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Abstract
Purpose of Review Guidelines for a standard second diabetes
medication for the treatment of type 2 diabetes (T2DM) have
yet to be established. The rapid increase in the number of
newer therapies available makes the choice more difficult.
Thus, we reviewed clinical trial evidence evaluating newer
therapies available for treatment intensification beyond
monotherapy.
Recent Findings Head-to-head studies comparing newer ther-
apies versus traditional (i.e., sulfonylurea) approaches consis-
tently find lower incidence of hypoglycemia and weight gain
with newer therapies. Glucagon-like peptide-1 (GLP-1) recep-
tor agonists and sodium-glucose co-transporter 2 (SGLT2)
inhibitors demonstrate high glycemic efficacy, while merits
of dipeptidyl peptidase-4 (DPP-4) inhibitors include their tol-
erability. Secondary effects (weight loss, cardiovascular out-
comes, renal function) are of growing interest with newer
therapies.
Summary Choices for treatment intensification in T2DM dia-
betes are numerous. Understanding the comparative evidence
of newer treatment choices, as provided in this review, may
help guide clinical decision making.

Keywords SGLT-2 inhibitors . DPP-4 inhibitors . GLP-1
receptor agonists . Type 2 diabetes . Intensification after
monotherapy

Introduction

The last decade has seen an exponential increase in the
number of new therapies available to treat type 2 dia-
betes (T2DM) (Fig. 1). Where do newer therapies fit in
the treatment of T2DM? What possible advantages do
they offer compared to “older” therapies once treatment
intensification beyond monotherapy is required?

To appreciate the context of these contemporary ques-
tions, it is important to recognize the significant progress
made with traditional therapies, as well as gaps in care
highlighted through their detailed study. To start, the sem-
inal UK Prospective Diabetes Study (UKPDS) demon-
strated that intensive glycemic control with pharmacother-
apy (sulfonylurea, insulin, or metformin), aiming for a
fasting glucose ≤108 mg/dl, in newly diagnosed patients
with type 2 diabetes prevents diabetic complications and
their associated morbidity and mortality compared to die-
tary modification alone [1–5]. Even though the glycemic
differential between the two treatment groups was lost in
the post-trial period, long-term morbidity and mortality
benefits of early intensive therapy in the UKPDS
persisted [5].

Subsequent intensive glycemic control studies later in
the spectrum of diabetes (VADT, ACCORD, ADVANCE)
[6–10], called to attention several limitations in existing
therapies (sulfonylureas, thiazolidinediones, insulin),
which may have impacted potential benefit. These limita-
tions included the following:
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(a) Despite an unlimited toolbox of therapies, including in-
sulin in ACCORD and VADT, mean A1c treatment goals
were not achieved in these studies;

(b) Intensification efforts using the available therapies was
associated with an unacceptable level of weight gain. In
the ACCORD study, for example, 28% of subjects in the
intensive treatment group gained more than 10 kg [8].

(c) Intensive treatment was associated with significantly
greater hypoglycemia, with hypoglycemia requiring
medical assistance occurring three times and two times
more often in the intensive treatment groups in
ACCORD [8] and the VADT [6], respectively, compared
to the standard treatment arms.

While microvascular benefit has been appreciated with
treatment intensification, initial macrovascular benefit has
not been established, begetting the question of whether
the approaches used for treatment intensification (i.e., tra-
ditional therapies), with the above limitations, influence

the potential for short- and long-term macrovascular
benefit.

Hence, achieving glycemic goals with efficacious ap-
proaches safely—i.e., without hypoglycemia, weight gain, or
other untoward effects—has been a prominent goal with
newer therapies. This review will focus on the major classes
of newer therapies of the past decade, namely glucagon-like
peptide-1 receptor agonists (GLP-1 RAs), dipeptidyl
peptidase-4 (DPP-4) inhibitors, and sodium-glucose co-trans-
porter 2 (SGLT2) inhibitors, summarizing their evidence on
efficacy, safety, tolerability, and a new era of outcomes data.

To focus the scope of this review, the authors reviewed
trials in T2DM published in clinicaltrials.gov as of August
10, 2016 meeting the following criteria: published phase 3
or phase 4 prospective, randomized studies of current FDA-
approved pharmacotherapy for the treatment of T2DM
representing the aforementioned classes, USA as a site of
study, and study population representing treatment intensifi-
cation beyond monotherapy.

