gregg L. Semenza � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �39

Inflammasomes and Metabolic Disease
Jorge Henao-Mejia, Eran Elinav, Christoph A. Thaiss, and Richard A. Flavell � � � � � � � � �57

Redox-Dependent Anti-Inflammatory Signaling Actions
of Unsaturated Fatty Acids
Meghan Delmastro-Greenwood, Bruce A. Freeman, and Stacy Gelhaus Wendell � � � � � � � �79

CELL PHYSIOLOGY, David E. Clapham, Section Editor

Cardiac Sarcoplasmic Reticulum Calcium Leak: Basis and Roles
in Cardiac Dysfunction
Donald M. Bers � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 107

Control of Life-or-Death Decisions by RIP1 Kinase
Dana E. Christofferson, Ying Li, and Junying Yuan � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 129

Mammalian Pheromones
Stephen D. Liberles � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 151

ENDOCRINOLOGY, Holly A. Ingraham, Section Editor

Emerging Roles of Orphan Nuclear Receptors in Cancer
Sung Hee Baek and Keun Il Kim � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 177

vii

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PH76-FrontMatter ARI 22 January 2014 18:37

Feed Your Head: Neurodevelopmental Control of Feeding
and Metabolism
Daniel A. Lee and Seth Blackshaw � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 197

A New Era in Brown Adipose Tissue Biology: Molecular Control
of Brown Fat Development and Energy Homeostasis
Shingo Kajimura and Masayuki Saito � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 225

GASTROINTESTINAL PHYSIOLOGY, Linda Samuelson, Section Editor

The Intestinal Absorption of Folates
Michele Visentin, Ndeye Diop-Bove, Rongbao Zhao, and I. David Goldman � � � � � � � � � � � 251

Trafficking of Epidermal Growth Factor Receptor Ligands
in Polarized Epithelial Cells
Bhuminder Singh and Robert J. Coffey � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 275

NEUROPHYSIOLOGY, Roger Nicoll, Section Editor

Exocytosis and Endocytosis: Modes, Functions,
and Coupling Mechanisms
Ling-Gang Wu, Edaeni Hamid, Wonchul Shin, and Hsueh-Cheng Chiang � � � � � � � � � � � 301

Molecular Mechanisms for Synchronous, Asynchronous,
and Spontaneous Neurotransmitter Release
Pascal S. Kaeser and Wade G. Regehr � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 333

Plasticity of Dendritic Spines: Subcompartmentalization of Signaling
Lesley A. Colgan and Ryohei Yasuda � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 365

RENAL AND ELECTROLYTE PHYSIOLOGY, Peter Aronson, Section Editor

Advances in Understanding the Urine-Concentrating Mechanism
Jeff M. Sands and Harold E. Layton � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 387

Mechanisms and Regulation of Renal Magnesium Transport
Pascal Houillier � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 411

RESPIRATORY PHYSIOLOGY, Augustine M.K. Choi, Section Editor

Live Imaging of the Lung
Mark R. Looney and Jahar Bhattacharya � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 431

Nanoparticles, Lung Injury, and the Role of Oxidant Stress
Amy K. Madl, Laurel E. Plummer, Christopher Carosino, and Kent E. Pinkerton � � � � 447

Resolution of Acute Inflammation in the Lung
Bruce D. Levy and Charles N. Serhan � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 467

Tobacco Smoke–Induced Lung Fibrosis and Emphysema
Danielle Morse and Ivan O. Rosas � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 493

viii Contents

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



PH76-FrontMatter ARI 22 January 2014 18:37

SPECIAL TOPIC, ROLE OF GUT HORMONES
IN NUTRIENT HOMEOSTASIS, Patricia L. Brubaker, Section Editor

Gut Hormones Fulfill Their Destiny: From Basic Physiology
to the Clinic
Patricia L. Brubaker � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 515

The Central Nervous System Sites Mediating the Orexigenic Actions
of Ghrelin
B.L. Mason, Q. Wang, and J.M. Zigman � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 519

