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Abstract
Introduction—Additional oral antidiabetic agents to metformin, sulfonylureas (SU) and
thiazolidinediones (TZD) are approved for the treatment of type 2 diabetes.

Areas covered—The efficacy and safety of metformin, SUs, TZDs, dipeptidyl peptidase-IV
(DPP-4) inhibitors, meglitinide analogs, α-glucosidase inhibitors (AGIs), bile-acid sequestrants
(BAS) and bromocriptine will be reviewed.

Expert opinion—Several new oral agents have been approved for type 2 diabetes management
in recent years. It is important to understand the efficacy and safety of these medications in
addition to the older agents to best maximize oral drug therapy for diabetes. Of the recently
introduced oral hypoglycemic/antihyperglycemic agents, the DPP-4 inhibitors are moderately
efficacious compared with mainstay treatment with metformin with a low side-effect profile and
have good efficacy in combination with other oral agents and insulin. They are a recommended
alternative when metformin use is limited by gastrointestinal (GI) side effects or when SU
treatment results in significant hypoglycemia or weight gain. Meglitinide analogs are limited by
their frequent dosing, expense and hypoglycemia (repaglinide > nateglinide), while AGIs are also
limited by their dosing schedule and GI side-effect profile. BAS and bromocriptine have the
lowest efficacy with regard to HbA1c reduction, also are plagued by GI adverse reactions, but have
a low risk of hypoglycemia.
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1. Introduction
Treatment of type 2 diabetes is based on an interplay of patient characteristics, severity of
hyperglycemia and available therapeutic options. Metformin, sulfonylureas (SU) and
thiazolidinediones (TZD) are the most studied of the oral medications used worldwide. They
play a prominent initial role in the type 2 diabetes treatment algorithm recommended by the
American Diabetes Association (ADA) and the European Diabetes Association for the Study
of Diabetes (EASD) [1]. Metformin is considered first-line therapy unless not tolerated or
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contraindicated. Second-line therapy then includes SUs, TZDs, dipeptidyl peptidase-IV
(DPP-4) inhibitors, glucagon-like polypeptide-1 (GLP-1) agonists or insulin. DPP-4
inhibitors are relatively newer and are the only oral agent in the incretin family of
therapeutic targets. In addition, multiple oral medications have been approved for the
treatment of type 2 diabetes that are less widely used. Meglitinides are suggested as an
alternative to SU therapy for patients with irregular meal times or late post-prandial
hypoglycemia with traditional SU therapy. α-Glucosidase inhibitors (AGIs), bile-acid
sequestrants (BAS) and bromocriptine have no current place on the formal treatment
algorithm, suggested briefly as potential therapy in selected patients. This review will
predominantly focus on the efficacy and safety of DPP-4 inhibitors, meglitinide analogs,
AGIs, BAS and bromocriptine but will also address metformin, SUs and TZDs that have
been used for a longer duration in clinical practice.

The expected improvement in HbA1c with the use of metformin, SUs and TZDs is
approximately 1 -- 1.5% [2]. In pooled analysis, metformin therapy is associated with a
greater reduction in weight and low-density lipoprotein (LDL) cholesterol compared with
SUs and TZDs and less risk of hypoglycemia compared with SU therapy. Efficacy for the
SU class has clearly been shown but increased risk of major cardiovascular events compared
with metformin use was recently demonstrated in a retrospective cohort study of Veterans
who initiated either metformin or SU monotherapy [3]. TZDs have proven essentially
equally efficacious as metformin and SU therapy. Subjects treated with pioglitazone also
have the added benefit of significant decreases in triglycerides (TG) and of the dense, more
atherogenic LDL particle concentration combined with increases in high-density lipoprotein
(HDL) cholesterol levels [4,5]. Supporting the above, the Prospective Pioglitazone Clinical
Trial in Macrovascular Events (PROACTIVE) trial did find vascular benefits in patients
with type 2 diabetes when treated with pioglitazone [6]. Rosiglitazone on the other hand,
increases TG levels and LDL particle concentrations and increases HDL levels to a lesser
extent than pioglitazone. Both pioglitazone and rosiglitazone increase LDL cholesterol
levels but pioglitazone does so to a lesser extent than rosiglitazone [4]. Peroxisome
proliferator-activated receptor-gamma (PPAR-γ), the receptor for TZDs, modulates CD36, a
macrophage cell surface protein which binds oxidized LDL and contributes to foam cell
accumulation in arteries during atherosclerosis [7]. Targeted disruption of the CD36 gene
has been shown to protect against atherosclerotic lesion development [8]. Unfortunately,
TZDs have been plagued by safety concerns. Rosiglitazone was recently withdrawn over
concerns of increased risk for myocardial infarction and in 2011 pioglitazone was associated
with an increased risk for bladder cancer [9,10]. Further risks associated with TZDs include
edema and bone fracture [11,12].

2. DPP-4 inhibitors
The DPP-4 inhibitors increase concentrations of both GLP-1 and glucose-dependent
insulinotropic polypeptide (GIP) by blocking their degradation by the DPP-4 enzyme.
Demonstration of the incretin effect occurred in the 1960s when an intrajejunal glucose
infusion was found to produce a larger insulin response compared with an equivalent
intravenous glucose infusion [13]. GLP-1 and GIP are responsible for the majority of
nutrient-stimulated insulin secretion. GLP-1 action also results in suppression of glucagon
secretion [14], slowing of gastric emptying [15] and in mice/rats an increase in β-cell mass
[16,17] and maintenance of β-cell function [18]. Since diabetes is characterized by a loss of
the incretin effect, treatments that mimic and enhance the incretin axis were sought. DPP-4
inhibitor use results in increased levels of GLP-1, GIP and insulin, but decreased levels of
glucagon [19].
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Sitagliptin was the first DPP-4 inhibitor approved in the USA in 2006, followed by
saxagliptin in 2009 and linagliptin in 2011. Each are administered once daily, with
maximum dosing being sitagliptin 100 mg, saxagliptin 5 mg and linagliptin 5 mg.
Vildagliptin is approved for use in Europe and several countries outside of the USA while
alogliptin is currently approved for clinical use in Japan but not yet in the USA or Europe.
The maximum recommended dose for vildagliptin is 100 mg/day while alogliptin is
recommended at 25 mg/day.

The pharmacokinetics across the DPP-4 class of oral diabetes medications is, in general,
similar with a few exceptions [20,21]. The agents in this class have good oral bioavailability
which remains essentially unchanged with food intake. The relatively long half-lives of
sitagliptin, linagliptin and alogliptin allow for once-daily dosing. Saxagliptin and
vildagliptin both have shorter half-lives but saxagliptin is still dosed once daily because of
its active metabolite while vildagliptin is dosed twice daily (b.i.d.). DPP-4 inhibitors are
mainly excreted via the kidney, linagliptin and vildagliptin (eliminated both by the liver and
kidney) being the exceptions [22]. Because of renal excretion, dose adjustment of all agents
except linagliptin is recommended in renal impairment. Vildagliptin is not recommended for
use in hepatic impairment, but otherwise there are no recommendations for dose adjustment
with hepatic impairment which may be partly due to a lack of experience in patients with
severe liver dysfunction. Drug--drug interactions are of most concern with saxagliptin for
which a dose reduction is recommended when co-administered with a CYP3A4 inhibitor,
such as ketoconazole, clarithromycin and atazanavir. In pharmacodynamic testing, DPP-4
inhibition is achieved and an increase in GLP-1 levels by each agent is most evident after a
meal challenge [23–27]. DPP-4 inhibitors have been studied extensively in several large
trials comparing efficacy with placebo, other oral agents and as combination therapy (Table
1).