Fig. 1 Timeline of FDA-approved drugs for treatment of type 2 diabetes, 2001–August, 2016
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GLP-1 Receptor Agonists

Introduction and Mechanism of Action Glucagon-like
peptide-1 (GLP-1) is secreted from the small intestine in
response to nutrient entry which then causes glucose-
medicated insulin synthesis and secretion. There is noted
slowed gastric emptying and an effect on the satiety center
in the brain which results in decreased caloric intake. Post-
meal glucagon secretion is also decreased [11, 12]. GLP-1
RAs have been created in subcutaneous form to prolong and
increase these effects for the treatment of T2DM [13]. GLP-
1RAs were first approved for use in the USA in 2005. GLP-1
RAs affect a decrease in hemoglobin A1c (HbA1c) in a
glucose-dependent manner, and thus have comparatively
low risk for hypoglycemia, and result in weight loss and a
decrease in appetite. There are currently six GLP-RAs avail-
able in the USA (Fig. 1): exenatide twice daily, liraglutide,
exenatide once weekly, albiglutide once weekly, dulaglutide
once weekly, and lixisenatide. Each of these preparations has
varying effects in duration of action, efficacy, and side effect
profiles.

Clinical Eff icacy of GLP-1 RAs in Treatment
Intensification BeyondMonotherapyGLP-1 RAs are effec-
tive at glucose lowering as monotherapy and as add-on to oral
diabetes medications and insulin. Exenatide twice daily was
the first GLP-1RA to be approved for use. In 30-week studies,
three trials showed a mean A1c lowering of 0.78 to 0.86%
with exenatide 10 μg twice daily compared to placebo, sulfo-
nylurea, metformin, or combination of sulfonylurea/metfor-
min. Weight loss was noted to be 1.6 to 2.8 kg [14–16]. Two
hundred seventeen patients from these studies continued
exenatide treatment for ≥3 years and showed sustained lower-
ing of A1c of −1.0±0.1% [17]. Weight loss was progressive
over the 3 years with a drop in weight bymean 5.3 kg. Clinical
limitations with this exenatide preparation are the twice daily
subcutaneous dosing around meals and short half-life.

Liraglutide was approved for use 5 years later, offering a
once daily option for GLP-1 RA therapy. A 26-week study
comparing liraglutide to exenatide twice daily in patients on
metformin and/or sulfonylurea highlighted the differences be-
tween short- vs long-acting GLP-1 RA. A1c lowering was
0.33% more with liraglutide, with greater reductions in FPG,
while exenatide had greater reductions in postprandial glu-
cose. Nausea was less persistent with liraglutide and weight
loss was similar between the two [18].

Approved in 2012, exenatide once weekly has been com-
pared with exenatide twice daily (DURATION-1 [19] and
DURATION-5 [20]), other oral anti-hyperglycemic medica-
tions (sitagliptin, pioglitazone: DURATION-2 [21]), insulin
glargine (DURATION-3 [22]), or daily liraglutide
(DURATION-6 [23•]) for treatment intensification. In these
studies, there was a −1.3 to −1.9% decrease in hemoglobin

A1c with exenatide once weekly, significantly more than with
exenatide twice daily [19, 20], other orals, or basal insulin
[22]. A1c reduction was less than with liraglutide [23•], al-
though once weekly exenatide had fewer gastrointestinal side
effects than liraglutide.Weight loss was in the range of −2.3 to
−3.7 kg in these studies [19–22, 23•].

Once weekly albiglutide and dulaglutide have also been
compared with daily liraglutide. In the HARMONY 7 study
[24], liraglutide reduced hemoglobin A1c more than
albiglutide at 32 weeks by 0.21% at 32 weeks(0.99% versus
0.78; 95% CI 0.08–0.34; non-inferiority p value=0.0846).
There were more gastrointestinal side effects with liraglutide;
however, weight loss was more significant in this group [24].
In a head-to-head study comparing the efficacy and safety of
once weekly dulaglutide with liraglutide (AWARD-6), pa-
tients on metformin with suboptimal glycemic control had
the addition of either GLP-1 RA to their regimen. Least-
squares mean reduction in HbA1c was −1.42% (SE 0.05) in
the dulaglutide group and −1.36% (0.05) in the liraglutide
group, confirming non-inferiority between the two [25•].

Compared to DPP-4 inhibitors (see “DPP-4 Inhibitors” sec-
tion below), GLP-1 RA have greater efficacy. In a 52-week
study comparing the efficacy and safety of dulaglutide to
sitagliptin (AWARD-5), for example, both dulaglutide doses
lowered hemoglobin A1c more effectively than sitagliptin
(dulaglutide 1.5 mg, −1.10%; dulaglutide 0.75 mg, −0.87%;
sitagliptin, −0.39%) [26•].

