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Diabetes mellitus is a major public health problem, affecting about 10% of the population. Pharmacotherapy aims to protect
against microvascular complications, including blindness, end-stage kidney disease, and amputations. Landmark clinical
trials have demonstrated that intensive glycemic control slows progression of microvascular complications (retinopathy,
nephropathy, and neuropathy). Long-term follow-up has demonstrated that intensive glycemic control also decreases risk
of macrovascular disease, albeit rigorous evidence of macrovascular benefit did not emerge for over a decade. The US FDA's
recent requirement for dedicated cardiovascular outcome trials ushered in a golden age for understanding the clinical profiles
of new type 2 diabetes drugs. Some clinical trials with sodium-glucose cotransporter-2 (SGLT2) inhibitors and glucagon-like
peptide 1 (GLP1) receptor agonists reported data demonstrating cardiovascular benefit (decreased risk of major adverse
cardiovascular events and hospitalization for heart failure) and slower progression of diabetic kidney disease. This Review

Diabetes mellitus is a major public health problem, affecting
about 10% of the population (1). Chronic complications of diabe-
tes cause enormous human suffering, including blindness, kidney
failure, amputations, myocardial infarction, and stroke. Inspired
by the desire to develop better therapies, many researchers have
investigated the pathophysiology of type 2 diabetes (T2D). While
type 1 diabetes (T1D) is caused by autoimmune destruction of
insulin-secreting p cells of the pancreas, T2D is often associated
with obesity and is characterized by both impaired insulin secre-
tion and insulin resistance (2). T2D is a progressive disease. Insu-
lin resistance manifests early in the natural history prior to occur-
rence of overt hyperglycemia. So long as pancreatic  cells secrete
sufficient insulin to compensate for insulin resistance, glucose lev-
els are maintained at relatively normal levels (3). Overt diabetes
occurs when f cells no longer secrete sufficient insulin to maintain
normoglycemia. Fasting hyperglycemia is driven by increased
hepatic glucose production due to relatively low insulin levels
combined with hepatic insulin resistance. Severity of metabolic
defects increases over time, primarily because of increasingly
severe impairment in insulin secretion.

This Review will discuss the state of the art in pharmaco-
therapy of T2D. Treatment aims to prevent or delay occurrence
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discusses current guidelines for use of the 12 classes of drugs approved to promote glycemic control in patients with type
2 diabetes. The Review also anticipates future developments with potential to improve the standard of care: availability
of generic dipeptidylpeptidase-4 (DPP4) inhibitors and SGLT2 inhibitors; precision medicine to identify the best drugs for
individual patients; and new therapies to protect against chronic complications of diabetes.

of microvascular and macrovascular complications — the main
causes of morbidity and mortality in T2D. We focus specifically on
hemoglobin A, -lowering (HbAlc-lowering) drugs, although anti-
hypertensives, lipid-lowering drugs, optimal nutrition, and physi-
cal exercise also contribute to a holistic approach to treatment.

Therapeutic strategies and therapeutic targets
for glycemic control

The Diabetes Control and Complications Trial (DCCT) (4) demon-
strated that enhanced glycemic control decreased risk of chronic
microvascular complications. Patients with T1D were random-
ized between conventional insulin treatment and intensive insu-
lin therapy, which sustained mean levels of glycated hemoglobin
(HbAlc) at about 9% and about 7%, respectively, over a 10-year
period. Patients receiving intensive insulin therapy experienced
fewer microvascular complications. In the secondary prevention
groups, intensive insulin therapy slowed progression of diabetic
retinopathy by 54% and decreased risk of developing macroalbu-
minuria by 56%. Two caveats must be added: First, there was a
3- to 5-year time lag before benefit was observed. Second, inten-
sive insulin therapy increased the risk of serious hypoglycemia
3-fold. A therapeutic target of 7.0% for HbAlc has been proposed
to provide optimal balance between protection from microvascu-
lar complications and risk of serious hypoglycemia. Nevertheless,
further decreases in HbAlc to levels below 7.0% were associated
with further decreases in retinopathy progression. Moreovet, in the
Epidemiology of Interventions and Complications (EDIC) study,
patients receiving intensive insulin therapy during DCCT experi-
enced 57% fewer major adverse cardiovascular events (MACE-3:
death, nonfatal myocardial infarction, or nonfatal stroke) after 11
years of follow-up (5).
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The United Kingdom Prospective Diabetes Study (UKPDS)
demonstrated that enhanced glycemic control is beneficial in
T2D. T2D patients were randomized between conventional treat-
ment (diet) and insulin or sulfonylurea for 10 years (6). Patients
receiving either insulin or sulfonylureas had lower HbAlc levels
(7.0% vs. 7.9%) and experienced 12% fewer diabetes-related end-
points, primarily a 25% decrease in microvascular endpoints.
Both insulin and sulfonylureas were associated with increased
weight gain and increased incidence of serious hypoglycemia.
Overweight patients were randomized between diet and met-
formin (7). Patients receiving metformin had lower HbAlc lev-
els (7.4% vs. 8.0%) and experienced 32%-36% lower risk of any
diabetes-related endpoint, myocardial infarction, and all-cause
mortality. Although treatment-associated differences in HbAlc
disappeared during the first year of post-trial follow-up (8), risk
reductions persisted for 10 years after UKPDS for patients treated
with sulfonylureas or insulin: microvascular disease (-24%),
myocardial infarction (-15%), and all-cause mortality (-13%). In
metformin-treated patients, significant risk reductions persisted
for any diabetes-related endpoint (-21%), myocardial infarction
(-33%), and death from any cause (-27%).

Subsequent studies investigated whether

lower HbA1c targets provide protection against
cardiovascular complications of T2D:

ACCORD trial. In the Action to Control Cardiovascular Risk in
Diabetes (ACCORD) trial (9), T2D patients with high cardio-
vascular risk were randomized between standard therapy (tar-
geting HbAlc of 7.0%-7.9%) and intensive therapy (targeting
HbAlc <6.0%). Therapeutic regimens were individualized at
the investigators’ discretion and aligned to each study group’s
HbAlc target. At 1 year, standard therapy achieved mean
HbAlc of 7.5%, while intensive therapy fell short of its objec-
tive of <6.0% with an actual mean HbAlc of 6.4%. The obser-
vation of higher mortality in the intensive-therapy group led to
discontinuation of the study after a mean follow-up of 3.5 years
(hazard ratio, 1.22; 95% CI, 1.01-1.46). The primary outcome
was first occurrence of nonfatal myocardial infarction, nonfatal
stroke, or cardiovascular death (MACE-3). Kaplan-Meier curves
began to diverge after 4 years with a 10% decrease in risk of
MACE-3 at 6 years (P = 0.16). It is possible that intensive ther-
apy would have demonstrated a statistically significant benefi-
cialimpact on MACE-3 had the study not been terminated early.
Although the first publication speculated that increased risk of
hypoglycemia might have increased all-cause mortality (9), lat-
er publications noted that high baseline levels of HbAlc were
associated with high risk of death (10, 11). Nevertheless, inten-
sive therapy exerted a strong protective effect to slow progres-
sion of diabetic retinopathy in ACCORD (adjusted odds ratio,
0.67;95% CI, 0.51-0.87) (12).