2.1 DPP-4 inhibitor monotherapy
There are many randomized, placebo-controlled trials on each of the available DPP-4
inhibitors highlighting their efficacy. In a 24-week trial of sitagliptin use, subjects on
background diet or oral hypoglycemic agents (OHA) underwent a washout period and then
received placebo, sitagliptin 100 or 200 mg [28]. Changes in HbA1c from baseline (8.0%)
were +0.2, −0.6 and −0.8%, respectively (p < 0.001). Decreases in fasting plasma glucose
(FPG) of 13 and 16 mg/dl occurred in the sitagliptin 100 and 200 mg groups, respectively,
while an increase of 5 mg/dl occurred in the placebo group (p < 0.001). Post-prandial
glucose (PPG) decreased by 2, 49 and 56 mg/dl in the placebo, sitagliptin 100 and 200 mg
groups, respectively (p < 0.001). In a similar 18-week study, significant reductions in
HbA1c, FPG and PPG were again seen with sitagliptin treatment compared with placebo
[29]. From a mean baseline HbA1c of 8.1%, decreases of 0.5 and 0.4% were seen in the
sitagliptin 100 and 200 mg groups, respectively, while an increase of 0.2% occurred in the
placebo group (p < 0.001). Patients with a higher baseline HbA1c experienced greater
reductions with treatment. Together these data suggested similarity in efficacy of sitagliptin
100- and 200-mg doses which resulted in ultimate approval of 100 mg as the recommended
dose.

Saxagliptin monotherapy was evaluated in a 24-week trial of subjects with inadequate
glycemic control on diet and exercise [30]. From a mean baseline HbA1c of 7.9%, subjects
randomized to saxagliptin 2.5, 5 or 10 mg/day experienced decreases of 0.4, 0.5 and 0.5%,
respectively compared with an increase of 0.2% for the placebo group (p < 0.0001). For
those with a baseline HbA1c ≥ 9.0%, the reduction for saxagliptin-treated groups ranged
from 0.8 to 1.3% versus an increase of 0.1% for placebo. FPG changes from baseline of −15
(p = 0.0002), −9 (p = 0.0074) and −17 mg/dl (p < 0.001) were seen for saxagliptin 2.5, 5 and
10 mg groups, respectively while a +6 mg/dl change was seen for those receiving placebo.
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PPG changes from baseline were −45 (p = 0.0007), −43 (p = 0.0009) and −54 mg/dl (p <
0.0001) for saxagliptin 2.5, 5 and 10 mg, respectively versus −6 mg/dl for placebo. Studies
of saxagliptin have shown maximal responses in HbA1c, FPG and PPG with the saxagliptin
5 mg dose without evidence of a dose--response relationship at greater than 5 mg.
Accordingly, saxagliptin 5 mg is the recommended dose.

Linagliptin proved efficacious in a 24-week trial of participants randomized to linagliptin 5
mg/day or placebo [31]. From a mean baseline HbA1c of 8.0%, linagliptin resulted in a
decrease of 0.4% compared with an increase of 0.3% with placebo (p < 0.0001). The
subgroup of linagliptin-treated patients with baseline HbA1c ≥ 9% experienced even greater
decreases in HbA1c of 0.9%. A mean decrease in FPG of 9 mg/dl was seen in the linagliptin-
treated group while an increase of 14 mg/dl was seen in the placebo group (p < 0.0001).
Significant decreases in 2-h PPG of 34 mg/dl occurred in the linagliptin-treated group
compared with an increase of 25 mg/dl in the placebo group (p < 0.0001).

Vildagliptin proved effective compared with placebo in inadequately controlled drug-naïve
patients randomized to vildagliptin 50 mg/day, 50 mg b.i.d., 100 mg/day or placebo [32].
From a mean baseline HbA1c of 8.4%, decreases of 0.4 (p = 0.011), 0.7 (p < 0.001) and
0.8% (p < 0.001) versus an increase of 0.1% were seen in vildagliptin 50 mg, 50 mg b.i.d.,
100 mg/day and placebo groups, respectively. Greater decreases in HbA1c were observed in
participants with baseline HbA1c > 8.0%. Significant decreases in FPG were seen in the
groups receiving a total of 100 mg of vildagliptin daily but not in the 50 mg/day group. The
efficacy of vildagliptin was clearly dose-related and therefore the recommended daily dose
is 100 mg except when used in combination with a SU when 50 mg/day is preferred.

Alogliptin therapy examined as monotherapy in treatment-naïve subjects over 26 weeks
resulted in HbA1c decreases from baseline of 0.6% for both alogliptin 12.5 and 25 mg
groups compared with no change for placebo (p < 0.001) [33]. Reductions in FPG of 10 and
14 mg/dl were seen in the alogliptin 12.5 and 25 mg groups, respectively versus an increase
of 11 mg/dl in the placebo-treated group (p < 0.001).

2.2 DPP-4 inhibitors versus metformin
Since metformin is recommended as first-line therapy, it has been of interest to compare
DPP-4 inhibitors with metformin. Randomization to sitagliptin 100 mg or metformin 2000
mg/day in subjects inadequately controlled on diet and exercise resulted in decreases in
HbA1c from baseline (7.2%) of 0.4 and 0.6%, respectively, demonstrating non-inferiority for
sitagliptin treatment [34]. Changes in FPG were greater with metformin than sitagliptin
treatment (-19 vs -12 mg/dl, respectively). More patients reached a goal HbA1c of < 7% in
the metformin than the sitagliptin group (76 vs 69%). This study was limited by the
relatively low baseline HbA1c of participants resulting in less significant decreases in HbA1c
than would be expected at higher baseline values. Another limitation was the non-inferiority
design of the study.

In another study comparing DPP-4 inhibitor therapy with metformin, subjects inadequately
controlled on diet were randomized to vildagliptin 100 mg/day or metformin (titrated to
2000 mg/day) and studied over 52 weeks [35]. Decreases in HbA1c from a baseline of 8.4%
were 1.0% for vildagliptin (p < 0.001 vs baseline) and 1.4% for metformin (p < 0.001 vs
baseline and vildagliptin). Non-inferiority of vildagliptin to metformin was not established.
HbA1c level < 7.0% was seen in 35% of subjects treated with vildagliptin and 45% treated
with metformin. The mean change in FPG from baseline was −16 mg/dl in the vildagliptin-
treated group (p < 0.001 vs baseline) and −34 mg/dl in the metformin-treated group (p <
0.001 vs baseline and vildagliptin).
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A recent meta-analysis was conducted of randomized controlled trials comparing DPP-4
inhibitor therapy with metformin as monotherapy or in combination with other agents [36].
DPP-4 inhibitor compared with metformin treatment resulted in a smaller decline in HbA1c
(weighted mean difference 0.20, 95% confidence interval (CI) 0.08 – 0.32) and in body
weight (weighted mean difference 1.50, 95% CI 0.90–2.11). In addition, patients receiving
DPP-4 inhibitors were less likely than those receiving metformin to reach goal HbA1c of <
7.0% (risk ratio in favor of metformin 1.18, 95% CI 1.07 – 1.29).

2.3 DPP-4 inhibitors versus SU
Given the well-established effectiveness of SU therapy, it also has been of interest to
compare DPP-4 inhibitors with this class. The efficacy of sitagliptin 100 mg/day versus
glipizide 5 mg/day (titrated to a potential maximum of 20 mg/day) in subjects inadequately
controlled on metformin alone was studied over 52 weeks [37]. The change in HbA1c for
both groups from a mean baseline of 7.7% was −0.7%, confirming non-inferiority of
sitagliptin to glipizide. The percentage of patients with HbA1c value < 7% at week 52 was
similar between the sitagliptin (63%) and glipizide (59%) groups as was the change in FPG
from baseline (−10 mg/dl, sitagliptin; −8 mg/dl, glipizide).

In another study comparing DDP-4 and SU therapy, subjects with inadequate glycemic
control on metformin alone or with one additional antidiabetic agent (washed-out during
screening) were randomized to linagliptin 5 mg/day or glimepiride 1 mg/day (possibility of
titration to 4 mg/day) [38]. Over a 2-year period, decreases in HbA1c from a mean baseline
of 7.7% were similar between groups (−0.2%, linagliptin and −0.4%, glimepiride)
demonstrating non-inferiority of linagliptin to glimepiride. At week 104, HbA1c value <
7.0% was achieved by 30% of patients receiving linagliptin and 35% receiving glimepiride.
Other studies have shown similar results indicating non-inferiority of DPP-4 inhibitors to
SUs [38–40].