Lixisenatide phase 3 studies (GLP-1 agonist AVE0010 in
paTients with type 2 diabetes mellitus for Glycemic cOntrol
and safety evaLuation [GetGoal] program) comprised of 11 stud-
ies. In the GetGoal with Metformin (GetGoal-M) study, 680
patients with type 2 diabetes on metformin were randomized to
morning or evening doses of lixisenatide or placebo. Whether
lixisenatide was provided before the morning or evening meal,
there was a significant decrease in HbA1c (−0.9 and −0.8%,
respectively) compared to placebo (−0.4%) over 24 weeks.
Lixisenatide had a pronounced effect on postprandial glucose,
with a significant 2-h post prandial glucose difference of
∼−81 mg/dl in the morning compared to placebo. Decrease in
weight was similar in all groups. The main adverse events were
gastrointestinal related,with nausea and vomiting occurringmore
frequently with lixisenatide [27, 28•].

Safety and Tolerability The most common adverse effects
with GLP-1 RAs are nausea, vomiting, and diarrhea [29].
However, this has been noted to decrease over time with con-
tinued use. In initial rodent studies with liraglutide, increased
risk of thyroid C-cell focal hyperplasia, C-cell tumors, and
malignant C-cell carcinomas was noted, but this has not been
seen in humans. Post-marketing reports to the FDA raised a
concern of a possible risk of pancreatitis with GLP-1 RAs.
However, the low number of events in the clinical develop-
ment programs of GLP-1 RAs, and the already increased risk
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of pancreatitis with T2DM, have made it difficult to establish
causality [30, 31••]. Further, long-term prospective outcomes
studies (Liraglutide and Cardiovascular Outcomes in Type 2
diabetes (LEADER)) [32••] have not demonstrated an in-
crease in pancreatitis. Nevertheless, patients who initiate
GLP-1 RA therapy should be instructed that severe nausea
and vomiting, which is persistent and possibly accompanied
by abdominal pain, should prompt discontinuation of the med-
ication and further investigation with the clinician [30].

Cardiovascular Outcomes Studies with GLP-1 RAs There
have been few studies evaluating the cardiovascular outcomes
of GLP-1 RAs. In the Evaluation of LIXisenatide in Acute
coronary syndrome (ELIXA) study, 6068 patients with type
2 diabetes and acute coronary syndrome (myocardial infarc-
tion or hospitalization for unstable angina within previous
180 days) were randomly assigned to lixisenatide or placebo.
There was no significant change in rate of major cardiovascu-
lar events with the addition of lixisenatide, nor were there
differences in heart failure and death from any cause between
both groups [33•].

The LEADER trial is the first cardiovascular outcomes
trial to show long-term cardiovascular benefit with a
GLP-1 RA. LEADER started in 2010 to assess the cardio-
vascular effect of liraglutide in patients with type 2 dia-
betes with A1c ≥7% with cardiovascular risk as defined
by age ≥50 years with at least one cardiovascular condi-
tion or 60 years of age or older with a cardiovascular risk
factor. In this randomized double-blind trial, patients re-
ceived liraglutide or placebo in addition to standard of
care. The primary composite outcome was the first occur-
rence of death from cardiovascular causes, nonfatal myo-
cardial infarction, or nonfatal stroke (3-point MACE).
Target hemoglobin A1c level was ≤7% (or per investiga-
tor discretion) after randomization and the addition of
anti-hyperglycemic agents besides GLP-1 RAs, DPP-4 in-
hibitors, or pramlintide was allowed. The median follow-
up was 3.8 years. A significantly lower number of pa-
tients taking liraglutide (608 of 4668 [13%]) had primary
composite outcome occur in comparison to patients taking
placebo (694 of 4672 [14.9%] (hazard ratio, 0.87; 95%
confidence interval [CI] 0.78 to 0.97; p< 0.001 for non-
inferiority; p= 0.01 for superiority)). There were signifi-
cantly lower number of deaths from cardiovascular causes
in the liraglutide group (219 participants [4.7%]) than in
the placebo group (278 [6.0%]) (hazard ratio, 0.78; 95%
CI, 0.66 to 0.93; p = 0.007). There were no significant
differences in hospitalization for heart failure or stroke.
Of note, participants in the liraglutide group had less
add-on anti-hyperglycemic medications, lipid-lowering
therapies, and diuretics. Over the 36 months, there was
significant weight loss of 2.3 kg more in the liraglutide

group. Heart rate was also higher at 3.0 beats per minute
in the liraglutide group [32••].

Differences of the cardiovascular benefit with the
LEADER trial compared to the EMPA-REG OUTCOME
[34••] trial (discussed in SGLT2 inhibitor section below) have
been noted. The time to benefit was earlier with empagliflozin
than with liraglutide, with thoughts that observed benefits in
EMPA-REGmay be related to hemodynamic changes, where-
as benefits in LEADER may represent modified progression
of atherosclerotic cardiovascular disease [32••].