ADVANCE trial. In the Action in Diabetes and Vascular Dis-
ease (ADVANCE) trial (13), T2D patients with high risk of cardio-
vascular disease were randomized to standard therapy (HbAlc
targets based on local guidelines) versus intensive control (tar-
geting HbAlc <6.5%). After median follow-up of 5 years, stan-
dard and intensive therapy achieved mean HbAlc of 7.3% and
6.5%, respectively. Intensive control decreased risk of a compos-
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ite outcome of major macrovascular plus microvascular adverse
events (hazard ratio, 0.90; 95% CI, 0.82-0.98), primarily owing to
decreased incidence of nephropathy. Intensive glucose control did
not significantly affect risks of macrovascular endpoints. Never-
theless, because curves began to diverge after about 54 months, a
beneficial impact on macrovascular outcomes might have become
apparent had the study been continued longer.

VADT trial. In the Veterans Affairs Diabetes Trial (VADT)
(14), T2D patients were randomized between standard and
intensive treatment. Patients were started on metformin plus
rosiglitazone (patients with BMI 227) or glimepiride plus rosigl-
itazone (BMI <27). Intensive-therapy patients were started
on maximal doses, whereas standard-therapy patients were
started on half-maximal doses. Insulin was added if inten-
sive-therapy group patients did not achieve HbAlc <6% and if
standard-therapy group patients had HbAlc 29%. Mean levels
of HbAlc were 8.4% and 6.9% for the standard- and inten-
sive-therapy groups, respectively. There was a statistically
insignificant trend toward decreased risk in the intensive-
therapy group (hazard ratio, 0.88) for the primary outcome (a
composite of seven macrovascular disease endpoints).

What can be concluded on the basis of these studies?

Microvascular complications. DCCT (4, 5) and UKPDS (6-8)
demonstrated that enhanced glycemic control slows progres-
sion of microvascular complications (retinopathy, nephropathy,
and neuropathy). Outcome measures were limited to biomarkers
such as retinal photographs rather than hard endpoints such as
blindness. Pharmacotherapy was limited to insulin, metformin,
or sulfonylureas. Both clinical trials established HbAlc as a sur-
rogate biomarker for therapeutic benefit and helped to define
HbAIlc targets to guide therapy. ACCORD (9) and ADVANCE (13)
confirmed that intensive glycemic control slowed progression of
microvascular complications.

Macrovascular complications. Long-term follow up in DCCT/
EDIC (4, 5) and UKPDS (6-8) strongly supports the conclusion
that intensive glycemic control can — in the fullness of time
— improve cardiovascular outcomes. It is not clear whether car-
dioprotection is a direct consequence of enhanced glycemic
control or is mediated indirectly through beneficial effects on
renal function. In any case, the beneficial impact on cardiovas-
cular outcomes was not rigorously demonstrated during the first
10 years, but became apparent during long-term follow up after
interventions had ended (5, 8). Importantly, a trend toward car-
diovascular benefit began to emerge in ACCORD and ADVANCE
only after 48-54 months of intensive glycemic control (9, 13). A
similar lag was noted with statins — a drug class that is well recog-
nized to decrease the risk of major adverse cardiovascular events.
Kaplan-Meier curves for diabetic patients in the Scandinavian
Simvastatin Survival Study were superimposable during the first
2 years, but a clear beneficial effect emerged during the ensuing
4 years of simvastatin therapy (15). Thus, ACCORD, ADVANCE,
and VADT were likely too short to adequately test the hypothesis
that enhanced glycemic control provides cardiovascular benefit.
Furthermore, those studies were conducted before widespread
availability of newer drugs such as glucagon-like peptide 1 recep-
tor agonists (GLP1RAs), sodium-glucose cotransporter-2 inhibi-
tors (SGLT2is), and dipeptidylpeptidase-4 inhibitors (DPP4is).
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Table 1. Twelve classes of drugs approved in the United States to decrease HbAc in patients with T2D

Drug class Approved drugs (US) Baseline A HbATc (%) Selected safety issues Comments
HbA1c
Biguanides Metformin HCI 8.4% Met-HCI: -1.8% (titrated dose) Lactic acidosis; vitamin B,, Placebo-subtracted monotherapy.
Metformin extended release ~ 8.4% Met-XR: -1.0% (2000 mg/d) deficiency; abdominal pain, Sources: metformin HCl (92);
diarrhea, nausea metformin XR (93).
Sulfonylureas Glimepiride 7.7% Glimepiride (mean, 3 mg/d): -0.6% Hypoglycemia; weight gain; HbA1c-lowering from baseline in
Glipizide 76% Glipizide (5-20 mg/d): -0.6% potential increased risk of CV  patients inadequately controlled on
Glibenclamide (glyburide) mortality metformin. Glimepiride data from PI

for linagliptin. Glipizide data from P
for sitagliptin.

