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here is a progressive deterioration in

B-cell function in patients with type

2 diabetes. At diagnosis, islet func-
tion may be reduced by up to 50% com-
pared with healthy control subjects, and
there is also likely to be a reduction in
B-cell mass of up to 60%. The reduction
in B-cell mass is due to accelerated apo-
ptosis. Currently, few pharmacological
therapies address this reduction in B-cell
mass and function. This means that pa-
tients are generally subjected to an in-
creasing polypharmacy to control their
diabetes, with most eventually being treated
by insulin. Incretin hormones, which are
released from the gastrointestinal tract
after a meal, enhance glucose-dependent
insulin secretion from the pancreas, aid-
ing the overall regulation of glucose ho-
meostasis in healthy subjects. In addition,
these hormones, especially glucagon-like
peptide (GLP)-1, have a number of protec-
tive effects on the B-cells, including a reduc-
tion in apoptosis and enhancement of 3-cell
proliferation and neogenesis. These benefits
are lost to a significant extent in patients
with diabetes. The recently developed di-
abetes therapies, GLP-1 receptor agonists,
such as exenatide and liraglutide, appear
to have beneficial effects on B-cell function
and hence offer promise for durable glyce-
mic control as well as potentially reducing
the micro- and macrovascular complica-
tions associated with type 2 diabetes.

THE CLINICAL COURSE OF
TYPE 2 DIABETES—The clinical

course of type 2 diabetes is characterized

by a progressive decline in 3-cell mass and
function. Although the elevated levels of
fasting glucose and impairment of insulin
action in peripheral tissues may predate
the diagnosis of type 2 diabetes, chronic
hyperglycemia only results after a pro-
longed period of B-cell degeneration, a pro-
cess that may begin as much as 12 years
before diagnosis, involving a progressive
reduction in functionality and mass (1,2).
In the UK Prospective Diabetes Study, it
was estimated that, at diagnosis, type 2 di-
abetic patients may have already lost up to
50% of their B-cell function. Because most
current therapeutic options address the im-
paired glucose action or stimulate insulin
secretion rather than the declining 3-cell
function, the ongoing decline in B-cell
function leads to eventual failure of most
antidiabetic therapies (3,4). Indeed, some
secretagogues may accelerate [3-cell failure.
In the UK Prospective Diabetes Study,
which involved >5,000 patients newly di-
agnosed with type 2 diabetes treated with
either intensive therapy involving insulin
or conventional therapy (diet alone), pro-
gressively worsening glycemic control and
decline in 3-cell function was reported re-
gardless of the therapy used (3). In the co-
hort who received the conventional therapy
regimen, B-cell function declined from
53% of normal at year 1 to 28% at year 6
(3). Glycemic control mirrored the decline
in B-cell function. In many patients, ad-
dressing declining glycemic control due to
secondary treatment failure by progression
to multiple classes of agents will eventually
lead to the use of insulin. Moreover, several
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classes of antidiabetic therapy are associated
with weight gain (4,5), which will worsen
insulin resistance, thereby undermining
treatment efficacy. The possibility of the in-
crease of cardiovascular risk, both due to
increased weight and as a consequence of
treatment-related cardiovascular events,
also raises concerns of the safety of poly-
pharmacy in these patients. If B-cell deteri-
oration is able to be modified, this would
raise the possibility of altering the clinical
course of the disease by targeting the pri-
mary defect.

THE p-CELL IN TYPE 2
DIABETES P hysiologically, B-cells
secrete insulin at low levels between
meals to control hepatic glucose output
and at higher levels after meals to facilitate
the uptake of glucose (6). Insulin secre-
tion with meals occurs in two distinct
phases: a first phase that reduces basal
glucagon secretion, thereby decreasing
hepatic glucose production, and a second
phase, commencing 10 min or so after
glucose exposure, that is sustained until
normoglycemia (blood glucose levels of
71-99 mg/dl) is restored (6). The first-
phase insulin response is almost abolished
or at least severely blunted in patients
with type 2 diabetes (7), although levels
of fasting insulin may be higher than nor-
mal (8). The loss in B-cell function appears
to be accompanied by a reduction in 3-cell
mass (9).

Maintenance of B-cell mass involves a
dynamic balance between cell replication,
neogenesis, and apoptosis. For patients
with type 2 diabetes, there appears to
be a shift toward an increase in apoptosis
that outweighs cell renewal. B-Cell apo-
ptosis is multifactorial; chronic exposure
of the B-cells to elevated levels of glucose
leads to “glucotoxicity,” a process where
hyperglycemia causes cellular dysfunction
and mortality (10). Lipotoxicity, associated
with high concentrations of free fatty acids,
commonly observed in people who are
obese, are insulin-resistant, or have type 2
diabetes, has also been linked to increased
metabolic stress of the B-cells (11).