In the pipeline is semaglutide, a once weekly GLP-1 RA
not yet approved for use, however now noted to be the second
GLP-1 RA to show cardiovascular benefit in patients with
T2DM at high risk for cardiovascular disease [35•].

Clinical Recommendations with GLP-1 RAs Current dia-
betes guidelines, the European Association for the Study of
Diabetes (EASD)/American Diabetes Association (ADA),
and American Association of Clinical Endocrinologists
(AACE) emphasize the essential goal of achieving glycemic
control and improvement in clinical outcomes for patients
with the least amount of adverse effects as possible. GLP-
1RAs have been recommended as second or third line agents
after metformin or other oral agents/basal insulin by ADA/
EASD [36••]. AACE recommendations include GLP-1 RAs
as early as monotherapy, or as part or dual or triple therapy, or
as add-on to basal insulin [37••]. GLP-1 RAs have been at-
tractive because of the decreased risk of hypoglycemia (when
not in combination with sulfonylureas and insulin) and weight
loss versus the weight gain seen with other pharmacologic
options, i.e., insulin or sulfonylureas. In addition, results of
LEADER now suggest possible benefit of liraglutide in pa-
tients with a history of established cardiovascular disease.
Decisions for when GLP-RA therapy is started for a patient
with T2DMmay be limited by several factors, however. These
include cost, patient preference (especially with the decision
for an oral vs injectable medication), and initial gastrointesti-
nal side effects, such as nausea, vomiting, and diarrhea.

DPP-4 Inhibitors

Introduction and Mechanism of Action DPP-4 inhibitors,
represented in the USA by sitagliptin, saxagliptin, alogliptin,
and linagliptin, inhibit DPP-4 degradation of activeGLP-1, there-
by enhancing and prolonging the action of endogenously re-
leased GLP-1 [38, 39•]. DPP-4 inhibitors efficiently inhibit plas-
ma DPP-4 activity for a prolonged period of time, allowing once
daily oral dosing [38]. Like GLP-1 RA, DPP-4 inhibitors have a
glucose-dependent effect on insulin secretion, limiting potential
for hypoglycemia, and reduce glucagon levels. In contrast to
GLP-1 RA, DPP-4 inhibitors do not appear to affect gastric
emptying, and are weight neutral overall [38].
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Clinical Efficacy of DPP-4 inhibitors in Treatment
Intensification Beyond Monotherapy A detailed review of
phase 3 and phase 4 prospective, randomized studies involv-
ing DPP-4 inhibitors as a treatment choice for intensification
beyondmonotherapy is provided in Supplemental Table 1. On
a background of metformin, the different DPP-4 inhibitors
have comparable HbA1c reducing effects, ranging from
∼0.6 to 0.9% (Supplemental Table 1). Higher A1c reductions
of ∼1.00–1.1% are seen in studies that start off at a higher
baseline level (i.e., 8.5–9.0%, Supplemental Table 1)
[40–43]. In general, on a background of metformin therapy,
intensification with DPP-4 inhibitors is well tolerated, without
an increase in hypoglycemia or weight gain (Supplemental
Table 1). In contrast, hypoglycemia is increased when used
on a background of sulfonylreas, likely attributable to the
presence of sulfonyulreas [44–47].

Randomized controlled trials juxtaposing DPP-4 inhibi-
tors with other traditional (e.g., sulfonylureas) and newer
(e.g., GLP-1 RA, insulin) options for treatment intensifica-
tion are also of interest. Several 2-year studies comparing
DPP-4 inhibitors and sulfonylureas in patients on metfor-
min have been conducted, though conclusions are limited
based on relatively low number of completers in these stud-
ies. For example, a 2-year study comparing sitagliptin
100 mg daily with glipizide demonstrated comparable A1c
reductions of −0.54 and −0.51%, respectively, though this
per-protocol analysis reported only on 43% of the initial
population [48]. Another 2-year study comparing alogliptin
(12.5 or 25 mg) to sulfonylurea (glipizide) in patients on
metformin showed non-inferiority in A1c reduction be-
tween alogliptin and glipizide, with superior reduction at
the higher dose of 25 mg alogliptin (though a modest final
dose of glipizide of 5.2 mg). Hypoglycemia was markedly
higher with glipizide (23.2%) compared with alogliptin (1–
3%) [49]. Finally, a 2-year study comparing linagliptin with
glimepride added to metformin showed statistical non-
inferiority in A1c change (−0.16%, linagliptin, versus
−0.36% with glimepiride, difference 0.20, 97.5% CI 0.09–
0.30). Though these are numerically small long-term glyce-
mic changes, linagliptin was associated with less hypogly-
cemia and no weight gain compared to glimepiride [50].