Thiazolidinediones Pioglitazone 9.9% Pioglitazone (30 mg/d): -0.8% Peripheral edema; congestive Source: Pls for 2 drugs.
Rosiglitazone 8.9% Rosiglitazone (4 mg/d): -1.0% heart failure; weight gain; bone ~ AHbA1c: placebo-subtracted data.
8.9% Rosiglitazone (8 mg/d): -1.2% fractures (esp. in females)  PROactive suggested decreased risk
of MACE-3 for pioglitazone.
Dipeptidylpeptidase-4 Alogliptin 8.6% Alogliptin (25 mg/d): -0.9% Angioedema (esp. with ACE  AHbA1c: placebo-subtracted data
(DPP4) inhibitors Linagliptin 7.7% Linagliptin (5 mg/d): -0.4% inhibitor); joint pain; for saxagliptin; change from baseline
Saxagliptin 8.1% Saxagliptin (5 mg/d): -0.8% pancreatitis listed in for other drugs. Studies conducted in
Sitagliptin 8.0% Sitagliptin (100 mg/d): -0.7% some Pls patients inadequately controlled on
metformin. Source: Pl for each drug.
Sodium-glucose (anagliflozin 7.95% Canagliflozin (300 mg/d): -0.77% Genitourinary infections; Placebo-subtracted HbA1c-lowering
cotransporter-2 (SGLT2) Dapagliflozin 79% Dapagliflozin (10 mg/d): -0.7% increased risk of DKA; in patients inadequately controlled
inhibitors Empagliflozin 7.9% Empagliflozin (25 mg): -0.6% increased risk of amputations  on metformin. Source: Pl for each
Ertugliflozin 8.1% Ertugliflozin (15 mg): -0.7% (canagliflozin, ertuglifiozin)  drug. Decreased risk of MACE-3 for
canagliflozin and empagliflozin.
Glucagon-like peptide 1 Albiglutide 8.1% Albiglutide (30 mg/d): -0.9% Nausea and vomiting; Pl for HbATc-lowering from baseline in
(GLP1) receptor agonists Dulaglutide 8.1% Dulaglutide (1.5 mg/wk): -1.1% some drugs lists pancreatitis;  patients inadequately controlled
Exenatide ER 8.6% Exenatide ER (2 mg/wk): -1.5% contraindicated in case of on metformin. Source: Pl for each
Liraglutide 8.4% Liraglutide (1.8 mg/d): -1.5% personal or familial history of  drug. Clinical trials: decreased risk of
Lixisenatide 7.95% Lixisenatide (10 pg/d): -0.73% MTC or MEN2 MACE-3 for liraglutide, dulaglutide,
Semaglutide (s.c. injection) 8.4% Semaglutide (1 mg/wk, s.c.): -1.4% semaglutide, and albiglutide.
Semaglutide (oral) 8.1% Semaglutide (14 mg/d, p.o.): -1.3%
Insulins Rapid-acting insulins Various Dose-dependent Hypoglycemia; weight gain ~ HbATc-lowering depends on insulin
Basal insulins dose.
a-Glucosidase inhibitors Acarbose 8.46% Acarbose (50-100 mg, tid): -0.65%  Diarrhea, flatulence, abdominal ~ Placebo-subtracted HbA1c-lowering
discomfort on top of metformin. Source: PI.
Dopaminergic agonists Bromocriptine 8.3% Bromocriptine (0.8-1.6 mg/d): -0.4% Retroperitoneal fibrosis; Change from baseline in patients
orthostatic hypotension inadequately controlled on 1-2 oral
drugs. Source: PI.
Bile acid sequestrants Colesevelam 8.2% Colesevelam (3.8 g/d): -0.4% Increased susceptibility to Change from baseline HbA1c in
vitamin K deficiency patients receiving background therapy
with metformin. Source: PI.
Meglitinides Repaglinide 8.3% Repaglinide (0.5-4 mg, tid): -1.08% Hypoglycemia HbA1c-lowering corrected for effect of
metformin monotherapy. Source: PI.
Nateglinide 8.7% Nateglinide (120 mg, tid): -0.6%
Amylinomimetic Pramlintide 9.0% Pramlintide (120 pg, tid): -0.3%  Hypoglycemia; contraindicated in  HbA1c-lowering assessed relative
gastroparesis or to the effects of background insulin
hypoglycemia unawareness therapy. Source: PI.

Most data were obtained from FDA-approved prescribing information (PI). When sulfonylureas were approved, the Pl did not report HbA1c-lowering; so
efficacy data for glimepiride and glipizide were obtained from PI for linagliptin and sitagliptin, respectively. The table lists HbA1c-lowering for monotherapy
with metformin (92, 93). For other drugs, the table lists efficacy data for second-line therapy — most often in patients who were inadequately controlled

on metformin. ACE, angiotensin-converting enzyme; CV, cardiovascular; DKA, diabetic ketoacidosis; ER, extended release; MEN2, multiple endocrine

neoplasia type 2; MTC, medullary thyroid cancer.

Glucose-lowering drugs to treat T2D not be discussed extensively in this Review. Figure 1 briefly reviews
Twelve classes of drugs are approved to treat T2D: biguanides (e.g.,  mechanisms of action of commonly used classes of drugs. Sulfony-
metformin), sulfonylureas, thiazolidinediones (TZDs), DPP4is, lureas and biguanides were the only oral treatments for T2D from
SGLT2is, GLP1RAs, insulins, a-glucosidase inhibitors, dopaminer- ~ the 1950s until the mid-1990s. Two new classes of oral antidia-
gic antagonists, bile acid sequestrants, meglitinides, and amylino-  betic drugs were launched in the 1990s: a-glucosidase inhibitors
mimetics (Table 1). The last five are less commonly used and will ~ and PPARy agonists. Additional classes of diabetes drugs were
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Figure 1. Mechanisms of action for drugs approved for glycemic control in patients
with T2D. Seven classes of FDA-approved T2D drugs are widely used: Biguanides. Sev-
eral hypotheses have been proposed for metformin’s mechanism of action: (i) activa-
tion of AMPK (102, 103); (ii) inhibition of hepatic adenylyl cyclase (104); (iii) inhibition of
mitochondrial glycerol-3-phosphate dehydrogenase (GPD2) (105); (iv) increasing levels
of GDF15 (106, 107); and (v) alteration of intracellular protein-bound iron levels (108).
Metformin decreases hepatic glucose production (109). Its action may be exerted in the
gut independent of absorption into the circulation (110). Sulfonylureas bind to sulfony-
lurea receptor-1(SUR-1) in pancreatic B cells, leading to closure of the ATP-inhibitable
K*channel K, 6.1, thereby initiating electrophysiological changes that trigger insulin
secretion (111). Thiazolidinediones (TZDs) activate PPARy, an adipose tissue transcrip-
tion factor (112). TZDs promote triglyceride storage in adipose tissue while decreasing
deposition of triglycerides in liver and muscle, thereby increasing insulin sensitiv-

ity (113, 114). GLP1RAs bind to the GLP1 receptor on pancreatic B cells, augmenting
glucose-stimulated insulin secretion. GLP1RAs also delay gastric emptying, decrease
glucagon levels, and decrease food intake (115). DPP4is protect GLP1from degradation,
thereby potentiating endogenous GLP1 activity. SGLT2is promote glucosuria and natri-
uresis by inhibiting proximal tubular glucose reabsorption. Glucosuria decreases HbA1c
levels and promotes weight loss. Natriuresis decreases blood pressure, and may also
protect against congestive heart failure (41). Insulin binds to its receptor in liver, skele-
tal muscle, and adipose tissue, triggering intracellular signaling pathways that mediate
the various biological actions of insulin — including increased glucose transport into
skeletal muscle and adipocytes, regulation of several key metabolic enzymes, and
regulation of gene expression (116). Five other classes of approved drugs are less widely
used: meglitinides, a-glucosidase inhibitors, amylinomimetics, bile acid sequestrants,
and bromocriptine (a D2/D3 dopaminergic agonist).
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with respect to ADOPT’s primary outcome, TZDs are
no longer widely used because of safety concerns about
increased risk of heart failure and bone fracture (17-20).
While glyburide performed worst, sulfonylureas con-
tinue to be widely prescribed (21), primarily because of
their low cost. The NIH has designed a similar compar-
ative effectiveness trial, Glycemia Reduction Approach-
es in Diabetes Effectiveness (GRADE; ClinicalTrials.
gov NCT01794143), with time to “treatment failure”
(HbAlc = 7.0%) as its primary endpoint (22). GRADE
compares four classes of drugs added to background
therapy with metformin: sulfonylureas, insulin, DPP4is,
and GLP1RAs — but not SGLT2is. The GRADE trial
(5047 participants) is not powered to assess comparative
effectiveness with respect to the most important clinical
outcomes, such as blindness, end-stage kidney disease,
amputations, or MACE-3. ClinicalTrials.gov lists the pri-
mary completion date as July 2021.