The reduction in -cell mass in type 2
diabetes was demonstrated convincingly
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in a series of studies that compared B-cell
mass in patients with type 2 diabetes with
that in healthy control subjects (9). Using
pancreatic autopsy tissue, Butler et al. (9)
showed that obese patients with impaired
fasting glucose or type 2 diabetes had a
40% (P < 0.05) and 63% (P < 0.01) re-
duction in B-cell mass compared with
obese individuals without diabetes (9).
Compared with lean nondiabetic sub-
jects, lean patients with type 2 diabetes
had a 41% deficit in relative B-cell mass
(P < 0.05). Evidence suggests that a de-
crease in B-cell mass of =50% leads to the
development of diabetes in primates (12).
Butler et al. also demonstrated a signifi-
cantly increased frequency of apoptotic
events in patients with type 2 diabetes
compared with nondiabetic case subjects.
The implication for prevention of type 2
diabetes is that strategies that avoid the
increased frequency of B-cell apoptosis
may potentially be of clinical benefit.

INCRETIN HORMONES,

NOTABLY GLP-1_The decline in
B-cell function in type 2 diabetes has been
linked with impaired action of the incre-
tin hormones, glucose-dependent insuli-
notropic polypeptide (GIP) and GLP-1.
These hormones are secreted from the in-
testine in response to energy intake and
glucose and may potentiate as much as
70% of the meal-induced insulin re-
sponse in healthy individuals (13). In pa-
tients with type 2 diabetes, the incretin
response and subsequent insulin secre-
tory response after oral glucose is typi-
cally reduced by 50% compared with
healthy control subjects (14). These ob-
servations suggest that deficient incretin
secretion may play a critical role in the
pathogenesis of type 2 diabetes.
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Although in normal subjects both GIP
and GLP-1 act as incretin hormones,
diabetes is often associated with a blunted
or absent response to GIP (15). Even
when infused at pharmacological levels,
GIP only marginally stimulates insulin se-
cretion in type 2 diabetes; hence, GLP-1
has been investigated as a potential phar-
macological agent to treat type 2 diabetes.
In healthy subjects, infusion of physiolog-
ical levels of GLP-1 resulted in an increase
in insulin secretion. By contrast, in pa-
tients with type 2 diabetes, the insulin re-
sponse to physiological levels of GLP-1
was substantially reduced, thought to be
because physiological levels of GLP-1 canno
longer compensate for the loss of the GIP
response (16) (Fig. 1). Infusion of GLP-1 at
pharmacological levels (1 pmol/kg/min),
however, augmented the “late phase” (20—
120 min) insulin response to levels similar
to those observed in healthy subjects (17)
(Fig. D.

ANIMAL DATA As discussed above,
the acute effect of GLP-1 on the B-cells is
potentiation of glucose-dependent insulin
secretion (18). Other effects include en-
hancement of insulin biosynthesis, stimula-
tion of insulin gene transcription, increased
expression of MRNA for glucose transporter
2 and glucokinase, stimulation of 3-cell pro-
liferation, and induction of islet neogenesis
from precursor ductal cells, leading to an
increase in B-cell mass as well as an inhib-
itory effect on B-cell apoptosis (19-21).

In in vivo studies, GLP-1 improved
glucose tolerance in animal diabetic
models (20), suggesting that GLP-1
has a functional effect on B-cell activity.
These beneficial effects appear to be due,
at least in part, to changes in B-cell mass
(22).
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Figure 1—Pharmacological, but not physiological, levels of GLP-1 enhance insulin secretion in
patients with type 2 diabetes. Reproduced with permission from Springer, from Hojberg et al. (16)

(A), and Vilsboll et al. (17) (B).
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The above data from animal studies
(20,22) support that activation of the
GLP-1 receptor may increase 3-cell mass.
These findings are largely supported by
data from in vitro human-cell studies. For
example, in a study of isolated human islet
cells, Farilla et al. (19) reported a reduction
in the number of apoptotic B-cells after
treatment for 5 days with GLP-1. Further-
more, the GLP-1-treated cells contained
more insulin and were capable of more
glucose-dependent insulin secretion. Like-
wise, Buteau et al. (23) noted that B-cell
apoptosis induced by gluco- and lipotoxic-
ity was prevented by GLP-1.

However, there are important differ-
ences between rates and capacity for islet
cell turnover and growth between rodents
and humans (24), such that it is not a re-
liable assumption to extend the findings
from animal studies to human studies. Be-
cause it is not possible to evaluate B-cell
mass noninvasively in humans, the ques-
tion regarding the effects of GLP-1 on
B-cell proliferation and apoptosis cannot
be reliably determined in longitudinal or
interventional studies. Data from long-
term studies demonstrating durability of
the response will offer the most reliable
indication of a therapeutic effect on
B-cell function.