Compared to GLP-1 RAs, DPP-4 inhibitors have more
modest glycemic efficacy, less weight loss, though appear to
be better tolerated with fewer gastrointestinal side effects. In a
head-to-head study of sitagliptin with liraglutide in patients
requiring intensification after metformin monotherapy, A1c
reductions at 26 weeks were significantly greater with either
liraglutide 1.2 or 1.8 mg compared to sitagliptin (−1.24,
−1.50, and −0.90%, respectively), as were FPG reductions.
Weight loss was also greater with liraglutide 1.2 or 1.8 mg
than with sitagliptin, with estimated mean differences of
−1.90 kg (95% CI −2.61 to −1.18) and −2.42 kg (95% CI
−3.14 to −1.70) versus sitagliptin. Nausea and other

gastrointestinal events were greater with liraglutide, as well
as heart rate, consistent with known profiles of the class.
Hypoglycemia was low and comparable [51]. Similarly, as
described above, in the DURATION-2 study, A1c lowering
with sitagliptin was significantly lower than with exenatide
once weekly over 26 weeks. Weight loss was also less with
sitagliptin, while hypoglycemia was comparable [21].

Longer term studies demonstrate similar findings of mod-
est efficacy of DPP-4 relative to GLP-1 RA, though overall
better tolerability. A 2-year study comparing albiglutide
(once-weekly GLP-1 RA) with glimepiride or sitagliptin or
placebo, which reported a 67% completion rate, showed a
−0.28% reduction in A1c with sitagliptin, significantly lower
than the −0.63% seen with albiglutide [52]. Similarly, 104-
week follow-up from AWARD-5, comparing dulaglutide with
sitagliptin, showed a greater reduction in A1c with dulaglutide
1.5 mg (−0.99%) or 0.75 mg (−0.71%), compared to
sitagliptin (−0.32%), greater weight loss with dulaglutide
1.5 mg (−2.88 kg) versus sitagliptin (−1.75 kg), with higher
incidence of gastrointestinal events with dulaglutide [53].

DPP-4 inhibitors have also been compared head-to-head
with basal insulin for treatment intensification in patients on
metformin. In a 24-week study comparing sitagliptin with
insulin glargine in patients with a mean baseline A1c of
8.5%, A1c reduction with sitagliptin was 1.13% compared
to 1.72% with insulin glargine [41], and in a 26-week study
comparing sitagliptin with insulin degludec, A1c reduction
with sitagliptin was 1.09% compared with 1.52% with insulin
degludec [42]. While A1c reductions were significantly great-
er with basal insulin in both studies, hypoglycemia and weight
gain were also greater with basal insulin, again suggesting a
comparative advantage in tolerability with DPP-4 inhibitors
despite modest efficacy compared to more potent glucose-
lowering strategies.

Studies also suggest a potential role for DPP-4 inhibitors in
treatment intensification in populations that may be prone to
hypoglycemia, including those with chronic kidney disease
and the elderly. In a 26-week study comparing albiglutide to
sitagliptin in renally impaired patients with T2DM, A1c re-
duction with sitagliptin (dose range 25–100 mg daily, depend-
ing on renal function) was −0.52%, significantly lower than
the −0.83% achieved with albiglutide, as was weight loss, but
better tolerated with fewer gastrointestinal adverse events than
with albiglutide [54]. In a study comparing linagliptin to pla-
cebo for 12 weeks, followed by glimepiride for 40 weeks in
patients with an estimated GFR <60 ml/min/1.73 m2,
linagliptin was efficacious and well tolerated, with overall less
hypoglycemia than glimepride [55]. Finally, a 52-week study
comparing alogliptin to glipizide in elderly patients with
T2DM showed comparable A1c reductions, with substantially
lower hypoglycemia with alogliptin (5 vs 26%) [56].

Given their comparative advantage in tolerability and mod-
est efficacy, there has been growing interest in the use of DPP-
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4 inhibitors in combination therapy. Saxagliptin has been stud-
ied in combination with dapagliflozin [57•], alogliptin in com-
bination with pioglitazone [58], and linagliptin in combination
with empagliflozin [59] in treatment intensification strategies
after metformin, with combination therapy showing greater
reductions in A1c, and greater likelihood of achieving target
A1c goals than either therapy alone (Supplemental Table 1).
Several combination drugs including DPP-4 inhibitors are
now available (Fig. 1).