Data derived from different trials cannot be com-
pared in a scientifically rigorous way. The magnitude of
lowering of HbAlc is strongly correlated with baseline
values of HbAlc (23) and tends to be larger in studies
with higher HbAlc at baseline. Further, HbAlc-lower-
ing may be different when a drug is used as monother-
apy as compared with combination therapy. Late-stage
patients with more severely impaired f cell function
may experience a lesser lowering of HbAlc, especially
with drugs targeting B cells. These critical factors often
differ among clinical trials. Table 2 summarizes head-
to-head trials comparing HbAlc-lowering efficacy of
individual drugs. Some head-to-head trials were con-
ducted in the context of developing fixed-dose combi-
nation pills. Although head-to-head comparisons are
informative, relatively few head-to-head trials have
been conducted. “Real-world” epidemiological data
are sometimes used to compare different classes of
drugs (24), but efforts to correct for confounders may
not fully account for systematic differences among the
people receiving individual drugs (e.g., differences in
sex, race, medical insurance, or socioeconomic situa-
tion). These considerations create major challenges
for physicians and patients to develop evidence-
based strategies.

Based on data derived from head-to-head clinical
trials (Table 2), we offer a few conclusions: (a) In head-

introduced between 2005 and 2013, the most important being
GLP1RAs, DPP4is, and SGLT2is.

Comparative effectiveness. Head-to-head trials have not com-
pared efficacies of individual drugs (or specific drug regimens)
with respect to “hard” clinical endpoints such as blindness, ampu-
tations, kidney failure, death, myocardial infarction, stroke, or
heart failure. Most outcome trials have compared benefits of
therapeutic strategies (e.g., targeting different levels of HbAlc)
rather than efficacy of individual drugs. The ADOPT trial (A
Diabetes Outcome Progression Trial) is an exception, compar-
ing metformin, glyburide, and rosiglitazone with respect to time
to secondary failure (16). Although rosiglitazone performed best

:

to-head monotherapy studies comparing metformin (typical-
ly doses of ~2000 mg/d) with other drugs, metformin-induced
decreases in HbAlc ranged from about 1.0% to about 1.8%. Larger
decreases were generally observed in trials with the highest base-
line HbAlc levels. (b) HbAlc-lowering provided by sulfonylurea
monotherapy was about 0.2%-0.3% greater than that observed
with metformin — albeit this effect is not sustained over time. (c)
HbAlc-lowering provided by monotherapy with TZDs or SGLT2is
was comparable to that seen with metformin. (d) In head-to-head
trials, DPP4i monotherapy was less effective than metformin.
(e) In patients inadequately controlled on metformin, liraglutide
(1.8 mg/d) provided greater HbAlc-lowering than sitagliptin (100
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Table 2. Head-to-head comparative effectiveness trials of drugs to treat T2D

Drug A Drug B
Metformin (mean 1749 mg/d)
Metformin (mean 1317 mg/d)
Mean, metformin
Metformin (mean 2292 mg/d)
Metformin (mean 1847 mg/d)
Mean, metformin

Glipizide (mean 16.7 mg/d)
Glyburide (mean 5.3 mg/d)
Mean, SU
Pioglitazone (mean 41.5 mg/d)
Rosiglitazone (mean 7.7 mg/d)
Mean, TZD

Metformin (1000 mg bid) Sitagliptin (100 mg/d)
Metformin (1000 mg bid) Linagliptin (5 mg/d)
Metformin (1000 mg bid) Alogliptin (12.5 mg bid)

Mean, DPP4i
Dapagliflozin (10 mg/d)
Canagliflozin (300 mg/d)
Empagliflozin (25 mg/d)
Mean, SGLT2i
Empagliflozin (25 mg/d)
Ertugliflozin (15 mg/d)
Dapagliflozin (10 mg/d)

Mean, metformin
Metformin XR (median 2000 mg/d)
Metformin XR (median 2000 mg/d)

Metformin (2000 mg/d)
Mean, metformin
Linagliptin (5 mg/d)
Sitagliptin (100 mg/d)
Saxagliptin (5 mg)

Mean, DPP4i Mean, SGLT2i
GLP1R agonists: head-to-head comparisons

Short-acting exenatide (10 pg bid) Lixisenatide (20 ug qd)
Short-acting exenatide (10 g bid) Extended-release exenatide (2 mg qw)

Extended-release exenatide (2 mg qw) Liraglutide (1.8 mg qd)

Extended-release exenatide (2 mg qw) Semaglutide (1 mg qw)

Liraglutide (1.8 mg qd) Albiglutide (50 mg qw)

Liraglutide (1.8 mg qd) Dulaglutide (1.5 mg qw)

GLP1R agonists vs. sitagliptin

Sitagliptin (100 mg/d) Liraglutide (1.8 mg qd)

Sitagliptin (100 mg/d) Exenatide ER (2 mg qw)

Sitagliptin (100 mg/d) Dulaglutide (1.5 mg qw)

Sitagliptin (100 mg/d) Albiglutide (30 mg qw)