Currently, most prescribed therapies
fail to address the progressive decline in
B-cell function and impaired activity of
the incretin hormones that underlie type
2 diabetes (25). Restoration of the activity
of the incretin hormones, especially GLP-1,
would not only improve insulin secretion,
thereby restoring glycemic control, but
may also help both to preserve and to pro-
tect B-cell mass and function (26).

EFFECT OF GLP-1 AGONISTS
ON p-CELL MASS AND
FUNCTION—Although native GLP-1
is rapidly degraded by the enzyme DPP-4
in the plasma, limiting its therapeutic
potential because of its short half-life
(<2 min), the beneficial properties of
GLP-1 have been harnessed with the de-
velopment of the longer-acting GLP-1 re-
ceptor agonists, liraglutide and exenatide
(27). Exendin-4 is a naturally occurring
GLP-1 receptor agonist, found in the liz-
ard Heloderma suspectum, that has a 53%
overlap of the natural amino acid se-
quence with mammalian GLP-1 but is
more stable and less rapidly degraded
than native human GLP-1 (28). Exenatide
(synthetic exendin-4) has a relatively short
half-life (2.4 h) (28) and hence must be ad-
ministered twice daily. Liraglutide is an
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acylated derivative of human GLP-1, shar-
ing 97% sequence identity with the native
peptide, modified only by the addition of
a glutamic acid residue at position 26,
allowing attachment of a C16 palmitoyl
group and substitution of arginine for
lysine at position 34 (29). The longer
half-life of ~12.5 h after subcutaneous
injection (30) makes it suitable for once-
daily administration (31). In addition to
lowering A1C and improving other mark-
ers of glycemia, these GLP-1 receptor
agonists are associated with direct and in-
direct effects on B-cell function, volume,
and morphology. Liraglutide and exen-
atide are associated with a significant in-
crease in B-cell mass and differentiation in
rodents (32), and a reduction in B-cell ap-
optosis is observed in vitro (33-35). Ex-
posure to liraglutide in mice with diabetes
resulted in a significant increase in B-cell
mass (P < 0.05) and B-cell proliferation
rate (P < 0.001) when compared with
control subjects (32). Inhibition of B-cell
apoptosis in isolated human pancreatic
cells was also reported after liraglutide
administration, with B-cell proliferation
increasing by up to threefold after incuba-
tion for 24 h (36). In animal and human
studies, exenatide was shown to increase
B-cell mass while at the same time
causing a significant reduction in plasma
glucose levels (20,37). These studies sup-
port the hypothesis that liraglutide and
exenatide may have a protective effect on
B-cell mass in type 2 diabetes.

EARLY CLINICAL STUDIES—
Although the direct effects of liraglutide
and exenatide on 3-cell mass have not yet
been demonstrated in clinical studies be-
cause of the lack of a suitable noninvasive
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technology, beneficial effects on islet cell
function have been consistently reported.

Thus, in patients with type 2 diabe-
tes, a single subcutaneous injection of li-
raglutide (7.5 pg/kg) was associated with
improved B-cell responsiveness to elevated
plasma glucose (31). In this randomized
double-blind placebo-controlled crossover
study involving 10 patients with type 2 di-
abetes, the insulin secretion rate area under
the curve increased by ~70% (1,130 vs.
668 pmol/kg, P < 0.001) after liraglutide
administration and approached levels sim-
ilar to those observed in healthy subjects
(1,206 pmol/kg). Improved B-cell func-
tion, as assessed by glucose-induced insu-
lin secretion, maximal insulin secretion
after arginine infusion, and the proinsulin/
insulin ratio (Fig. 2), was also reported by
Degn et al. (38) after 1 week of treatment
(38). The latter is an important finding
given that a raised proinsulin-to-insulin ra-
tio denotes decreased insulin release in re-
sponse to glucose and is a central feature of
prediabetes and type 2 diabetes (39). Insu-
lin secretion and B-cell function (measured
using the homeostasis model assessment
[HOMA]) was also reported in a study by
Degn et al. (38). In that study, the first-
phase insulin response and the insulin re-
sponse to an arginine stimulation test with
the presence of hyperglycemia were mark-
edly increased (P < 0.001), whereas the
proinsulin-to-insulin ratio fell (P = 0.001).
The disposition index (peak insulin con-
centration after intravenous bolus of glu-
cose multiplied by insulin sensitivity as
assessed by HOMA) almost doubled dur-
ing liraglutide treatment (P < 0.01), con-
sistent with an improvement in -cell
function. These beneficial effects of liraglu-
tide on B-cell function were also observed
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Figure 2—Liraglutide improves HOMA (A) B-cell function and (B) the proinsulin-to-insulin

ratio. Data are from Degn et al. (38).