2.4 DPP-4 inhibitors in combination
DPP-4 inhibitors have also been shown to be efficacious and safe in combination therapy
with metformin, SUs, TZDs and insulin. In a 24-week study, subjects were randomized to
placebo, sitagliptin 100 mg/day (S100), metformin 500 mg or 1000 mg b.i.d. (M1000,
M2000) or 50 mg of sitagliptin b.i.d. in combination with 500 mg or 1000 mg of metformin
b.i.d. (S100/M1000, S100/M2000) [41]. Changes in HbA1c from baseline (mean 8.8%)
were: +0.2% (placebo), −0.7% (S100), −0.8% (M1000), −1.1% (M2000), −1.4% (S100/
M1000) and −1.9% (S100/M2000), each group with a statistically significant change relative
to placebo (p ≤ 0.001). The combination therapy provided significant improvements in
HbA1c, FPG and PPG compared with placebo, to metformin alone, and to sitagliptin alone
(p < 0.001). This study demonstrated the additive effect of the DPP-4 class of agents with
metformin in those inadequately controlled on diet and exercise, likely due to their
complementary mechanisms of action. It showed that this combination is also a good initial
treatment option in patients with elevated HbA1c values unlikely to be controlled on
monotherapy.

In another study of DPP-4/metformin combination therapy, subjects with inadequate
glycemic control on metformin alone were randomized to the addition of placebo or
saxagliptin 2.5, 5 or 10 mg/day [42]. From a mean baseline HbA1c of 8.0%, decreases of
0.6, 0.7 and 0.6% were seen in the saxagliptin 2.5, 5 and 10 mg groups, respectively versus
an increase of 0.1% in the placebo/metformin group (p ≤ 0.0001). There were also
statistically significant decreases in FPG and PPG for the saxagliptin versus placebo add-on
groups. Given the proven efficacy of DPP-4 and metformin combination therapy, each of the
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agents in the DPP-4 inhibitor class is available in a single pill combination tablet with
metformin for ease of administration.

Also studied extensively has been the addition of DPP-4 inhibitor to SU therapy. In subjects
inadequately controlled on glimepiride ± metformin, the addition of sitagliptin resulted in a
change in HbA1c from baseline (8.3%) of −0.5% while an increase of 0.3% was seen with
placebo (p < 0.001) [43]. Decreases in FPG and PPG of 4 and 23 mg/dl, respectively were
seen in the sitagliptin add-on group, compared with increases of 16 and 14 mg/dl in the
placebo group. The improved glycemic control with sitagliptin added to glimepiride ±
metformin was at the expense of a higher incidence of overall (60 vs 47%) and drug-related
adverse experiences (15 vs 7%) in the sitagliptin than placebo group. The increased
incidence of adverse events was mainly accounted for by the higher incidence of
hypoglycemia with sitagliptin added to SU ± metformin therapy.

DPP-4 inhibitor therapy also proved efficacious in combination with TZDs when sitagliptin
was added to patients with poor glycemic control on pioglitazone therapy. The addition of
sitagliptin resulted in a decrease in HbA1c of 0.9% compared with 0.2% for placebo from a
mean baseline of 8.0% after 24 weeks (p < 0.001) [44]. FPG decreased by 17 mg/dl in the
sitagliptin group while it increased by 1 mg/dl in the placebo group (p < 0.001). The
addition of sitagliptin to pioglitazone was overall well-tolerated with a similar incidence of
overall adverse events and hypoglycemia between the sitagliptin and placebo add-on groups.

There has also been success with DPP-4 inhibitor and insulin combination therapy. In
subjects with inadequate glycemic control on insulin monotherapy or in combination with
metformin (baseline HbA1c 8.7%), the addition of sitagliptin decreased HbA1c by 0.6%
compared with no change from baseline in the placebo group (p < 0.001) [45]. Both FPG
and PPG decreased significantly when sitagliptin was added to insulin therapy versus
placebo (p ≤ 0.001). Despite improved glycemic control, a higher incidence of adverse
events was reported with sitagliptin (52%) compared with placebo (43%), due mainly to the
increased incidence of hypoglycemia (sitagliptin, 16% vs placebo, 8%). Insulin and
metformin doses remained stable throughout the study unless hypoglycemia occurred. In a
study of vildagliptin added to insulin therapy, patients in the vildagliptin/insulin group had
decreases in HbA1c of 0.5% compared with decreases of 0.2% in the insulin-only group
from a mean baseline of 8.4% (p = 0.01) [46]. In a subgroup analysis of patients ≥ 65 years,
greater decreases in HbA1c of 0.7% were seen in the vildagliptin add-on group compared
with decreases of only 0.1% in the placebo/insulin group (p < 0.001). Insulin adjustments
were allowed throughout this study. Interestingly, significantly lower rates of hypoglycemia
were seen in patients receiving vildagliptin than those receiving placebo (p < 0.001).

2.5 Comparison between DPP-4 inhibitors
Head-to-head comparison trials between DPP-4 inhibitors are limited as there have not been
any randomized controlled trials to date comparing agents in this class. Indirect comparisons
suggest that they are similar in terms of efficacy and safety profiles. An 18-week non-
inferiority trial was published comparing sitagliptin 100 mg/day to saxagliptin 5 mg/day in
those inadequately controlled on metformin [47]. The adjusted mean changes in HbA1c were
−0.6% for sitagliptin and −0.5% for saxagliptin, demonstrating non-inferiority for
saxagliptin. Adverse events were comparable between groups. A meta-analysis of studies
comparing sitagliptin or vildagliptin with placebo showed that both agents promoted
significant reduction of HbA1c values, −0.6% with sitagliptin and −0.7% with vildagliptin (p
< 0.00001) [48]. Sitagliptin and vildagliptin treatments were compared in a trial examining
their effects on daily blood glucose fluctuations [49]. Decreases in HbA1c, FPG and PPG
were similar in the two groups after 3 months while the amplitude of glycemic excursions
decreased more significantly with vildagliptin treatment.
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2.6 Safety and tolerability
There are no significant differences in the incidence of overall, serious or drug-related
clinical adverse events, including gastrointestinal (GI) events or hypoglycemia in DPP-4-
versus placebo-treated patients [28,29,32,41–43]. Certain adverse events are seen at a higher
but not statistically significant rate in DPP-4-treated groups including constipation,
nasopharyngitis, urinary tract infection, myalgias, arthralgias, headache and dizziness
[28,29,32,37,44]. Compared with metformin, a lower incidence of drug-related adverse
events is reported, likely related to the lower incidence of GI side effects [34,35].
Combination of DPP-4 inhibitor and metformin does not produce a statistically significant
increase in the incidence of GI adverse experiences compared with metformin alone [41].
DPP-4 is found in multiple tissues including immune-related cells and is identical to CD26,
a marker for activated T cells [50]. Concern arose over potential immune-modulating effects
of DPP-4 inhibitors. However, immune activation does not seem to be affected by specific
DPP-4 inhibition, but rather by DPP-8 and DPP-9 [51].

Several studies have shown a small mean increase from baseline in white blood cell count
and uric acid and a decrease in alkaline phosphatase with DPP-4 inhibitor treatment but
these differences have not been statistically or clinically meaningful [29,34,43,44]. Case
reports of pancreatitis, including 88 post-marketing cases between 2006 and 2009 led to the
Food and Drug Administration (FDA) requiring a warning statement on all product labels. A
review of preclinical data examining pancreatic histology in multiple animal species did not
reveal any evidence of treatment-related pancreatitis [52]. A pooled analysis of controlled
clinical trials has also failed to show an increased incidence of pancreatitis in patients treated
with the DPP-4 inhibitor class compared with placebo or other agents for diabetes. Rare
cases of hepatic dysfunction have been reported with vildagliptin 100 mg once daily and
therefore monitoring of liver function tests is recommended before and during treatment
[53].