Baseline HbA1c Baseline HbA1c A HbA1c A HbA1c Source
(A) (B) (n) (B)
9.15% 9.17% -146% -1.77% METAGLIP PI
8.23% 8.14% -0.82%"* -1.02%"* GLUCOVANCE PI
8.69% 8.65% -114% -1.40%
8.6% 8.6% -1.5% -13% (100)
8.8% 8.8% -1.8% -1.6% AVANDAMET PI
8.7% 8.7% -1.7% -1.5%
8.7% 8.9% -13%* -0.8%" Sitagliptin PI
8.5% 8.7% -1.2%" -0.6%" Linaglptin PI
8.4% 8.4% -11% -0.6% Alogliptin PI
8.5% 8.6% -1.2% -0.6%
9.0% 9.0% -14% -1.5% Dapagliflozin PI
8.81% 8.77% -13% -142% INVOKAMET PI
8.6% 8.9% -1.8% -14% Empagliflozin PI
8.80% 8.89% -1.5% -1.44%
8.0% 8.0% -0.7% -0.6% GLYXAMBI PI
8.5% 8.6% -1.0% -1.0% STEGLUJAN PI
9.0% 8.9% -1.0% -1.23% QTERNMET XR PI
8.5% 8.5% -0.9% -0.94%
8.02% 8.03% -0.95% -0.80% (99)
8.3% 8.3% -1.5% -1.9% (95)
8.5% 8.4% -1.28% -148 (97)
8.3% 8.4% -0.9% -1.5% (94)
8.2% 8.2% -0.99% -0.78% (98)
8.1% 8.1% -1.36% -142% (96)
8.5% 8.4% -0.9% -1.5% Liraglutide PI
8.5% 8.6% -0.9% -1.5% Exenatide-XR Pl
8.0% 8.1% -04% -11% Dulaglutide PI
8.1% 8.1% -0.3% -0.6% Albiglutide Pl

Randomized clinical trials ensure the best possible matching of research subjects participating in different arms of the study. Where possible, we

selected clinical trials conducted in patients with inadequate glycemic control on metformin therapy. Priority was given to data included in FDA-approved
prescribing information (PI). In some cases, data were obtained from peer-reviewed literature as cited in the table. The HbA1c-lowering efficacies of
exenatide (qw), liraglutide, dulaglutide, and albiglutide were all statistically significantly greater than that of sitagliptin (data from FDA-approved PI).
HbA1c-lowering efficacy of semaglutide was superior to that of exenatide (qw) (94); HbA1c-lowering efficacy of exenatide (qw) was superior to that of
exenatide (bid) (95). HbA1c-lowering by dulaglutide was noninferior to that by liraglutide (96). Neither exenatide (qw) nor albiglutide met criteria for
noninferiority to liraglutide (97, 98). Lixisenatide was noninferior to exenatide (bid) (99). Data for head-to-head comparisons of oral agents were taken from
trials designed to compare efficacies of fixed-dose combinations with efficacies of the individual components, but not designed to specifically compare
efficacies of the individual components with one another. “Placebo-subtracted value. bid, twice daily; qd, daily; qw, weekly; SU, sulfonylurea.

mg/d) —1.5% versus 0.9%, respectively (25). (f) Five head-to-head
trials between GLP1RAs demonstrated that HbAlc-lowering effi-
cacy varied widely, with the following estimates of “normalized
HbAlc-lowering”: lixisenatide, -0.82%; short-acting exenatide,
-1.0%; albiglutide, -1.16%; long-acting exenatide, -1.27%; liraglu-
tide, -1.47%; dulaglutide, -1.53%; and semaglutide, -2.12% (26).
(g) GLP1RAs (especially semaglutide) provide greater HbAlc-
lowering than DPP4is or SGLT2is when added to regimens of
patients inadequately controlled on metformin.

Cardiovascular outcome trials
In response to concerns that some T2D drugs increase cardiovas-
cular risks (27), the FDA requires sponsors to provide additional

J Clin Invest. 2021;131(2):e142243 https://doi.org/10.1172/)C1142243

cardiovascular safety data: (a) a preapproval analysis to exclude
an 80% increase in cardiovascular risk; and (b) a dedicated post-
approval trial to exclude a 30% increase in risk (28). An FDA
advisory committee recommended that clinical trials compare
new T2D drugs to the standard of care and that patients in both
treatment arms should be matched with respect to levels of HbAlc
and known cardiovascular risk factors (e.g., blood pressure and
LDL cholesterol). These recommendations were not followed in
practice. In any case, the FDA’s requirements ushered in a golden
age of cardiovascular outcome trials (CVOTs) providing insights
into GLP1RAs, DPP4is, and SGLT2is (Table 3). These clinical
trials were not powered to provide rigorous comparisons among
different subpopulations nor to correct for multiple comparisons

:
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Table 3. Summary of cardiovascular outcome trials of diabetes drugs, 2005-2020

Drug Study name Inclusion criteria N Mean Comparator Baseline mean HR, MACE Pvalue References
duration HbA1c (95% C1) (superiority)

Pioglitazone PROactive Macrovascular disease 5238 2.9yr Placebo 7.8%/7.9%  0.84(0.72-0.98) 0.027 54

Rosiglitazone RECORD Monotherapy with 4447 5.5yr Sulfonylurea+metformin ~ 7.9%/7.9% 0.95 (0.78-117) 18,19

metformin or SU
Sitagliptin TECOS Established CV disease 14,671 3.0yr Placebo 7.2% 0.98 (0.89-1.08) 0.65 33
Saxagliptin -~ SAVOR-TIMI53  History of CV disease or 16,492 21yr Placebo 8.0%/8.0%  1.00(0.89-1.12) 0.99 31
high CV risk
Alogliptin EXAMINE  Acute coronary syndrome 5380 1.5yr Placebo 8.0%/8.0% 0.96 (<1.16) 0.32 32
Linagliptin CAROLINA High CV risk 6033 6.3yr Glimepiride 72%/72%  0.98 (0.84-1.4) 0.76 34
Empagliflozin EMPA-REG Established CV disease 7028 2.6yr Placebo 8.07%/8.08% 0.86 (0.74-0.99) 0.04 37
Canagliflozin CANVAS ASCVDor 22 CVrisk 10,142 36yr Placebo 8.2%/8.2%  0.86(0.75-0.97) 0.02 38
factors
Ertugliflozin VERTISCV  Established CV disease 8246 35yr Placebo 8.2%/8.2%  0.91(5mg) (0.77- - 40
1.07); 1.04 (15 mg)
(0.89-121)
Lixisenatide ELIXA Acute coronary syndrome 6068 19yr Placebo 7.7%]7.6% 1.02 (0.89-1.17) 0.81 52
Liraglutide LEADER High CV risk 9340 3.8yr Placebo 8.7%/8.7%  0.87(0.78-0.97) 0.01 46
Semaglutide SUSTAIN-6 Established CVD, CKD, 3297 2yr Placebo 8.7%/8.7%  0.74 (0.58-0.95) 0.02 47
or CHF
Exenatide EXSCEL Prior CVD (73%) 14,752 3.2yr Placebo 8.1%/81%  0.91(0.83-1.00) 0.06 51
Albiglutide HARMONY History of CV disease 9463 16yr Placebo 8.72%/8.76%  0.78 (0.68-0.90) 0.0006 50
OUTCOMES