(40) ina double-blind randomized parallel-
group placebo-controlled 12-week study
involving 190 patients with type 2 diabetes
randomized to liraglutide (0.045-0.75
mg). Mean B-cell function, assessed by
the HOMA model, was significantly higher
in patients receiving 0.75 mg liraglutide
(P = 0.0002) after 12 weeks than in the
placebo group. HOMA measures the ability
of the B-cells to release insulin during fast-
ing conditions. Furthermore, there was
also a significant decrease in the proinsulin-
to-insulin ratio after 12 weeks compared
with placebo (P = 0.02).

First-phase insulin secretion, which is
decreased in patients with type 2 diabetes,
is partially restored with liraglutide (41). In
a 14-week randomized dose-ranging (0.65,
1.25, or 1.9 mg/day) placebo-controlled
study, first-phase insulin release was par-
tially restored at liraglutide doses of
1.25 mg (118% increase) and 1.9 mg
(103% increase). Second-phase insulin
release was also shown to be increased
in the 1.25 mg/day group (79%) (Fig. 2).
Arginine-stimulated insulin secretion also
increased significantly at the two highest
dose levels versus placebo by 114 and
94%, respectively (P < 0.05). The find-
ings from this study imply an improve-
ment in the biphasic insulin response to
hyperglycemia after administration of
liraglutide. To assess the effect of liraglutide
on B-cell function under normal living
conditions, Mari et al. (42) used a B-cell
model to analyze 24-h triple meal experi-
ments conducted in a randomized double-
blind placebo-controlled crossover study
in 13 patients with type 2 diabetes. A clear
enhancement of B-cell function was ob-
served that was related to an improvement
of glucose levels. Liraglutide was also
shown to restore, in part, the potentiation
peak (potentiation of insulin secretion by
repeated glucose stimulation), which is
blunted in diabetes. This phenomenon
has also been observed with exenatide
(43,44) and suggests a potentiating effect,
possibly mediated by direct stimulation of
the GLP-1 receptor.

Several studies investigating possi-
ble direct effects of exenatide on islet
cell function have been conducted. In
placebo-controlled studies, significant im-
provements in indices of B-cell function
such as HOMA-B (45) and proinsulin-to-
insulin ratio have been observed (46,47).
Mari et al. (43) assessed postprandial
B-cell function in patients with type 2 di-
abetes receiving exenatide (5 or 10 pg) or
placebo whose diabetes was inadequately
controlled by metformin with or without
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a sulfonylurea. After the treatment period,
patients (n = 73) who underwent a meal
tolerance test showed a 72 and 40%
(5 and 10 pg, respectively) increase in
insulin secretion with exenatide compared
with a 21% reduction in the placebo-
treated patients. A significant (P < 0.05)
improvement in first- and second-phase in-
sulin secretion with exenatide or exenatide
with rosiglitazone was observed in a
20-week open-label multicenter study in-
volving 137 patients with type 2 diabetes
on metformin (48). In the same study,
insulin sensitivity was observed to be
significantly higher in exenatide- and
rosiglitazone-treated patients than in
those on exenatide alone (P = 0.014).
Overall, therapy with exenatide with
rosiglitazone was found to offset the
weight gain observed with rosiglitazone
and elicited an additive effect on glycemic
control with significant improvements
in B-cell function and insulin sensitivity.
Exenatide is also demonstrated to improve
B-cell sensitivity to glucose (49). Finally,
in comparison with glimepiride, exenatide
was associated with a significant improve-
ment in the HOMA-B index (48).

PHASE 3 CLINICAL DATA Clinical
data from the phase 3 liraglutide trial pro-
gram add convincing support to the hy-
pothesis that GLP-1 receptor agonists have a
beneficial effect on B-cell function. The Lir-
aglutide Effect and Action in Diabetes
(LEAD) program was a phase 3 trial pro-
gram that compared the efficacy and safety
of once-daily liraglutide at doses 0f 0.6, 1.2,
and 1.8 mg with those of standard treat-
ments as monotherapy or in combination
with other commonly used oral agents for
type 2 diabetes (50-55). The program com-
prised six individual randomized controlled
studies that included 4,456 patients from
40 countries.
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Data from the LEAD program support
that liraglutide has a rapid and sustained
glycemic effect and are associated with
weight reduction. Liraglutide’s glucose-
lowering action is strictly glucose depen-
dent with low hypoglycemic risk. In
clinical trials, 1.2 and 1.8 mg liraglutide
decreased A1C from baseline by —0.84
and 1.14%, respectively, over 52 weeks,
achieving a significantly greater reduction
than sulfonylureas, which showed a de-
crease from baseline of —0.51% (52).
Liraglutide was also associated with a sig-
nificantly greater reduction in fasting
plasma glucose and postprandial glucose
in this trial. When used in combination
with oral therapies, liraglutide yielded re-
ductions in A1C of —1.0to —1.5% at a
dose of 1.2 and 1.8 mg (all reductions
were significant vs. placebo) (50,51,53—
55). Across five trials, liraglutide pro-
duced weight reductions of up to —3.2
kg (50-55). In the LEAD studies, 1.2 and
1.8 mg liraglutide demonstrated signifi-
cant improvement versus placebo on mul-
tiple indices of B-cell function including
HOMA-B (50,53), proinsulin-to-insulin
ratio (50,51,53), and proinsulin-to—C-
peptide ratio (54). Across all six studies,
an improvement of between 20 and 44%
from baseline in HOMA-B was observed
(55) (Fig. 3). In combination with glime-
piride and metformin, liraglutide therapy
was associated with a 25% improvement
in HOMA-B (51). Changes in the proinsulin-
to-insulin ratio ranged between —0.11
and 0.01 across the LEAD trials (55). In a
head-to-head comparison of liraglutide,
HOMA-B was reduced from baseline to a
significantly greater extent with 1.8 mg/
day liraglutide (32%) than with 10 pg/
day exenatide (3%) after the addition of
each agent to metformin and/or a sulfonyl-
urea (56). No differences in the proinsulin-
to-insulin ratio or fasting C-peptide were