Hypoglycemia is an uncommon complication of DPP-4 inhibitor therapy. A higher
incidence of hypoglycemia is more likely to occur with SU than DPP-4 inhibitor therapy
[37]. When a DPP-4 inhibitor is added to a SU, but not metformin, there is a higher
incidence of drug-related adverse events, mainly accounted for by the higher incidence of
hypoglycemia [43,45]. This increased incidence of hypoglycemia can also be seen when a
DPP-4 inhibitor is added to insulin if there is not careful monitoring for adjustment of the
insulin dose [45,46].

DPP-4 inhibitor therapy has a neutral effect on body weight [28,30]. Metformin produces
more significant weight loss [34,35] while SU therapy leads to weight gain compared with
gliptins [37].

There does not appear to be any increased risk of cardiovascular or cerebrovascular events
with use of various DPP-4 inhibitors [54–56]. These retrospective studies were pooled data
from Phase II and III trials. Data also suggest that there may be a cardioprotective effect that
necessitates further inquiry [54,55]. Currently, Saxagliptin Assessment of Vascular
Outcomes Recorded in Patients with Diabetes Mellitus-Thrombolysis in Myocardial
Infarction 53 Trial (SAVOR-TIMI 53), Sitagliptin Cardiovascular Outcomes Study
(TECOS), Cardiovascular Outcomes Study of Alogliptin in Subjects with Type 2 Diabetes
and Acute Coronary Syndrome (EXAMINE) and Cardiovascular Study of Linagliptin versus
Glimepiride in Patients with Type 2 Diabetes (CAROLINA) are investigating the long-term
safety and cardiovascular outcomes in patients treated with DPP-4 inhibitors [57–60].

DPP-4 inhibitors are efficacious and safe in the elderly [61]. They are particularly a wise
choice in this population due to the low risk of hypoglycemia. In addition, with the
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exception of saxagliptin which is metabolized by CYP3A4/5, there is a low risk of drug–
drug interactions due to lack of interaction with the CYP isoforms [62,63]. The DPP-4 class
of medications has proven safe and efficacious in renal impairment [64,65]. In addition, they
are safe to be used in hepatic impairment, with exception of vildagliptin, with no clinically
significant changes in their pharmacokinetics seen in hepatic impairment [66–68].

3. Meglitinides
The meglitinide analogs `glinides' are short-acting insulin secretagogues that target one of
the main defects that characterizes type 2 diabetes: the progressive loss of early phase
prandial insulin secretion [69]. They act in a glucose-dependent manner to close adenosine
triphosphate (ATP)-dependent potassium channels on the β-cell membrane, depolarize the β-
cell, resulting in the opening of calcium channels, increased calcium influx and insulin
secretion [70,71]. The currently approved drugs in this class include the benzoic acid
derivative repaglinide, approved in 1997, and nateglinide, a D-phenylalanine derivative,
approved in 2000. Despite similar mechanisms of action, the molecular binding site of
repaglinide is different from that of nateglinide, as well as SUs [72]. In addition, the onset of
inhibition of ATP-dependent potassium channels by nateglinide is more rapid than that by
repaglinide, as is the time to reversal of channel inhibition. The nature of nateglinide's
interaction with its receptor and at the KATP channel results in its shorter duration of action
and reduced risk of hypoglycemia compared with repaglinide. The glinides are rapidly
absorbed from the GI tract with augmentation of insulin secretion occurring within 30
minutes of commencing a meal [73]. The recommended time for administration is 15
minutes prior to each meal. The maximum dosing is 4 mg per meal with repaglinide and 120
mg per meal with nateglinide. The major glinide efficacy trials are summarized in Table 2.

3.1 Meglitinide monotherapy
Repaglinide has been shown to improve glycemic control over placebo in several
randomized, double-blind multicenter trials. Over 24 weeks, subjects on background diet or
OHA underwent a washout period and then received repaglinide 1 or 4 mg with meals [74].
From a mean baseline of 8.7%, HbA1c increased by 1.4% in the placebo group, while it
decreased by 0.7 and 0.5% in the repaglinide 1 and 4 mg groups, respectively (p < 0.001).
Mean FPG changes of +19, −47 and −49 mg/dl were seen in the placebo, repaglinide 1 and 4
mg groups, respectively (p < 0.001). In another study over 16 weeks in participants poorly
controlled by diet alone, decreases in HbA1c of 1.1 and 0.2% (from 7.7%) were seen in
repaglinide- and placebo-treated patients, respectively (p < 0.001) [75]. Repaglinide
treatment improved FPG with respect to baseline and placebo with a mean reduction of 32
mg/dl (p < 0.001).

3.2 Meglitinide versus metformin
Repaglinide monotherapy provides similarly significant improvements in glycemic control
as with metformin monotherapy. At 12 months, pharmacotherapy-naïve participants
randomized to repaglinide or metformin experienced significant decreases from baseline in
HbA1c, FPG and PPG (p < 0.05) [76]. HbA1c decreases of 0.8 and 0.9% from a mean
baseline of 7.5% occurred in repaglinide- and metformin-treated subjects, respectively. The
between-group difference was not significant for HbA1c or FPG but the fall in PPG was
significantly greater in the repaglinide-treated group (p < 0.05).

3.3 Meglitinides versus SU
Studied over 1 year, patients underwent a washout period and then received repaglinide or
glipizide (up to 15 mg/day) [77]. Although initial improvement in HbA1c was noted, HbA1c
rose from a mean of 7.3% by 0.2 and 0.8% when treated with repaglinide and glipizide,
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respectively (p < 0.05 between groups). In both treatment groups, FPG initially decreased
from baseline, but subsequently increased. The increase in FPG was greater in the glipizide
than repaglinide group (23 vs 9 mg/dl, p < 0.05). In a similar study of subjects randomized
to either repaglinide or glyburide monotherapy studied over 1 year, HbA1c increased by
0.1% from a mean baseline of 8.8% in both treatment groups [78]. Better efficacy was seen
in OHA-naïve participants who experienced similar but significant decreases in HbA1c of
1.3 and 1.1% when treated with repaglinide or glyburide. FPG changes were similar
between groups.

3.4 Meglitinides in combination
In those inadequately controlled on metformin alone, repaglinide added to metformin
resulted in a mean HbA1c decrease of 1.4% (from 8.3%) (p < 0.05) [79]. Non-significant
decreases in HbA1c of 0.4 and 0.3% occurred in the repaglinide and metformin monotherapy
groups, respectively (p < 0.05 compared with combination therapy). The mean FPG
decreased by 40 mg/dl (p < 0.05) in the combination group while no significant change was
seen in either mono-therapy group. Proven in this study was not only the efficacy of
combination therapy but also repaglinide as a viable substitution to metformin, with no
deterioration in glycemic control seen when switched from metformin to repaglinide
monotherapy. Repaglinide was studied in combination and against pioglitazone therapy in a
6-month trial [80]. Patients with inadequate control on metformin or SU therapy were
randomized to combination repaglinide/pioglitazone therapy, repaglinide monotherapy or
pioglitazone monotherapy. Changes in HbA1c from an overall mean baseline of 9.1% were
−1.8, −0.2 and +0.3% for combination therapy, repaglinide monotherapy and pioglitazone
monotherapy, respectively (p < 0.001 combination vs monotherapy). The monotherapy
groups did not significantly differ from one another. A reduction in FPG of 82 mg/dl was
seen with combination therapy, significantly greater than the reduction with either
repaglinide or pioglitazone monotherapy (−34 and −19 mg/dl, respectively; p < 0.001).