Cardiovascular Outcomes Studies with DPP-4 Inhibitors
Cardiovascular outcome studies with DPP-4 inhibitors con-
firm long-term safety and tolerability with this class. In a trial
of over 14,000 patients with established cardiovascular dis-
ease (TECOS), there were no differences in cardiovascular
outcomes between sitagliptin and placebo/standard of care.
There were no remarkable long-term (3-year) safety signals,
and differences in pancreatic events or heart failure hospitali-
zation were absent [60•]. Similarly, SAVOR-TIMI 53 com-
pared saxagliptin to placebo/standard of care in patients with
a history of or risk factors for cardiovascular disease showed
no difference in the primary composite of cardiovascular
death, myocardial infarction, or ischemic stroke. Additional
analyses of individual endpoints noted greater hospitalizations
for heart failure (3.5 vs 2.8%, hazard ratio 1.27, 95% CI 1.07–
1.51, p=0.007) with saxagliptin, an unexpected finding that,
within the context of multiple testing, warrants further study
[61•]. An 18-month trial of alogliptin versus placebo in pa-
tients with recent acute coronary syndrome (EXAMINE)
showed no differences in composite cardiovascular outcomes,
nor any differences in hospital admission for heart failure [62•,
63]. In sum, these prospective randomized cardiovascular out-
comes studies have confirmed long-term safety and tolerabil-
ity for this class of agents.

SGLT2 Inhibitors

Introduction and Mechanism of Action SGLT2 inhibitors
are a novel class of antidiabetic drugs currently represented by
canagliflozin, dapagliflozin, and empagliflozin. Unlike other
anti-hyperglycemic drugs, SGLT2 inhibitors act in an insulin-
independent fashion, helping to lower blood glucose levels by
lowering the threshold at which the kidneys remove glucose
from the blood [64, 65]. In the kidney, both SGLT1 and
SGLT2 act in the proximal convoluted tubule to maintain
glucose homeostasis. SGLT1 has a high affinity but low ca-
pacity for glucose transportation, while SGLT2 has the oppo-
site properties, with a high capacity and low affinity for glu-
cose. This trait contributes to SGLT2 being responsible for
∼90% of glucose reabsorption by the kidney. In a normal state,
the kidneys will reabsorb nearly all glucose in the blood,
resulting in negligible glucose in the urine [66, 67]. This holds

true for up to approximately 180 mg/dl of circulating glucose;
upon exceeding this threshold, excess glucose will spill into
the urine, which is commonplace in uncontrolled diabetes
[68]. SGLT2 inhibitors take advantage of this, preventing the
reabsorption of circulating glucose, causing it to be expelled in
the urine, thereby lowering circulating blood glucose.

Clinical Efficacy of SGLT2 Inhibitors in Treatment
Intensification Beyond Monotherapy Several randomized
clinical trials have demonstrated the comparative efficacy of
SGLT2 inhibitors as add-on therapy (Supplemental Table 2).
In patients inadequately controlled with metformin,
canagliflozin (CANA) 100 mg daily (CANA100) and
300mg daily (CANA300) demonstrated A1c reductions rang-
ing from 0.73–0.82 to 0.88–0.94%, respectively [69–71]. In
addition to A1c control, canagliflozin has shown secondary
improvements in blood pressure and weight. When added to
metformin, CANA100 and CANA 300 decreased mean ad-
justed systolic blood pressure by 3.30–3.84 mmHg and 4.60–
5.06 mmHg, respectively, and also significantly improved di-
astolic blood pressure [69–72]. These trials also showed both
CANA100 and CANA300 to reduce participant body weight
by a mean adjusted 3.3–3.7 and 3.7–4.2%, respectively. When
compared to sitagliptin and glimepiride, CANA100 proved
non-inferior and CANA300 proved superior in terms of A1c
reduction. Secondary benefits discussed above held when
compared to both sitagliptin and glimepiride, showing supe-
rior blood pressure and weight control [69–71].

When studied as an add-on to metformin or sitagliptin,
dapagliflozin (DAPA) at doses of 10 mg daily (DAPA10)
showed mean adjusted A1c reduction of 0.80–1.2% [57•,
73, 74]. Consistent with other members of the class, DAPA
also demonstrated similar secondary benefits of blood pres-
sure and weight reduction. DAPA10 showed mean adjusted
reductions of systolic blood pressure of 1.8–4.1 mmHg [73,
74]. Diastolic blood pressure changes were minimal or not
reported in the trials examined [57•, 73, 74]. Body weight
was reduced by a mean adjusted 2.9–3.6% in patients taking
DAPA10 and background metformin therapy [57•, 74].