100 4
90
80
70
60
50
40
30
20
10 4

p=0.026

HOMA-B (%)

Liraglutide Liraglutide Placebo Glimepiride

1.8 mg 1.2mg

Figure 3—Effect of liraglutide (1.2 and 1.8 mg) on HOMA-B function in the (A) LEAD-1 and (B)
LEAD-2 trials. Data are from Marre et al. (50) and Nauck et al. (51).
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observed. In comparison with glimepiride,
both doses of liraglutide significantly im-
proved insulin resistance (as assessed by
HOMA-1R) relative to sulfonylurea mono-
therapy (52).

Three similarly designed 6-month
placebo-controlled trials involving pa-
tients with type 2 diabetes inadequately
controlled on metformin or a sulfonyl-
urea evaluated the effects of the addition
of exenatide to metformin alone, or met-
formin and a sulfonylurea together
(46,47,57). Relative to placebo, there
was a reduction of A1C with exenatide
of ~1.5% across all trials from baseline
levels of 8.2-8.6%. All patients started
treatment with 5 pg injected twice daily
for the first month, followed by 10 pg
thereafter. A reduction in the proinsulin-
to-insulin ratio toward more physiologi-
cal proportions was observed with both
doses of exenatide in the study reported
by Buse et al. (46), whereas a significant
reduction in this ratio was only observed
with the 10-g exenatide dose in the trial
reported by DeFronzo et al. (47).

Long-term durability of the response
to liraglutide was demonstrated in the
LEAD-3 trial, which compared liraglutide
(1.2 or 1.8 mg) with 8 mg glimepiride
daily during 52 weeks of treatment. Both
doses of liraglutide reduced A1C to a sig-
nificantly greater extent than glimepiride
(P=0.0014 and P < 0.0001 for the 1.2-
and 1.8-mg doses, respectively). Liraglu-
tide was also associated with increased
insulin secretion and better B-cell func-
tion as well as significant weight loss and
reduced systolic blood pressure (52).

CONCLUSIONS —The pivotal role of
the deterioration in B-cell mass and func-
tion that occurs in patients with type 2
diabetes underscores the importance of
addressing this defect. It is likely that pro-
tecting the B-cells from further decline in
function and their eventual failure might
alter the natural history of type 2 diabetes
and, if addressed early enough, could po-
tentially prevent progression from im-
paired glucose tolerance to diabetes. The
incretin therapies offer considerable
promise as a means of targeting the pri-
mary defect in type 2 diabetes: B-cell dys-
function. Evidence supports that the
GLP-1 receptor agonists exert positive
beneficial effects on the B-cells and
suggests that they are capable of preserv-
ing B-cell function, thereby limiting
disease progression and the develop-
ment of its micro- and macrovascular
complications.

care.diabetesjournals.org

DiaBETES CARE, VOLUME 34, SUPPLEMENT 2, May 2011

S261



|
Incretins and B-cell function in humans

Acknowledgments—The preparation of this
article was supported financially by Novo
Nordisk, and Watermeadow Medical was paid
to provide editorial services. A J.G. has served
on advisory boards for GlaxoSmithKline,
Roche, Novo Nordisk, and Merck; has served
as a consultant for GlaxoSmithKline, Roche,
Novo Nordisk, and Sankyo; and has attended
speakers’ bureaus for GlaxoSmithKline, Novo
Nordisk, Merck, and Sankyo. No other po-
tential conflicts of interest relevant to this ar-
ticle were reported.

References

1.

10.

11.

Pratley RE, Weyer C. The role of impaired
early insulin secretion in the pathogenesis
of type II diabetes mellitus. Diabetologia
2001;44:929-945

. Weyer C, Tataranni PA, Bogardus C,

Pratley RE. Insulin resistance and insulin
secretory dysfunction are independent
predictors of worsening of glucose toler-
ance during each stage of type 2 diabetes
development. Diabetes Care 2001;24:
89-94

. U.K. Prospective Diabetes Study Group.