3.5 Repaglinide versus nateglinide
Repaglinide and nateglinide monotherapies were compared over 16 weeks in subjects
uncontrolled on diet and exercise [81]. The reduction in HbA1c from baseline (8.0%) was
significantly greater with repaglinide than nateglinide monotherapy (−1.6 vs −1.0%; p =
0.002) as was the reduction in FPG (−57 vs −18 mg/dl; p < 0.001). Similar post-prandial
glycemic effects were seen between groups.

3.6 Safety and tolerability
Hypoglycemia is the most commonly reported adverse event with glinide use, especially
repaglinide. Hypoglycemic symptoms were experienced in 11, 27 and 35% of placebo-,
repaglinide 1 and 4 mg treated subjects, respectively [74]. However, only two subjects had
hypoglycemic symptoms with a concomitant blood glucose value < 45 mg/dl, both in the
repaglinide 4 mg group. Furthermore, no events were severe, requiring third-party assistance
or hospitalization. Hypoglycemic events are more frequent in subjects who are OHA-naïve
or have a baseline HbA1c < 8% and are seen less frequently with lower doses of repaglinide
with 3, 11 and 18% of subjects reporting symptoms with placebo, repaglinide 0.5 and 1 mg,
respectively [75]. Repaglinide and some SUs result in a similar incidence of hypoglycemic
symptoms (15% of repaglinide-treated subjects and 19% of glipizide or glyburide-treated
patients) [77,78]. Blood glucose levels recorded at the time of hypoglycemic symptoms,
however, were lower and more often recorded at < 45 mg/dl with SU treatment. When
compared, repaglinide has a higher risk of hypoglycemia compared with nateglinide which
has been attributed to the difference in interaction at the KATP channel [81]. Minor
hypoglycemic events, defined as a documented blood glucose level of < 50 mg/dl, were seen
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in 7% of the repaglinide group but 0% of the nateglinide group. No major hypoglycemic
events, requiring third-party assistance were needed.

The glinides appear to be weight neutral [75,77–80]. A slight increase in weight of 0.4 kg
occurred in repaglinide-treated subjects, not significantly different from placebo-treated
patients. No significant difference in weight change was seen when compared with SU
therapy. Repaglinide produced less weight gain than pioglitazone but more than metformin.

In a large study (n = 9306), patients with impaired glucose tolerance were randomized to
receive nateglinide or placebo and were followed for a median of 5 years to evaluate the risk
of diabetes or cardiovascular events [82]. Unfortunately, nateglinide did not diminish the
incidence of new diabetes, nor did it improve cardiovascular outcomes, death from any
cause or cardiovascular death.

Nateglinide has been studied in treatment-naïve elderly subjects and found to be well
tolerated and safe [83,84]. The meglitinides are extensively metabolized by the cytochrome
P450 enzymes and should be used with caution in patients also taking inhibitors or inducers
of these enzymes such as ketoconazole, gemfibrizol, trimethoprim, cyclosoporin and
rifampin [85–89]. Patients switched to repaglinide therapy with varying degrees of renal
dysfunction were studied over a 3-month period [90]. With the exception of the runin
period, there was no significant increased incidence of hypoglycemia in relation to the
degree of renal dysfunction. However, with increasing renal dysfunction, there was a
significant tendency toward a lower final dose of the drug (p = 0.03). In pharmacokinetic
studies of nateglinide, renal clearance of nateglinide tended to decrease with increasing renal
dysfunction but there was no significant increase in plasma nateglinide area under the curve
or half-life [91]. Nateglinide was well tolerated in patients with renal dysfunction or
undergoing hemodialysis [84,91]. Glinides appear safe in liver dysfunction, but have been
associated with rare hepatotoxicity [92–95].

4. α-Glucosidase inhibitors
AGIs were approved for treatment of type 2 diabetes in the 1990s. AGIs competitively
inhibit α-glucosidase enzymes at the enterocyte brush border [96]. The absorption of
consumed carbohydrates is delayed resulting in a reduction in plasma glucose. There is no
direct effect on insulin secretion, but there is evidence that GLP-1 secretion is enhanced
[97–100]. Currently, only acarbose and miglitol are approved in the USA. Both are dosed
with meals, with maximal dosing of 100 mg three times per day (t.i.d.). Focusing on
acarbose as the most widely investigated of the AGIs, Table 3 shows trials studying
acarbose as either monotherapy or combination therapy with most other available diabetes
treatments.

4.1 Acarbose monotherapy versus metformin versus SU
Against diet alone, acarbose was more effective in reducing HbA1c, FPG and PPG (p < 0.01,
< 0.05 and < 0.05, respectively) [101]. HbA1c was reduced by 0.7% compared with placebo,
from a baseline of 6.8%. The Essen and Essen II trials compared the efficacy of acarbose as
first-line therapy versus placebo, SU or metformin in treatment-naïve type 2 diabetes
patients [102,103]. There was no statistical difference in mean reduction in HbA1c, FPG and
PPG from baseline between acarbose and metformin or acarbose and glibenclamide therapy
over 24 weeks. However, across all treatment groups, the reduction in HbA1c from baseline
was about 1%.
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4.2 Acarbose in combination
Added to background of metformin or SU therapy, acarbose demonstrated a HbA1c
reduction of 0.6 -- 0.9% from placebo, with an average reduction in FPG and PPG from
placebo of about 30 mg/dl [104–107]. In a 1-year study by Chiasson et al., acarbose therapy
was added to background diet, metformin, SU and insulin therapy [108]. In all groups,
acarbose-treated patients had a decrease in HbA1c from placebo, ranging from 0.9% (diet, p
= 0.005) to 0.4% (insulin, p = 0.07). Only add-on to diet and SU therapy had a statistically
significant reduction in FPG (p < 0.001 and p = 0.013, respectively), but all groups had a
statistically significant reduction in PPG with add-on acarbose therapy (p ≤ 0.01). These
data were supported by a similar 3-year study of acarbose added to pre-existing therapy
where acarbose-treated patients had a reduction in HbA1c from placebo, ranging from 0.7%
(multiple insulin, p = 0.025) to 0.1% (SU plus insulin, p = 0.9) [109]. In all groups
combined, there was a statistically significant mean change from baseline in HbA1c of 0.5%
(p < 0.001), but no significant change in FPG after 3 years of treatment.

In pooled analysis of 41 trials (n = 8130) of AGIs, 30 of which studied acarbose, there was
an average reduction from placebo of HbA1c of 0.8%, FPG 20 mg/dl and PPG of 41 mg/dl
[110,111].

4.3 Safety and tolerability
Acarbose has a high non-compliance rate (as high as 49% after 1 year of treatment), owing
mostly to its increased incidence of flatulence (30 vs 12%, p < 0.00001) and diarrhea (16 vs
8%, p < 0.0001) compared with placebo [109,112]. There was no significant net difference
in urinary albumin, β-cell function or insulin sensitivity from placebo at 3 years.
Hypoglycemia is a rare complication and mainly occurs when acarbose is added to SU or
insulin therapy [102,108].

Acarbose is weight neutral in placebo-controlled trials, but has a weight beneficial change
when compared with SU-controlled studies [111]. In pooled analysis, there was a −1.9 kg
effect advantage of acarbose-treated patients compared with SU-treated patients.

In the Study to Prevent Non-Insulin-Dependent Diabetes Mellitus (STOP-NIDDM) trial,
1429 patients with impaired glucose tolerance were treated with acarbose for 3 years.
Results showed a 25% relative risk reduction in new-onset diabetes and a 34% relative risk
reduction in new-onset hypertension [113,114]. Myocardial infarction was significantly
reduced (hazard ratio (HR) 0.09, p = 0.02) as was any cardiovascular event (HR 0.51, p =
0.03) [114]. Authors suggest that targeting PPG potentially resulted in these cardiovascular
benefits [113,114].