Empagliflozin has shown similar efficacy when added to
metformin monotherapy (Supplemental Table 2), with mean
adjusted A1c reductions of 0.61–0.70 and 0.62–0.77% for
empagliflozin 10 mg daily (EMPA10) and empagliflozin
25 mg daily (EMPA25), respectively [59, 75, 76]. EMPA10
and EMPA25 also reduced mean adjusted systolic blood pres-
sure 3.3–4.5 and 2.8–5.2 mmHg, respectively, and mean dia-
stolic blood pressure by 0.9–2.0 and 1.6–2.0 mmHg, respec-
tively. EMPA10 and EMPA25 also resulted in weight loss,
with adjusted mean decreases of 2.6–3.4 and 3.0–4.5% for
EMPA10 and EMPA25, respectively [59, 75, 76]. When com-
pared to either sitagliptin or linagliptin, EMPA10 and
EMPA25 proved non-inferior in glycemic efficacy, though
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had greater reductions in blood pressure control and weight
compared to either DPP-4 inhibitor [59, 76].

Cardiovascular Outcomes Studies, SGLT-2 Inhibitors The
EMPA-REG trial investigated the effects of empagliflozin
compared to placebo in patients with established cardiovascular
disease. Those with background anti-hyperglycemic medica-
tions had an A1c between 7.0 and 10.0%, inclusive; those with
no background anti-hyperglycemic medications had an A1c
between 7.0 and 9.0%, inclusive. The composite primary out-
come was death from cardiovascular causes, nonfatal myocar-
dial infarction (excluding silent myocardial infarction), or non-
fatal stroke. Key secondary outcome measure was the compos-
ite primary outcome plus hospitalization for unstable angina.
EMPA-REG showed that treatment with empagliflozin im-
proved cardiac outcomes, reducing relative risk from death
from all cardiovascular causes by 38%, hospitalization for heart
failure by 35% and death from any cause by 32% when com-
pared to placebo. However, no significant difference was seen
between empagliflozin and placebo when comparing rates of
myocardial infarction, stroke, or hospitalization for unstable
angina. Though the mechanisms are not known, effects are
likely multifaceted. Speculated mechanisms include changes
in cardiac and renal function, hemodynamic status, reduction
of albuminuria and uric acid, with possible contribution of class
benefits such as reduction of hyperglycemia, weight, blood
pressure, and visceral adiposity [34••, 77]. Results from the
CANVAS and DECLARE trials are awaited to determine
whether these effects are class-wide or drug-specific.

Safety and Tolerability Although SGLT2 inhibitors have
unlocked another physiologic approach to treating diabetes,
the full extent of their effects, including both beneficial
nonglycemic effects and adverse effects, is yet to be appreci-
ated. Several safety considerations have emerged in their clin-
ical study, as summarized in their clinical labels [78•, 79•, 80•,
81•], including hypotension/hypovolemia, ketoacidosis, acute
kidney injury, and impairment in renal function, urinary tract
infections (UTIs), urosepsis and pyelonephritis, genital my-
cotic infections, increased LDL-cholesterol, bladder cancer
imbalance, hyperkalemia (canagliflozin), and bone fracture
(canagliflozin). Clinical trial evidence surrounding select is-
sues is discussed here.

Explicable by their primary glucose-lowering method of
action, UTIs, and genital mycotic infections were seen at var-
iable rates across several studies, both compared to placebo
and versus active comparators, in all representatives of the
class. Compared to placebo rates of 2.0–18.1%, UTI rates
for SGLT2 inhibi tors ranged from 3.5 to 18.0%
(Supplemental Table 2). In trials with active comparators,
rates of UTIs ranged from 3.9 to 12.7% for SGLT2 inhibitors,
compared to a range of 5.0–12.5% for active comparators
(Supplemental Table 2). A consistent increase in genital

mycotic infections across the trials is seen, with an incidence
of 1.7–14.6% with SGLT2 inhibitors compared to 0.0–5.1%
in placebo, and in active comparator studies, 2.4–14.0% for
SGLT2 inhibitors compared to 0.6–2.6% with active compar-
ators. It should be noted that rates of mycotic infections across
the class are significantly lower in men than in women [34••,
57•, 59, 69–74, 82–85].

Bone fractures have emerged as a topic of recent interest
for SGLT2 inhibitors, with several trials specifically investi-
gating rates at which patients have fractures while on SGLT2
inhibitors compared to placebo or other OADs. SGLT2 inhib-
itors have been shown to both increase serum phosphate levels
as well as affect the expression of parathyroid hormone
(PTH), which may enhance fracture risk. The exact mecha-
nism by which SGLT2 inhibitors may deplete bone density is
not well understood; however, it is possible that increased
phosphate reabsorption, occurring in the proximal tubule of
the kidney, affects the action of PTH [86•]. In a pooled anal-
ysis of several canagliflozin trials and the CANVAS trial,
canagliflozin was associated with a significant increase in
fracture rate. This analysis was stratified by high risk for or
pre-existing cardiovascular disease. Those patients in the car-
diovascular group (n=4327) had significantly increased risk
of bone fracture when compared to placebo, with an incidence
rate of 3.9, 4.0, and 2.6% for CANA100, CANA300, and
placebo, respectively. In the analysis of the non-
cardiovascular patients (n=5867), fracture rates were lower
overall and the difference between canagliflozin and placebo
was minimal, with incidences of fracture at 1.6, 1.8, and 1.5%
for CANA100, CANA300, and placebo, respectively [87]. In
the EMPA-REG trial, bone fractures were comparable be-
tween the pooled empagliflozin group (3.8%) and placebo
group (3.9%) [34••]. Further studies are needed to understand
the relationship between SGLT2 inhibitors and fracture risk,
and whether any potential effect is a class vs. drug effect.