U.K. Prospective Diabetes Study 16: over-
view of 6 years’ therapy of type 11 diabetes:
a progressive disease. Diabetes 1995;44:
1249-1258

. Kahn SE, Haffner SM, Heise MA, et al.

Glycemic durability of rosiglitazone, met-
formin, or glyburide monotherapy. N Engl
J Med 2006;355:2427-2443 [erratum in:
N Engl ] Med 2007;356:1387-1388]

. Hermansen K, Mortensen LS. Bodyweight

changes associated with antihyperglycaemic
agents in type 2 diabetes mellitus. Drug
Saf 2007;30:1127-1142

. Polonsky KS, Given BD, Hirsch 1], et al.

Abnormal patterns of insulin secretion in
non-insulin-dependent diabetes mellitus.
N Engl ] Med 1988;318:1231-1239

. Ward WK, Bolgiano DC, McKnight B, Halter

JB, Porte D Jr. Diminished B cell secretory
capacity in patients with noninsulin-
dependent diabetes mellitus. J Clin In-
vest 1984;74:1318-1328

. Bonora E, Capretti L, Coscelli C, Butturini U.

Evidence that basal beta cell activity may
play a role in determining insulin sensi-
tivity in healthy man. Ann Nutr Metab
1983;27:501-504

. Butler AE, Janson J, Bonner-Weir S, Ritzel

R, Rizza RA, Butler PC. Beta-cell deficit
and increased beta-cell apoptosis in hu-
mans with type 2 diabetes. Diabetes 2003;
52:102-110

Biarnés M, Montolio M, Nacher V, Raurell
M, Soler J, Montanya E. Beta-cell death
and mass in syngeneically transplanted
islets exposed to short- and long-term
hyperglycemia. Diabetes 2002;51:66—
72

Bays H, Mandarino L, DeFronzo RA. Role
of the adipocyte, free fatty acids, and

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

ectopic fat in pathogenesis of type 2 di-
abetes mellitus: peroxisomal proliferator-
activated receptor agonists provide a rational
therapeutic approach. J Clin Endocrinol
Metab 2004;89:463-478

Kjems LL, Kirby BM, Welsh EM, et al.
Decrease in beta-cell mass leads to im-
paired pulsatile insulin secretion, reduced
postprandial hepatic insulin clearance, and
relative hyperglucagonemia in the minipig.
Diabetes 2001:;50:2001-2012

Holst]JJ, Seino Y. GLP-1 receptor agonists:
targeting both hyperglycaemia and dis-
ease processes in diabetes. Diabetes Res
Clin Pract 2009;85:1-3

Knop FK, Vilsbell T, Hejberg PV, et al.
Reduced incretin effect in type 2 diabetes:
cause or consequence of the diabetic state?
Diabetes 2007;56:1951-1959
Toft-Nielsen MB, Madsbad S, Holst JJ. De-
terminants of the effectiveness of glucagon-
like peptide-1 in type 2 diabetes. J Clin
Endocrinol Metab 2001:86:3853-3860
Hojberg PV, Zander M, Vilsbell T, et al.
Near normalisation of blood glucose im-
proves the potentiating effect of GLP-1 on
glucose-induced insulin secretion in pa-
tients with type 2 diabetes. Diabetologia
2008;51:632-640

Vilsbell T, Krarup T, Madsbad S, Holst J].
Defective amplification of the late phase
insulin response to glucose by GIP in obese
type II diabetic patients. Diabetologia 2002;
45:1111-1119

Drucker DJ. Glucagon-like peptide-1 and
the islet beta-cell: augmentation of cell
proliferation and inhibition of apoptosis.
Endocrinology 2003;144:5145-5148
Farilla L, Bulotta A, Hirshberg B, et al.
Glucagon-like peptide 1 inhibits cell apo-
ptosis and improves glucose responsiveness
of freshly isolated human islets. Endocri-
nology 2003;144:5149-5158

Xu G, Stoffers DA, Habener JF, Bonner-
Weir S. Exendin-4 stimulates both beta-
cell replication and neogenesis, resulting
in increased beta-cell mass and improved
glucose tolerance in diabetic rats. Diabetes
1999;48:2270-2276

Perfetti R, Zhou J, Doyle ME, Egan JM.
Glucagon-like peptide-1 induces cell
proliferation and pancreatic-duodenum
homeobox-1 expression and increases
endocrine cell mass in the pancreas of old,
glucose-intolerant rats. Endocrinology 2000;
141:4600-4605

Service GJ, Thompson GB, Service FJ,
Andrews JC, Collazo-Clavell ML, Lloyd
RV. Hyperinsulinemic hypoglycemia
with nesidioblastosis after gastric-bypass
surgery. N Engl J Med 2005;353:249—
254