Dulaglutide REWIND ASCVD or high CVrisk 9901 54yr Placebo 74%/73%  0.88 (0.79-0.99) 0.026 48
Bromocriptine  Cycloset Safety ~ T2D; stable Rx for 230 3070 0.5-Tyr Placebo 70%/70%  0.61(0.38-0.97) - 101

Trial days

The table summarizes information on cardiovascular outcome trials evaluating the impact of individual glucose-lowering drugs on the risk of major adverse
cardiovascular events. Several cardiovascular outcome trials were initiated before 2008 when the FDA began to require formal cardiovascular outcome
trials for all T2D drugs: pioglitazone, rosiglitazone, and sitagliptin. For completeness, we have included the Cycloset Safety Trial of bromocriptine, despite
challenges in interpreting the data in light of the low percentage of patients who completed the study (53% of bromocriptine-treated patients vs. 68% of
placebo-treated patients). Moreover, many patients in Cycloset were lost to follow-up: 5.6% (bromocriptine) and 5.6% (placebo). The table presents hazard
ratios based on data for the three-component composite for major adverse cardiovascular events (MACE-3): cardiovascular death, nonfatal myocardial
infarction, and nonfatal stroke. In some cases, MACE-3 was not prespecified as the study’s original primary outcome (PROactive and RECORD); in those
cases, we have presented nominal P values uncorrected for multiple comparisons. In the case of ELIXA, the table presents data on four-component MACE-4
(components of MACE-3 plus hospitalization for unstable angina). However, because hospitalization for unstable angina represented <2.5% of the major
adverse cardiovascular events in ELIXA, it is likely that the hazard ratio for MACE-3 would have been very similar. ASCVD, atherosclerotic cardiovascular
disease; CHF, congestive heart failure; CKD, chronic kidney disease; CV, cardiovascular; CVD, cardiovascular disease; HR, hazard ratio; SU, sulfonylurea.

required for such comparisons. Nevertheless, it is noteworthy that
meta-analyses have questioned whether Black people experienced
the same benefit as the overall populations in studies of SGLT2is
or GLP1RAs (29) and whether women experienced the same ben-
efit as men in studies with SGLT2is (30). Although individuals can
vary widely in their responses to specific drugs, the current state of
the art focuses primarily on average patient responses, which does
not account for interindividual variation nor variation among vari-
ous subpopulations based on factors such as sex, race, or ethnicity.

DPP4is. Dedicated CVOTs reported hazard ratios between
0.96 and 1.00 for MACE-3 for all four DPP4is (Table 3) (27). Com-
pared with placebo-treated patients, HbAlc levels were modest-
ly lower (~0.3%) in patients receiving sitagliptin, saxagliptin, or
alogliptin (31-33). Linagliptin- and glimepiride-treated patients
had similar HbAlc levels (34). All four trials satisfied the FDA’s
primary objective by ruling out significant increases in cardiovas-
cular risk. Previous meta-analyses of phase III data with sitagliptin

and saxagliptin (35, 36) suggested that these drugs might pro-
tect against major adverse cardiovascular events, but dedicated
CVOTs conducted in patients with higher cardiovascular risk did
not confirm this prediction. Nevertheless, analyses of real-world
data demonstrated that metformin+DPP4i treatment was associ-
ated with 23%-24% lower all-cause mortality and MACE-3 than
metformin+sulfonylurea therapy (24). Interestingly, subgroup
analysis suggested that improved outcomes were limited to people
without high cardiovascular risk and were not observed in high-
risk individuals (24).

SGLT2is. CVOTs for empagliflozin and canagliflozin (37, 38)
both demonstrated 14% decreases in risk of MACE-3. In con-
trast, CVOTs with dapagliflozin and ertugliflozin failed to meet
prespecified criteria for statistical significance (39, 40). A recent
meta-analysis of all four SGLT2is estimated a hazard ratio of
0.90 (95% CI, 0.85-0.95) for MACE-3 (40). It remains uncertain
whether there are real and reproducible differences among the
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four SGLT2is or whether numerical differences between drugs
resulted from random variation. Meta-analysis demonstrated a
strong effect of SGLT2is to decrease the risk of hospitalization
for heart failure, with a hazard ratio of 0.68 (95% CI, 0.61-0.76)
(40). Similarly, SGLT2is slowed progression of diabetic kidney dis-
ease, with meta-analysis estimating a hazard ratio of 0.62 (95%
CI, 0.56-070) (40). The heart failure and renoprotection benefits
were quantitatively larger and more consistently observed than
improvement in MACE-3 outcomes.

What mechanisms mediate improved outcomes due to
SGLT2is? All trials demonstrated significantly lower levels of
HbAlc and blood pressure, which may have contributed to
improved outcomes (27). SGLT2is’ natriuretic action may con-
tribute to beneficial impact on heart failure (41). Finally, analy-
sis of data from the EMPA-REG OUTCOME trial suggested that
increased hematocrit may mediate decreased risk for cardio-
vascular mortality (42). Acutely, drug-induced natriuresis leads
to volume contraction and hemoconcentration (41). However,
SGLT2is also trigger increased erythropoiesis. Furthermore,
renoprotective benefit may be mediated by inhibition of proximal
tubular sodium reabsorption, which in turn (a) increases sodium
delivery to the macula densa (43), (b) modulates tubuloglomer-
ular feedback, (c) corrects glomerular hyperfiltration, and (d)
slows progression of kidney disease. CVOTs were specifically
designed to provide information about cardiovascular and kid-
ney outcomes but also identified unexpected safety issues. The
CANVAS study with canagliflozin demonstrated increased risk of
lower-extremity amputations (38), accelerated loss of bone min-
eral density, and increased risk of fracture (41, 44, 45).

GLPIRAs. Liraglutide, dulaglutide, semaglutide, and albi-
glutide were reported to decrease risk for MACE-3 (46-50).
Approved doses of liraglutide, dulaglutide, and semaglutide pro-
vide the largest improvements in HbAlc among GLP1RAs (26),
whereas extended-release exenatide (51) and lixisenatide (52)
did not demonstrate noninferiority to liraglutide for HbAlc-low-
ering. Analysis of data from the LEADER trial with liraglutide
suggested that HbAlc-lowering may have mediated about 83%
of liraglutide’s cardiovascular benefit (53). CVOTs for GLP1RAs
were conducted as placebo-controlled studies; patients in pla-
cebo groups had substantially higher HbAlc levels than patients
receiving GLP1RAs (26). Although cardiovascular risk decreased
immediately in CVOTs with canagliflozin and empagliflozin (37,
38), about 1 year elapsed before onset of benefit with GLP1RAs.
While liraglutide, dulaglutide, canagliflozin, and empaglifloz-
in decreased the risk of MACE-3 by 12%-14% (37, 38, 46, 48),
semaglutide provided numerically larger cardioprotection (26%
decreased risk of MACE-3) (47).