Several studies have also shown a modest increase in low-
density lipoprotein (LDL) cholesterol (∼3.6–7.3 mg/dl) [69,
70, 73, 74, 83]. Increases in HDL have also been noted, on the
order of ∼3–8 mg/dl [69, 70, 73, 74]. These effects on LDL
and HDL have also been demonstrated in comparison to both
sitagliptin and glimepiride [69, 70, 73]. The reasons for alter-
ations in lipid profiles and clinical implications of these ob-
servations are not fully understood and warrant further study.

Effects on Renal Function Several studies have been con-
ducted to determine the safety of SGLT2 inhibitors in patients
with reduced renal function. Effectiveness in reduction of A1c
declines in parallel with the reduction in renal function, limit-
ing the clinical usefulness of the class in those with decreased
renal function. Dapagliflozin is not indicated for patients with
eGFR <60 ml/min/1.73 m2 and canagliflozin and
empagliflozin are not recommended for eGFR <45 ml/min/
1.73 m2 [72, 78•, 79•, 80•, 81•, 82, 88, 89].
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Short- and long-term effects on renal function are of high
interest. Based on post-marketing reports, the FDA has recently
strengthened warnings of the possibility of acute kidney injury
for canagliflozin and dapagliflozin [80•]. Yet, in a 2-year study,
addition of CANA100 or CANA300 to background metformin
therapy was shown to slow the annual rate of renal decline
(eGFR) compared to addition of glimepiride. Additionally, in
patients with baseline urinary albumin/creatinine ≥30 mg/g, uri-
nary albumin/creatinine decreased more with CANA100 or
CANA300 compared to glimepiride [88]. Though, in a smaller
2-year study in patients with moderate renal impairment, there
were no long-term differences in eGFR with DAPA5, DAPA10
compared with placebo (−1.71, −3.50, −2.38 ml/min/1.73 m2,
respectively). Interestingly, those on dapagliflozin saw an early
decrease in eGFR at 1 week, followed by longer term stability,
whereas those on placebo saw a relatively steady decline
throughout. Further, those on dapagliflozin were more likely to
regress to a lower urine albumin excretion category than patients
receiving placebo [82].

In the EMPA-REG trial in patients with established cardio-
vascular disease and eGFR of at least 30 ml/min/1.73 m2,
empagliflozin was associated with slower progression of kid-
ney disease (lower incident or worsening nephropathy, re-
duced doubling of serum creatinine, and reduced renal re-
placement therapy requirement). The initial drop in eGFR
seen with empagliflozin was entirely reversible after study
drug discontinuation [89].

Conclusions

The choices for treatment intensification beyondmonotherapy
in T2DM are vast, and are continuing to grow. We now have
an array of glucose-lowering therapies that do not carry the
inherent risk of hypoglycemia and weight gain highlighted in
previous intensification studies with older therapies. We have
also entered another era of outcomes studies with these newer
agents, where we are able to test whether newer glucose-
lowering strategies compared to traditional approaches have
benefits beyond glucose lowering, including microvascular
and macrovascular benefit. These newer tools open up a
whole new set of questions: How does longer term durability
compare among the classes? Does earlier intervention with
medications that sustain control glucose and have additional
nonglycemic benefits (e.g., weight, blood pressure) impact
long-term morbidity and mortality? Now that several cardio-
vascular outcomes studies have confirmed that glucose-
lowering approaches do matter in high-risk patients, do the
same benefits extend to patients earlier in the course of their
disease? What is the mechanism of benefit seen in the recent
cardiovascular outcomes studies—are the positive outcomes
in these studies due to direct benefit of the intervention or do
they rather reflect risks associated with older treatment

approaches used in the placebo/standard of care arms?
Advances in therapeutics will continue to allow us to address
these, and many more, questions for the treatment of T2DM
and its long-term impact.

Additional Data Additional data relevant to this review
[Ref 90–108] is summarized in the Supplement.
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