Buteau J, El-Assaad W, Rhodes CJ,
Rosenberg L, Joly E, Prentki M. Glucagon-
like peptide-1 prevents beta cell glucoli-
potoxicity. Diabetologia 2004;47:806-815
Butler PC, Meier JJ, Butler AE, Bhushan A.
The replication of beta cells in normal

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

physiology, in disease and for therapy.
Nat Clin Pract Endocrinol Metab 2007;3:
758-768

Green JB, Feinglos MN. Exenatide and
rimonabant: new treatments that may be
useful in the management of diabetes and
obesity. Curr Diab Rep 2007;7:369-375
Holst JJ. On the physiology of GIP and
GLP-1. Horm Metab Res 2004;36:747—
754

Fehse F, Trautmann M, Holst JJ, et al.
Exenatide augments first- and second-
phase insulin secretion in response to in-
travenous glucose in subjects with type 2
diabetes. J Clin Endocrinol Metab 2005;
90:5991-5997

Drucker DJ, Nauck MA. The incretin
system: glucagon-like peptide-1 receptor
agonists and dipeptidyl peptidase-4 in-
hibitors in type 2 diabetes. Lancet 2006;
368:1696-1705

Knudsen LB, Nielsen PF, Huusfeldt PO,
et al. Potent derivatives of glucagon-like
peptide-1 with pharmacokinetic proper-
ties suitable for once daily administration.
J Med Chem 2000;43:1664-1669
Agersp H, Jensen LB, Elbrond B, Rolan P,
Zdravkovic M. The pharmacokinetics, phar-
macodynamics, safety and tolerability of
NN2211, a new long-acting GLP-1 deriv-
ative, in healthy men. Diabetologia 2002;
45:195-202

Chang AM, Jakobsen G, Sturis J, et al. The
GLP-1 derivative NN2211 restores beta-
cell sensitivity to glucose in type 2 diabetic
patients after a single dose. Diabetes 2003;
52:1786-1791

Rolin B, Larsen MO, Gotfredsen CF, et al.
The long-acting GLP-1 derivative NN2211
ameliorates glycemia and increases beta-cell
mass in diabetic mice. Am J Physiol Endo-
crinol Metab 2002;283:E745-E752

Sturis J, Gotfredsen CF, Romer J, et al.
GLP-1 derivative liraglutide in rats with
beta-cell deficiencies: influence of meta-
bolic state on beta-cell mass dynamics. Br
J Pharmacol 2003;140:123-132

Chen J, Couto FM, Minn AH, Shalev A.
Exenatide inhibits beta-cell apoptosis by
decreasing thioredoxin-interacting pro-
tein. Biochem Biophys Res Commun 2006;
346:1067-1074

Kwon DY, Kim YS, Ahn IS, et al. Exendin-
4 potentiates insulinotropic action partly
via increasing beta-cell proliferation
and neogenesis and decreasing apoptosis
in association with the attenuation of en-
doplasmic reticulum stress in islets of
diabetic rats. ] Pharmacol Sci 2009;111:
361-371

Rutti S, Ehses JA, Sibler RA, et al. Low-
and high-density lipoproteins modulate
function, apoptosis, and proliferation of
primary human and murine pancreatic
beta-cells. Endocrinology 2009;150:4521—
4530

Xu G, Kaneto H, Lopez-Avalos MD, Weir
GC, Bonner-Weir S. GLP-1/exendin-4

$262

DiaBETES CARE, VOLUME 34, SUPPLEMENT 2, May 2011

care.diabetesjournals.org



38.

39.

40.

41.

42.

43.

facilitates beta-cell neogenesis in rat and
human pancreatic ducts. Diabetes Res Clin
Pract 2006;73:107-110

Degn KB, Juhl CB, Sturis J, et al. One
week’s treatment with the long-acting
glucagon-like peptide 1 derivative lir-
aglutide (NN2211) markedly improves
24-h glycemia and alpha- and beta-cell
function and reduces endogenous glucose
release in patients with type 2 diabetes.
Diabetes 2004:;53:1187-1194

Kahn SE, Halban PA. Release of in-
completely processed proinsulin is the
cause of the disproportionate proinsuli-
nemia of NIDDM. Diabetes 1997:46:1725—
1732

Madsbad S, Schmitz O, Ranstam ],
Jakobsen G, Matthews DR; NN2211-1310
International Study Group. Improved gly-
cemic control with no weight increase in
patients with type 2 diabetes after once-daily
treatment with the long-acting glucagon-
like peptide 1 analog liraglutide (NN2211):
a 12-week, double-blind, randomized, con-
trolled trial. Diabetes Care 2004:27:1335—
1342

Vilsbell T, Brock B, Perrild H, et al.
Liraglutide, a once-daily human GLP-1
analogue, improves pancreatic B-cell func-
tion and arginine-stimulated insulin secre-
tion during hyperglycaemia in patients with
type 2 diabetes mellitus. Diabet Med 2008;
25:152-156

Mari A, Degn K, Brock B, Rungby ],
Ferrannini E, Schmitz O. Effects of the
long-acting human glucagon-like peptide-1
analog liraglutide on beta-cell function in
normal living conditions. Diabetes Care
2007;30:2032-2033

Mari A, Nielsen LL, Nanayakkara N,
DeFronzo RA, Ferrannini E, Halseth A.
Mathematical modeling shows exenatide
improved beta-cell function in patients
with type 2 diabetes treated with metformin

44,

45.