Elderly patients tolerate acarbose monotherapy well [115]. When studied over 12 months,
elderly patients (average age 68 years) who received acarbose versus placebo, had improved
insulin sensitivity by glucose clamp and insulin resistance by homeostasis model assessment
(HOMA) [116]. Acarbose may affect the bioavailability of digoxin [117]. There are no long-
term data in patients with serum creatinine levels > 2.0 mg/dl, however, with increasing
renal dysfunction these is a relative increase in plasma concentrations of acarbose [118].
Liver transaminase elevation can be seen rarely (62 post-marketing cases in > 3 million
patient years) and occurred in patients who received 100 mg t.i.d. or greater in dosing [118].

5. Bile-acid sequestrants
Initially developed for treatment of hyperlipidemia, BAS were coincidentally found to
reduce plasma glucose in studies investigating the lipid-lowering effects of the drug [119].
The mechanism by which this occurs is unknown [120]. Endogenous glucose production
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may be reduced by effects on the farsenoid X receptor within the liver and intestine. In
addition, BAS may augment the secretion of incretin hormones [121]. Currently,
colesevelam is the only BAS approved for use in type 2 diabetes in the USA and Europe.
Colesevelam 3.8 g is recommended to be taken once daily or in divided doses with meals.

5.1 BAS in combination
There have been no studies of colesevelam as monotherapy but it has been examined in
combination therapy (Table 4). Against background therapy of metformin, SU or insulin,
colesevelam reduced HbA1c from placebo by 0.5% and average FPG from placebo by 14
mg/dl [122–124]. When stratified, patients with a baseline HbA1c > 8% showed a slightly
greater HbA1c reduction compared with those with HbA1c < 8%. Greater than 47% of
colesevelam-treated patients were able to achieve a > 0.7% reduction in HbA1c and > 30
mg/dl reduction in FPG from baseline in all background groups. At completion of the above
studies, patients with > 80% compliance (n = 509) were eligible to enroll in a 52-week open-
label extension trial of colesevelam [125]. At the completion of the study, the patients who
had continued on colesevelam treatment had a 0.1% reduction in HbA1c and a 4 mg/dl
reduction in FPG from baseline compared with patients who had received placebo and then
initiated colesevelam for the open-label extension trial (−0.3% and −9.5 mg/dl,
respectively). When studied on a background of metformin therapy against rosiglitazone and
sitagliptin, colesevelam 3.75 mg/day reduced HbA1c from baseline by 0.3% (p = 0.031)
compared with rosiglitazone 4 mg/day (−0.6%, p < 0.001) and sitagliptin 100 mg/day
(−0.4%, p = 0.009) [126].

Beyond glycemic benefits, addition of colesevelam had a favorable effect on lipid
parameters. The average reduction in LDL cholesterol from placebo was 15% in
colesevelam-treated patients [122–124]. TG levels increased by ~ 16% in colesevelam-
treated patients whose baseline average TG levels were < 180 mg/dl. Similar trends in LDL
reduction and increase in TG levels were observed in the open-label extension trial [125].
Colesevelam significantly reduced LDL cholesterol by 11% from baseline (p = 0.001)
compared with rosiglitazone (8%, p = 0.04) and sitagliptin (8%, p = 0.029). TG levels were
significantly elevated in the colesevelam- and rosiglitazone-treated groups (15 and 24%,
respectively, p < 0.001) compared with baseline [126].

5.2 Safety and tolerability
In addition to efficacy, the 52-week open-label extension trial evaluated the safety of
colesevelam [125]. Of the 509 patients who enrolled, 361 patients completed the extension
trial. Seventy-one percent of patients experienced an adverse event with 11% attributed to
colesevelam treatment. The most common adverse events were GI, including constipation
and flatulence. Seventeen patients experienced hypoglycemia (16/17 considered to be mild-
moderate), 1 from the metformin study, 5 from the SU study and 11 from the insulin study.
There was a non-significant weight reduction of 0.2 kg in the subjects who completed the
extension portion.

There are no long-term data on colesevelam's effects to elevate TG levels with regards to
pancreatitis or cardiovascular outcomes in diabetes patients. Additionally, there are no long-
term data on the cardiovascular outcomes related to improvement of LDL cholesterol, which
authors suggest may be attenuated by the elevation in TG levels [125].

Within the large efficacy trials of colesevelam (n = 1128), 22% of participants were aged >
65 years with no overall difference in efficacy compared with subjects < 65 years [122–
124,127]. Colesevelam should be administered 4 hours prior to cyclosporine, levothyroxine,
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glyburide, ethinyl estradiol and norethindrone [128–130]. There is no recommendation for
renal or hepatic dose adjustment [131].

Colesevelam should be used with caution in individuals with TG levels > 300 and is
contraindicated in patients with a TG level > 500 [131,132]. Colesevelam is not
recommended in patients with gastroparesis or GI motility disorders [131,133,134].

6. Bromocriptine mesylate
Bromocriptine mesylate (bromocriptine) is a central dopamine receptor agonist. Although
the exact mechanism is unknown, animal and human studies suggest that bromocriptine may
alter the hypothalamic circadian rhythm ultimately resulting in an insulin sensitive state with
improved glucose tolerance [135,136]. Approved for treatment in the USA for type 2
diabetes in 2009, the quick release formulation of bromocriptine should be initiated at 1.6
mg/day and titrated to a maximum dose of 4.8 mg/day to be taken within 2 hours of waking.
The clinical efficacy of bromocriptine has been studied as monotherapy and combination
therapy with SU, metformin and insulin (Table 5).

6.1 Bromocriptine as monotherapy
In two 6-month trials, overweight or obese individuals with type 2 diabetes were
randomized to receive bromocriptine monotherapy or diet [137]. When compared with diet
alone, the average change in HbA1c and FPG from placebo was −0.4% and −27 mg/dl,
respectively, in a population with an average baseline HbA1c of 8 – 9%. Bromocriptine-
treated patients were more likely to achieve a 1% decline in HbA1c (28%) from baseline
compared with diet alone (8%) and to have a reduction in PPG compared with diet (p <
0.002).

6.2 Bromocriptine in combination
Studies of bromocriptine added to SU therapy show further improvement in glycemic
parameters compared with bromocriptine monotherapy [138]. In overweight patients
receiving bromocriptine for 6 months (n = 730), with an average baseline HbA1c of ~ 9%,
the mean reduction in HbA1c and FPG was 0.6% and 20 mg/dl, respectively, compared with
placebo. The third and largest trial (n = 485) reported a significant reduction in PPG (p <
0.0002) [138]. Smaller studies have suggested more robust reduction in HbA1c from placebo
(−1 to −1.8%), however, each was ≤ 40 patients over 12 – 16 weeks [139,140].

In a small study of 105 patients with type 2 diabetes (mean HbA1c of 7.8%), subjects were
randomized to receive bromocriptine monotherapy, dual bromocriptine and metformin or
metformin monotherapy over 12 weeks [141]. Metformin monotherapy was superior to
bromocriptine monotherapy in reduction of HbA1c and FPG. When added to metformin,
bromocriptine provided a small improvement in HbA1c and FPG compared with
bromocriptine monotherapy (p-value not provided).

In the largest trial evaluating the safety and efficacy of bromocriptine therapy, 3070 type 2
diabetes patients were randomized to usual diabetes treatment plus once-daily bromocriptine
or placebo for 52 weeks [142,143]. Usual diabetes care could include no more than 2 OHAs,
insulin plus one OHA or insulin alone. Dosages of pre-trial diabetes therapy could be
adjusted to avert hypoglycemia or added and/or titrated after week 12 to maintain glycemic
control. At week 24, the mean change in HbA1c from baseline in the bromocriptine group
was 0% and in the placebo group was −0.2% (no p-value provided). At enrollment, > 60%
of the patients had HbA1c < 7%. The subgroup of patients with HbA1c ≥ 7.5% who received
bromocriptine had a greater reduction in HbA1c (−0.5% change in HbA1c from baseline, p <
0.001). Bromocriptine added as adjunct to a TZD, using intention-to-treat analysis, had a
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0.8% reduction in HbA1c from placebo (p = 0.001) [143,144]. Overall, there did not appear
to be further efficacy of bromocriptine add-on therapy in patients who had already achieved
HbA1c < 7%.