Glucagon-Like Peptide-1: Glucose Homeostasis and Beyond
Young Min Cho, Yukihiro Fujita, and Timothy J. Kieffer � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 535

Physiology and Pharmacology of the Enteroendocrine Hormone
Glucagon-Like Peptide-2
Daniel J. Drucker and Bernardo Yusta � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 561

The Role of Gut Hormone Peptide YY in Energy and Glucose
Homeostasis: Twelve Years On
Sean Manning and Rachel L. Batterham � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 585

Indexes

Cumulative Index of Contributing Authors, Volumes 72–76 � � � � � � � � � � � � � � � � � � � � � � � � � � � 609

Cumulative Index of Article Titles, Volumes 72–76 � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � 612

Errata

An online log of corrections to Annual Review of Physiology articles may be found at
http://www.annualreviews.org/errata/physiol

Contents ix

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



AnnuAl Reviews
it’s about time. Your time. it’s time well spent.

AnnuAl Reviews | Connect with Our experts
Tel: 800.523.8635 (us/can) | Tel: 650.493.4400 | Fax: 650.424.0910 | Email: service@annualreviews.org

New From Annual Reviews:

Annual Review of Statistics and Its Application
Volume 1 • Online January 2014 • http://statistics.annualreviews.org

Editor:  Stephen E. Fienberg, Carnegie Mellon University
Associate Editors:  Nancy Reid, University of Toronto 

Stephen M. Stigler, University of Chicago
The Annual Review of Statistics and Its Application aims to inform statisticians and quantitative methodologists, as 
well as all scientists and users of statistics about major methodological advances and the computational tools that 
allow for their implementation. It will include developments in the field of statistics, including theoretical statistical 
underpinnings of new methodology, as well as developments in specific application domains such as biostatistics 
and bioinformatics, economics, machine learning, psychology, sociology, and aspects of the physical sciences.

Complimentary online access to the first volume will be available until January 2015. 
table of contents:
•	What Is Statistics? Stephen E. Fienberg
•	A Systematic Statistical Approach to Evaluating Evidence 

from Observational Studies, David Madigan, Paul E. Stang, 
Jesse A. Berlin, Martijn Schuemie, J. Marc Overhage,  
Marc A. Suchard, Bill Dumouchel, Abraham G. Hartzema, 
Patrick B. Ryan

•	The Role of Statistics in the Discovery of a Higgs Boson, 
David A. van Dyk

•	Brain Imaging Analysis, F. DuBois Bowman
•	Statistics and Climate, Peter Guttorp
•	Climate Simulators and Climate Projections,  

Jonathan Rougier, Michael Goldstein
•	Probabilistic Forecasting, Tilmann Gneiting,  

Matthias Katzfuss
•	Bayesian Computational Tools, Christian P. Robert
•	Bayesian Computation Via Markov Chain Monte Carlo,  

Radu V. Craiu, Jeffrey S. Rosenthal
•	Build, Compute, Critique, Repeat: Data Analysis with Latent 

Variable Models, David M. Blei
•	Structured Regularizers for High-Dimensional Problems: 

Statistical and Computational Issues, Martin J. Wainwright

•	High-Dimensional Statistics with a View Toward Applications 
in Biology, Peter Bühlmann, Markus Kalisch, Lukas Meier

•	Next-Generation Statistical Genetics: Modeling, Penalization, 
and Optimization in High-Dimensional Data, Kenneth Lange, 
Jeanette C. Papp, Janet S. Sinsheimer, Eric M. Sobel

•	Breaking Bad: Two Decades of Life-Course Data Analysis  
in Criminology, Developmental Psychology, and Beyond, 
Elena A. Erosheva, Ross L. Matsueda, Donatello Telesca

•	Event History Analysis,  Niels Keiding
•	Statistical	Evaluation	of	Forensic	DNA	Profile	Evidence,	