46.

47.

48.

49.

50.

or metformin and a sulfonylurea. Horm
Metab Res 2006;38:838—-844

Egan JM, Clocquet AR, Elahi D. The
insulinotropic effect of acute exendin-4
administered to humans: comparison of
nondiabetic state to type 2 diabetes. J Clin
Endocrinol Metab 2002;87:1282—-1290
Zinman B, Hoogwerf BJ, Duran Garcia S,
et al. The effect of adding exenatide to a
thiazolidinedione in suboptimally con-
trolled type 2 diabetes: a randomized
trial. Ann Intern Med 2007;146:477-485
[erratum in: Ann Intern Med 2007;146:
896]

Buse JB, Henry RR, Han ], Kim DD,
Fineman MS, Baron AD; Exenatide-113
Clinical Study Group. Effects of exenatide
(exendin-4) on glycemic control over 30
weeks in sulfonylurea-treated patients with
type 2 diabetes. Diabetes Care 2004;27:
2628-2635

DeFronzo RA, Ratner RE, Han J, Kim DD,
Fineman MS, Baron AD. Effects of ex-
enatide (exendin-4) on glycemic control
and weight over 30 weeks in metformin-
treated patients with type 2 diabetes. Di-
abetes Care 2005;28:1092-1100

Derosa G, Maffioli P, Salvadeo SA, et al.
Exenatide versus glibenclamide in pa-
tients with diabetes. Diabetes Technol
Ther 2010;12:233-240

Egan JM, Meneilly GS, Elahi D. Effects
of 1-mo bolus subcutaneous administra-
tion of exendin-4 in type 2 diabetes. Am
J Physiol Endocrinol Metab 2003;284:
E1072-E1079

Marre M, Shaw ], Briandle M, et al
Liraglutide, a once-daily human GLP-1
analogue, added to a sulphonylurea over 26
weeks produces greater improvements in
glycaemic and weight control compared
with adding rosiglitazone or placebo in
subjects with type 2 diabetes (LEAD-1 SU).
Diabet Med 2009;26:268-278

51.

52.

53.

54.

55.

56.

57.

Garber

Nauck MA, Frid A, Hermansen K, et al.
Efficacy and safety comparison of lir-
aglutide, glimepiride, and placebo, all in
combination with metformin, in type 2
diabetes: the LEAD (Liraglutide Effect and
Action in Diabetes)-2 study. Diabetes Care
2009;32:84-90

Garber A, Henry R, Ratner R, et al. Lir-
aglutide versus glimepiride monotherapy
for type 2 diabetes (LEAD-3 Mono): a ran-
domised, 52-week, phase 111, double-blind,
parallel-treatment trial. Lancet 2009;373:
473-481

Zinman B, Gerich J, Buse J, et al. Efficacy
and safety of the human GLP-1 analog
liraglutide in combination with metformin
and TZD in patients with type 2 diabetes
mellitus (LEAD-4 Met+TZD). Diabetes Care
2009;32:1224-1230

Russell-Jones D, Vaag A, Schmitz O, et al.
Liraglutide vs. insulin glargine and placebo
in combination with metformin and sul-
fonylurea therapy in type 2 diabetes mel-
litus (LEAD-5 met+SU): a randomised
controlled trial. Diabetologia 2009;52:
2046-2055

Buse JB, Rosenstock J, Sesti G, et al.
Liraglutide once a day versus exenatide
twice a day for type 2 diabetes: a 26-week
randomised, parallel-group, multinational,
open-label trial (LEAD-6). Lancet 2009;
374:39-47

Blonde L, Russell-Jones D. The safety and
efficacy of liraglutide with or without oral
antidiabetic drug therapy in type 2 di-
abetes: an overview of the LEAD 1-5 stud-
ies. Diabetes Obes Metab 2009;11(Suppl. 3):
26-34

Kendall DM, Riddle MC, Rosenstock ],
et al. Effects of exenatide (exendin-4) on
glycemic control over 30 weeks in patients
with type 2 diabetes treated with metfor-
min and a sulfonylurea. Diabetes Care
2005;28:1083-1091

care.diabetesjournals.org

DiaBETES CARE, VOLUME 34, SUPPLEMENT 2, May 2011

S263