Thiazolidinediones. CVOTs were conducted for both pioglita-
zone (20, 54) and rosiglitazone (18, 19). The PROactive trial with
pioglitazone resembled FDA-mandated CVOTs, with the excep-
tion that MACE-3 was prespecified as a secondary outcome rather
than the primary outcome. Nevertheless, pioglitazone decreased
risk of MACE-3 (hazard ratio, 0.84; 95% CI, 0.72-0.98; P= 0.027).
In contrast, RECORD compared rosiglitazone monotherapy with
metformin or a sulfonylurea (18, 19). RECORD reported a hazard
ratio of 0.95 (95% CI, 0.78-1.17), ruling out a 30% increase in risk,
as the FDA now requires.
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Real-world data. While randomized controlled trials provide
the highest level of scientific rigor, “real-world” epidemiological
studies provide complementary information about comparative
effectiveness and other topics not assessed in randomized clinical
trials. Jensen et al. (24) analyzed real-world data from a cohort of
66,807 Danish people with T2D. When combined with metformin,
DPP4is, SGLT2is, and GLP1RAs were associated with improved
outcomes compared with dual therapy with metformin plus sul-
fonylurea: hazard ratios for severe hypoglycemia were 0.05-0.10;
hazard ratios for MACE-3 were 0.76, 0.67, and 0.51 for DPP4is,
SGLT2is, and GLP1RAs, respectively. Jensen et al. (24) also pro-
vided an analysis in which patients were stratified according to
cardiovascular risk. GLP1RAs in combination with metformin
protected both high- and low-risk patients. In contrast, regimens
combining metformin with DPP4is or SGLT2is decreased risk of
MACE-3 only in low-risk, but not high-risk, patients (24). Taken
at face value, these real-world data raise questions about recent
recommendations to prescribe monotherapy with SGLT2is to
patients at high risk for major adverse cardiovascular outcomes
(see below) (55-58). We have cited this Danish study because it
is exemplary in many respects. Nevertheless, it is important to
acknowledge that the Danish population may not fully represent
the experiences of diverse populations living in different socioeco-
nomic situations and with different health insurance.

Apart from the CAROLINA trial with linagliptin, recent
CVOTs for diabetes drugs were conducted as placebo-controlled
trials (Table 4). Strictly interpreted, these trials demonstrated
that empagliflozin, canagliflozin, liraglutide, semaglutide, and
dulaglutide were superior to placebo when prescribed to high-
cardiovascular-risk T2D patients with inadequate metabolic con-
trol (mean HbAlc levels, 8.0%-8.7%). In the absence of active
comparators, it is impossible to draw rigorous conclusions about
counterfactual scenariosin which patients would have been treated
with other drugs to achieve comparable levels of HbAlc and blood
pressure. Indeed, a recent mediation analysis of the LEADER trial
of liraglutide suggests that approximately 83% of MACE-3 risk
reduction would have been eliminated if HbAlc levels were equal-
ized between the liraglutide and placebo arms (53).

Current state of the art

Treatment of T2D is challenging for both clinicians and patients.
Pharmacotherapy aims to prevent or delay occurrence of “hard”
clinical endpoints such as blindness, end-stage kidney disease,
and amputations. A drug’s safety profile must be balanced against
its glucose-lowering efficacy. In designing a therapeutic strategy,
physicians define a therapeutic target for HbAlc and decide which
drugs to use and in what order to use them. The American Diabe-
tes Association (ADA) and the European Association for the Study
of Diabetes (EASD) have jointly formulated therapeutic guide-
lines, which recommend individualizing HbAlc targets based on
multiple considerations: (a) expected longevity; (b) presence of
diabetic complications; and (c) patient preferences (55). Guide-
lines suggest that targeting an HbAlc of 7.0% may be appropriate
early in the course of T2D in an otherwise healthy patient, but tar-
geting 8.0%-8.5% might be appropriate for a patient with limited
life expectancy. ADA/EASD guidelines recommend metformin
as first-line therapy for HbAlc-lowering in T2D and suggest four
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Initiate
therapy

Lifestyle modification
+ metformin

Cardiology societies (ACC and
ESC) recommend another
option for patients with high risk
of atherosclerotic cardiovascular
disease: monotherapy with drug
reported to significantly
decrease risk of MACE-3, e.g.,
empagliflozin, canagliflozin,
liraglutide, semaglutide, or
dulaglutide

—_—

Add second drug

To minimize risk of
hypoglycemia, select
one of the following:

DPP4i
GLP1RA

For patients with HbA1c more
than 1.5%—-2.0% above HbA1c
target, guidelines recommend
consideration of initial therapy
with a two-drug combination
regimen to increase likelihood
of achieving HbA1c target
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—

Sulfonylureas are listed as an
option if cost is the major priority

OF INSULIN’S DISCOVERY

Add third drug Add fourth drug or start insulin

Select one not already
included in patient’s
regimen (without combining
DPP4i + GLP1RA):
DPP4i
GLP1RA

Metformin + GLP1RA/DPP4i
+ +

Therapeutic regimen including
basal insulin (possibly fixed-ratio
formulation containing both
GLP1RA and basal insulin)

Figure 2. Overview of ADA/EASD guidelines. The ADA and EASD provided detailed guidance about pharmacological approaches to treat hyperglycemia

in diabetic patients (55). The figure illustrates a simplified version of these guidelines. Initiation of therapy: Guidelines advocate simultaneous initiation
of metformin and lifestyle modification (i.e., promoting weight loss in patients who are overweight or obese). Guidelines also suggest consideration of

an option to initiate two-drug combination therapy if the patient’s HbA1c is more than 1.5%-2.0% above the HbA1c target (e.g., patients with HbA1c
>8.5%-9.0% if the HbA1c target is 7.0%). Addition of second drug: Many patients experience secondary failure as T2D progresses, and require addition of

a second drug. ADA/EASD guidelines recommend one of four drug classes for second-line therapy: DPP4is, GLP1RAs, SGLT2is, or TZDs. Low-cost generic
sulfonylureas represent a fifth option if cost considerations are the major concern. Third- and fourth-line drug. If necessary, three- and four-drug combina-
tions can be constructed with additional drugs from among DPP4is, GLP1RAs, SGLT2is, and TZDs in combination with metformin. Many patients will even-
tually experience severe § cell failure and transition to insulin-dependent physiology requiring therapy with basal insulin. With one important exception,
guidance from the ACC, ESC, and AHA resembles that from the ADA/EASD (56-58). Both the ACC and the ESC have advocated for monotherapy with either
GLP1RAs or SGLT2is in patients at high risk for atherosclerotic heart disease. However, it is important to emphasize that there is relatively little evidence
to support this recommendation as more than 80% of patients in CVOTs with SGLT2is or GLPTRAs were receiving metformin as part of their therapeutic
regimens. The ADA/EASD guidelines provide an inclusive list of options allowing physicians and patients considerable freedom to select whichever drug(s)
they prefer. Many physicians may want simpler guidelines offering fewer options, such as we propose in Figure 3.