Christopher D. Steele, David J. Balding
•	Using League Table Rankings in Public Policy Formation: 

Statistical Issues, Harvey Goldstein
•	Statistical Ecology, Ruth King
•	Estimating the Number of Species in Microbial Diversity 

Studies, John Bunge, Amy Willis, Fiona Walsh
•	Dynamic Treatment Regimes, Bibhas Chakraborty,  

Susan A. Murphy
•	Statistics and Related Topics in Single-Molecule Biophysics, 

Hong Qian, S.C. Kou
•	Statistics and Quantitative Risk Management for Banking  

and Insurance, Paul Embrechts, Marius Hofert

Access this and all other Annual Reviews journals via your institution at www.annualreviews.org. 

A
nn

u.
 R

ev
. P

hy
si

ol
. 2

01
4.

76
:5

61
-5

83
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

ed
ic

al
 R

es
ea

rc
h 

C
ou

nc
il 

(U
K

) 
on

 0
2/

12
/1

4.
 F

or
 p

er
so

na
l u

se
 o

nl
y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of PhysiologyOnline
	Most Downloaded Physiology Reviews 
	Most Cited Physiology Reviews 
	Annual Review of PhysiologyErrata 
	View Current Editorial Committee

	All Articles in the Annual Review of Physiology, Vol. 76
	PERSPECTIVES
	A Conversation with Leonard and Leonore Herzenberg

	CARDIOVASCULAR PHYSIOLOGY
	Direct Reprogramming of Fibroblasts into Myocytesto Reverse Fibrosis
	Hypoxia-Inducible Factor 1 and Cardiovascular Disease
	Inflammasomes and Metabolic Disease
	Redox-Dependent Anti-Inflammatory Signaling Actionsof Unsaturated Fatty Acids

	CELL PHYSIOLOGY
	Cardiac Sarcoplasmic Reticulum Calcium Leak: Basis and Rolesin Cardiac Dysfunction
	Control of Life-or-Death Decisions by RIP1 Kinase
	Mammalian Pheromones

	ENDOCRINOLOGY
	Emerging Roles of Orphan Nuclear Receptors in Cancer
	Feed Your Head: Neurodevelopmental Control of Feedingand Metabolism
	A New Era in Brown Adipose Tissue Biology: Molecular Controlof Brown Fat Development and Energy Homeostasis

	GASTROINTESTINAL PHYSIOLOGY
	The Intestinal Absorption of Folates
	Trafficking of Epidermal Growth Factor Receptor Ligandsin Polarized Epithelial Cells

	NEUROPHYSIOLOGY
	Exocytosis and Endocytosis: Modes, Functions,and Coupling Mechanisms
	Molecular Mechanisms for Synchronous, Asynchronous,and Spontaneous Neurotransmitter Release
	Plasticity of Dendritic Spines: Subcompartmentalization of Signaling

	RENAL AND ELECTROLYTE PHYSIOLOGY
	Advances in Understanding the Urine-Concentrating Mechanism
	Mechanisms and Regulation of Renal Magnesium Transport

	RESPIRATORY PHYSIOLOGY
	Live Imaging of the Lung
	Nanoparticles, Lung Injury, and the Role of Oxidant Stress
	Resolution of Acute Inflammation in the Lung
	Tobacco Smoke–Induced Lung Fibrosis and Emphysema

	SPECIAL TOPIC, ROLE OF GUT HORMONESIN NUTRIENT HOMEOSTASIS
	Gut Hormones Fulfill Their Destiny: From Basic Physiologyto the Clinic
	The Central Nervous System Sites Mediating the Orexigenic Actionsof Ghrelin
	Glucagon-Like Peptide-1: Glucose Homeostasis and Beyond
	Physiology and Pharmacology of the Enteroendocrine HormoneGlucagon-Like Peptide-2
	The Role of Gut Hormone Peptide YY in Energy and GlucoseHomeostasis: Twelve Years On