6.3 Safety and tolerability
In the large 52-week safety and efficacy trial (n = 3070), 47% of bromocriptine-treated
patients discontinued therapy versus 32% of placebo-treated patients [142]. Nausea was the
most prominent adverse event (8% with bromocriptine treatment vs 1% with placebo). This
study and others document that nausea, attributed to bromocriptine treatment, was more
likely to be seen at initial titration of bromocriptine and lasted about 2 weeks
[138,139,142,143]. Hypotension and/or orthostatic hypotension were reported in the
bromocriptine-treated groups (2.2, 0.3%, respectively) with 98% of the symptomatic
patients on at least one antihypertensive medication [137]. Bromocriptine, as an adjunct to
TZDs, did not show an increased risk of peripheral edema, weight gain or more cardiac
events [144]. In post-marketing reports, there were no reports of hallucinations, psychotic or
psychiatric disorders, serious fibrotic complications, stroke or neuroleptic-like malignant
syndromes within bromocriptine-treated patients (n = 2500) [137].

The incidence of hypoglycemia (defined as symptoms suggestive of hypoglycemia that
promptly resolved with appropriate care, symptoms with a measured glucose < 60 mg/dl or
measured glucose < 49 mg/dl) was 6.9% in the bromocriptine-treated group versus 5.3% in
the placebo-treated group [142].

The average change in body weight from placebo with bromocriptine monotherapy was
+0.25 kg over 6 months [137,138]. A small but significant change in body weight relative to
placebo (bromocriptine +1.2 kg, placebo +0.3 kg; p < 0.0002) was seen in bromocriptine-
treated patients with a SU background [138].

The hazard ratio was 0.58 with a 42% relative risk reduction for the time to first occurrence
of secondary cardiovascular end points when bromocriptine was compared with placebo
suggesting a potential cardioprotective effect of bromocriptine [142]. Based on the Kaplan–
Meier estimates, 79 patients would need to be treated to avoid one first important
cardiovascular event.

Within the 52-week safety trial, 29% of subjects were ≥ 65 years of age [142]. There was no
difference in observed safety and effectiveness between the elderly patients and patients ≤
65 years of age [137]. Bromocriptine QR has not been studied in patients taking other
dopamine receptor agonists or dopamine receptor antagonists; therefore, concomitant use is
not recommended. There is no recommendation for renal or hepatic dosing, but
consideration should be made to the extensive hepatic metabolism via cytochrome P4503A
[137].

7. Conclusion
Metformin has excellent efficacy with favorable weight and lipid profiles supporting its use
as first-line therapy. DPP-4 inhibitors are less efficacious than metformin but have proven
non-inferior to SU treatment with a favorable side-effect profile and less risk for
hypoglycemia. The meglitinides achieve similar efficacy to the longer-acting SU
counterparts but are plagued with similar hypoglycemia with repaglinide use (less with
nateglinide), a more frequent daily dosing scheme, and an unknown effect on cardiovascular
preconditioning. AGIs can have good efficacy but use is limited due to adverse GI reactions
and inconvenient t.i.d. dosing regimen. BAS and bromocriptine are less efficacious than
metformin, SU and TZD therapy but also have unfavorable GI side-effect profiles,
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especially BAS. However, these agents are unlikely to cause hypoglycemia without
concomitant SU or insulin therapy.

8. Expert opinion
Lifestyle modification should be recommended and reinforced to all patients being treated
for type 2 diabetes. Metformin therapy is well studied, inexpensive and unlikely to cause
hypoglycemia and should be used as first-line therapy in all patients who can tolerate it or
have no contraindication. If the patient has not achieved the glycemic target, the practitioner
now has a number of agents to consider as addon therapy. Herein lies the art of diabetes
treatment. Efficacy and side-effect profiles of agents as well as patient age, preference,
weight and comorbidities all play a role in determining which class to choose (Table 6,
Figure 1). In addition, the literature on antidiabetic agents needs to be carefully examined to
understand efficacy differences between classes. Certain factors such as baseline HbA1c as
well as the duration of the trial need to be noted. As highlighted by Bloomgarden et al.,
baseline glycemic status strongly influences response to antidiabetic drug treatment with
greater HbA1c and FPG improvements seen at higher baseline values [145]. Trials in more
recent years, such as those involving DPP-4 inhibitors, have used participants with lower
baseline HbA1c values and therefore may underestimate maximal response. On the other
hand, older trials of metformin and SUs typically had higher baseline values and therefore
showed greater response to these agents. It is therefore difficult to compare relative
efficacies of classes unless there are head-to-head trials between them. Further, duration of
the trial needs to be looked at as HbA1c response to pharmacologic intervention typically
plateaus after 3 months.

That being said, it is reasonable to consider a trial of SU therapy as add-on to metformin
therapy or as monotherapy if metformin is contraindicated, but certain patient characteristics
may challenge the use of this therapeutic class, including patient age and weight, renal
function and cardiovascular status. TZDs have essentially fallen out of favor until the
cardiovascular risk and cancer risk profiles have been either further clarified or disproven.
As such, every physician treating patients with type 2 diabetes is faced with potential
initiation of injection therapy which is often resisted by the patient.

DPP-4 inhibitors are well tolerated, have moderate HbA1c lowering and do not cause
significant hypoglycemia. Both FPG and PPG are targeted via a non-β-cell mechanism.
When actually comparing DPP-4 inhibitor with SU therapy, non-inferiority of gliptins has
been shown. On the other hand, DPP-4 inhibitors offer less improvement in glycemic
parameters than metformin. DPP-4 inhibitors are a good alternative when metformin
treatment is limited by GI side effects or when SU treatment is complicated by significant
hypoglycemia or weight gain. They should also be considered as add-on therapy when a
patient is on maximally tolerated metformin, SU or TZD therapy but has not achieved full
glycemic control. Dosing can be adjusted for renal impairment making them potential initial
and/or add-on therapy in patients with stages 1 – 5 chronic kidney disease at risk for
hypoglycemia. Cost could be a factor as this class is branded. DPP-4 inhibitors are equally
expensive compared with meglitinides, but have a better side-effect profile and once-daily
dosing.

Meglitinides should be considered in patients who have erratic meal times and need meal-
time glycemic control in those with preserved pancreatic β-cell function. Consideration to
this agent should be given in those with renal impairment. An expected improvement in
HbA1c of 0.5 – 1.6% can be seen. Caution should be used with repaglinide in those at higher
risk for hypoglycemia, in which case nateglinide would be the better option, despite less
substantial improvements in glycemic control. Meglitinides should not be used in
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combination with SU therapy. As the cardiovascular risk is uncertain, meglitinides should be
avoided in the same patients for whom one would avoid SU therapy for similar concerns. As
all meglitinides are branded, preauthorization or consultation with pharmacy coverage and
cost may need to be considered. In addition, the frequent dosing schedule may be a deterrent
for some patients.

AGIs offer an alternative site of action (gut) and are essentially equally efficacious to DPP-4
inhibitors but are generally not well tolerated. The GI side effects are prohibitive to a good
portion of patients despite lower cost compared with DPP-4 inhibitors and meglitinides.
Therefore, AGIs may be most beneficial in patients suffering from constipation who are
already taking other t.i.d. medications. In addition, consideration for use in elderly patients
should be given as studies have shown its safety and improved insulin sensitivity in this
population.

BAS and bromocriptine have the lowest efficacy in general. Not developed as primary
therapeutic targets, the small initial glycemic benefits seen were noted in side-effect profiles
in large studies where the medications were being used for alternative reasons. Neither has a
risk of hypoglycemia unless used with other therapies like SU or insulin making them
options in a patient at risk for hypoglycemia. A BAS could be considered in a patient who
needs reductions in HbA1c as well as LDL cholesterol to achieve the target goals, but should
be cautioned in those patients whose elevated TG have not been addressed. Bromocriptine
could be considered in any patient in need of a small reduction in HbA1c, not on
antihypertensive therapy, who may benefit from the potential cardioprotective effects.

The patient resistant to injection therapy has options provided that there is sufficient
pancreatic β-cell reserve [146]. Studies already demonstrate the increased use of DPP-4
inhibitors as TZDs have been less utilized [147]. All of the medications discussed have
better efficacy in patients with HbA1c > 8%, who are OHA-naïve, but it is often the patient
who has achieved a HbA1c of 7.0 – 7.9% in whom the challenge of additional therapeutic
options lie. Thus, the practitioner should be cognizant that use of these therapies in patients
with HbA1c < 8% may not achieve ADA or EASD guideline reduction to < 7% alone.

As diabetes becomes an increasingly common disease, there continues to be interest in new
pharmacologic targets. One class of OHA on the horizon is the sodium-glucose
cotransporter 2 (SGLT2) inhibitors. This class of compounds targets SGLT2 on the proximal
tubule of the kidney to block renal glucose reabsorption and thereby reduce blood glucose
levels. Selectivity for SGLT2 was sought given its predominant role in glucose reabsorption
and location mainly in the kidney [148,149]. SGLT1, on the other hand, plays a more minor
role in glucose reabsorption and is not only expressed in the kidney but also the GI tract and
heart, making it a less desirable target [150,151]. The mechanism for SGLT2 inhibitors is
independent of insulin secretion or action and therefore less likely to cause hypoglycemia or
to lose efficacy as β-cells lose their insulin secretory capacity. Dapagliflozin is a highly
specific inhibitor of SGLT2 and is the most well-developed and studied agent in this class.
Efficacy of dapagliflozin has been shown as monotherapy [152] and add-on therapy to
metformin [153,154], SUs [155], TZDs [156] and insulin [157]. In treatment-naïve subjects
at week 24, decreases in HbA1c from a mean baseline of 7.9% were 0.6, 0.8 and 0.9% for
dapagliflozin 2.5, 5 and 10 mg compared with a decrease of 0.2% for placebo (p ≤ 0.005 vs
placebo) [152]. No major episodes of hypoglycemia occurred, defined as symptoms of
hypoglycemia, a blood glucose value < 54 mg/dl and requiring third-party assistance.
Reports of signs or symptoms suggestive of urinary tract and genital infections were more
common with dapagliflozin treatment than placebo. In a comparison of metformin XR plus
dapagliflozin versus either agent as monotherapy in treatment-naïve subjects over 24 weeks,
changes from baseline (9.1%) in HbA1c were significantly greater for combination therapy
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than monotherapy: −2.0% combination, −1.5% dapagliflozin 10 mg, −1.4% metformin
(uptitrated to 2000 mg/day) (p < 0.0001) [154]. Dapagliflozin 10 mg was non-inferior to
metformin monotherapy in HbA1c reduction and caused significantly greater weight loss.
Excitement for SGLT2 inhibitors is gaining momentum with more studies proving efficacy
and tolerability.

Another new class of agents for type 2 diabetes treatment is the dual PPAR modulators. The
dual PPAR modular aleglitazar has affinity to PPAR-α and PPAR-γ and is in Phase III
clinical trials. PPAR-α agonists (e.g., fibrates) are used for treatment of hyperlipidemia,
specifically hypertriglyceridemia, while PPAR-γ agonists (e.g., TZDs) are used to improve
glycemic control in type 2 diabetes [158]. The prospect of agents that work at both of these
receptors is potentially attractive given the common co-occurrence of diabetes and
cardiovascular disease. However, several attempts to develop dual PPAR agonists have
failed given safety concerns. Some of these safety concerns include bladder cancer and
hyperplasia with rapaglitazar and naveglitazar [159], renal dysfunction with tesaglitazar
[160], and death, major cardiovascular events and congestive heart failure with muraglitazar
[161]. In a study of subjects randomized to aleglitazar (20, 50, 100, 300, 600 or 900 μg) or
placebo for 6 weeks after a 3-week washout period, dose-dependent decreases in levels of
FPG, PPG and TG were seen with aleglitazar treatment with a seemingly balanced affinity
for both α and γ receptors [162]. The well-known adverse reactions of PPAR-γ-related
edema and weight gain and PPAR-α-related decreases in creatinine clearance were seen
with aleglitazar treatment. In a 16-week study, subjects were randomized to placebo,
pioglitazone 45 mg/day or aleglitazar 50, 150, 300 or 600 μg/day [163]. Significant dose-
dependent decreases in HbA1c from baseline (8.0%) compared with placebo were seen with
aleglitazar treatment from −0.4% with 50 μg (p = 0.048) to −1.4% with 600 μg (p < 0.001).
Aleglitazar 50 μg and pioglitazone 45 mg produced similar glycemic effects. TG decreases
and HDL increases were also significant with all doses of aleglitazar. The Phase III study
ALECARDIO is currently ongoing to test the hypothesis that in patients with type 2 diabetes
who suffered a recent acute coronary syndrome, aleglitazar 150 μg/day can reduce
cardiovascular morbidity and mortality.

While SGLT2 inhibitors and dual-PPAR agonists are gathering the most excitement for new
diabetes treatments, other agents being studied include 11 β-hydroxysteroid dehydrogenase
type 1 inhibitors which minimize the antiglycemic effects of cortisol, and glycogen
phosphorylase activators which increase hepatic glucose metabolism.
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Article highlights

• Metformin, sulfonylureas (SU) and thiazolidinediones (TZD) are the oldest and
most well-studied classes of hypoglycemic/antihyperglycemic agents. HbA1c
reduction of 1.0 – 1.5% should be expected with each of these agents.

• Several other classes of oral agents have more recently been approved for type 2
diabetes management including: dipeptidyl peptidase-IV (DPP-4) inhibitors,
meglitinide analogs, α-glucosidase inhibitors (AGIs), bile-acid sequestrants
(BAS) and bromocriptine.

• DPP-4 inhibitors are moderately efficacious and are well tolerated with a low
risk of hypoglycemia. They should be considered as an alternative when
metformin use is limited by gastrointestinal (GI) side effects or when SU use is
limited by hypoglycemia.

• Repaglinide has similar efficacy to SU, but is limited by its frequent dosing
regimen and hypoglycemia (less with nateglinide).

• AGIs can also have moderate efficacy but are limited mainly by their GI side-
effect profile.

• BAS and bromocriptine are the least efficacious but have a low risk of
hypoglycemia.

This box summarizes key points contained in the article.
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Figure 1.
Adverse events occurring in at least A) 5% of patients receiving repaglinide 1 or 4 mg or
placebo [76]; B) 2% of patients receiving sitagliptin 100 mg/day or placebo [28]; C) 4% of
patients receiving acarbose or placebo [112]; D) 2% of patients receiving colesevelam or
placebo as add-on therapy with metformin, insulin or sulfonylurea [125]; E) 5% of patients
receiving bromocriptine or placebo [137].
URI: Upper respiratory infection.
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Table 6

Expert opinion of specific efficacy and safety profiles for OHA.

Class Ease of dosing Dose adjustment for renal impairment Risk of hypoglycemia Weight

Metformin ++ Yes No ↓

SU ++ Yes Yes ↑

TZD +++ No No ↑ ↑

DPP-4 inhibitor +++ Yes No ↔

Meglitinides + Yes Yes ↑ or ↔

AGIs + Yes No ↔

BAS ++ No No ↓ or ↔

Bromocriptine mesylate +++ No No ↓ or ↔

+: Unfavorable; ++: Moderately favorable; +++: Favorable; AGI: α-glucosidase inhibitor; BAS: Bile-acid sequestrants; DPP-4: Dipeptidyl
peptidase-IV; OHA: Oral hypoglycemic agent; TZD: Thiazolidinedione.

Expert Opin Drug Saf. Author manuscript; available in PMC 2014 April 07.