principal options for drugs to be added in patients not achieving
their therapeutic target: DPP4is, GLP1RAs, SGLT2is, or TZDs
(Figure 2). Sulfonylureas are offered as another option if cost is
the major issue. GLP1RAs and SGLT2is are assigned priority in
patients with compelling need to lose weight and patients with
established atherosclerotic cardiovascular disease (ASCVD) or
high risk of developing ASCVD. Guidelines consider initiating
therapy with a two-drug combination (e.g., metformin+DPP4i)
with the intent of sustaining longer-duration effectiveness (55,
59). Insulin is envisioned for patients who are inadequately con-
trolled despite receiving three or four of the aforementioned drugs
(55). This strategy is based on adding as few drugs as possible to
achieve patients’ individualized HbAlc targets, and prescribing
additional drugs only when patients fail to achieve those targets.
Cardiology organizations including the American College of Car-
diology (ACC), the European Society of Cardiology (ESC), and
the American Heart Association (AHA) provide guidelines with
similar recommendations (56-58) — albeit adding an option of
first-line monotherapy with GLP1RAs or SGLT2is in patients with
established high risk for ASCVD.

DeFronzo and colleagues (3, 60) proposed a more aggressive
therapeutic strategy, prescribing multiple drugs early in the course
of T2D to achieve lower HbAlc levels — thereby decreasing risk
of microvascular complications and possibly preserving B cell
function. DeFronzo’s regimen includes three drugs: (a) metformin
to decrease hepatic glucose production; (b) GLP1RA to promote
weight loss and enhance insulin secretion; and (c) pioglitazone as
an insulin sensitizer that indirectly preserves § cell function. This
intensive therapeutic regimen enabled newly diagnosed patients
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toachieve amean HbAlc 0f 5.95%; patients receiving conventional
therapy achieved HbAlc of 6.5% (60). Patients receiving initial
three-drug therapy experienced 7.5-fold lower risk of hypoglyce-
mia. This intensive therapeutic strategy offers substantial poten-
tial to improve outcomes for T2D patients.

ADA/EASD guidelines maximize freedom of choice by
offering five options for second-line therapy (DPP4is, SGLT2is,
GLPRAs, TZDs, and sulfonylureas). Nevertheless, because some
physicians and patients may welcome a shorter list of options, we
offer an abbreviated version of the ADA/EASD guidelines assign-
ing priority to drugs that provide particularly attractive options for
the most common scenarios (Figure 3). Our recommended prior-
itization of options is based on assigning high priority to several
objectives: (a) driving toward ambitious glycemic targets to min-
imize risk of microvascular complications so long as this can be
accomplished with non-hypoglycemia-inducing drugs; (b) mini-
mizing risks of safety and tolerability issues; and (c) taking a long-
term perspective focused on a time when generic SGLT2is and
DPP4is will be available.

Available literature suggests a few principles to guide
HbAlc-lowering pharmacotherapy: (a) To minimize risk of micro-
vascular complications, physicians and patients should strive for
the lowest level of HbA1lc that can be achieved safely. ACCORD
confirmed that mean HbAlc levels of 6.5% slowed progression
of diabetic retinopathy compared with HbAlc levels of 7.5% (12).
Combinations of metformin with GLP1RAs, DPP4is, or SGLT2is
enable patients to achieve lower HbAlc targets without increased
risk of hypoglycemia associated with sulfonylureas or insulin.
Furthermore, avoiding sulfonylureas may delay secondary fail-

:
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DP-0 DP-1
Lifestyle Which drug(s) to initiate
modification

Metformin mono-Rx

— Initiate Rx
A

Diagnosis I

or
Metformin + GLP1 RAD

A

! Possibly postpone Rx
‘. _, until after assessing
impact of behavioral
intervention -

o m e —— — —

Metformin + SU

Special considerations:

If patient is inadequately controlled
with metformin mono-Rx, can add
DPP4i or GLP1RA
If patient is inadequately controlled
with metformin + SU, can switch
to different second drug

* Add to
. o Metformin + DPP4i
Initial combination Rx: or
Metformin + DPP4i | Metformin + GLP1RA
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DP-2
Which third drug to add

DP-3
Add fourth drug
or start insulin

Combination Rx regimen including
basal insulin (possibly fixed-ratio
formulation containing both
GLP1RA and basal insulin)

- Add to:
Metformin -+ DPP4 Metformin + GLP1RA + 5
. or
petionniige gl Metformin + DPP4i + o

(potentially all-oral drug regimen)

Figure 3. Algorithm to guide selection of HbA1c-lowering drugs for T2D patients. DP-0: lifestyle modification. Although lifestyle modification may
sufficiently improve glucose levels to avoid the need for drugs, pharmacotherapy and lifestyle modification are most often initiated simultaneously. DP-1:
which drug(s) to initiate. As recommended by the ADA/EASD, metformin should ordinarily serve as the foundation for pharmacotherapy. Nevertheless, the
fact that patients will often benefit from intensive therapy early in the natural history of T2D (60) favors the ADA/EASD guidelines’ option to initiate two
drugs simultaneously. DPP4is and GLP1RAs have favorable safety profiles without increasing risk of serious hypoglycemia in this setting. Driving to lower
HbA1c levels diminishes risk of microvascular complications (12). Although addition of a second drug increases cost, this will become less of an issue after
DPP4is become generic. DP-2: which third drug to add? Many patients experience secondary failure, requiring intensification of therapy. Achievement of
ambitious HbA1c targets favors the objective of minimizing risk of microvascular complications (12, 60). SGLT2is are an attractive component of three-drug
regimens (e.g., metformin+DPP4i+SGLT2i or metformin+GLP1RA+SGLT2i), especially because of lowering of blood pressure, weight loss, renoprotection,
and reported cardiovascular benefits. The “all-oral” three-drug option is available as convenient fixed-dose combination tablets (metformin+DPP4i+S-
GLT2i), which will be more affordable when DPP4is and SGLT2is become generic. We deprioritize pioglitazone despite its attractive efficacy profile (117)
because of safety concerns with TZDs (17). If secondary failure occurs in patients receiving metformin+DPP4i, the regimen can be intensified by substi-
tution of a GLP1RA in place of a DPP4i. DP-3: whether to initiate insulin. Insulin is often the best option for patients experiencing secondary failure on a
three-drug regimen. Nevertheless, some patients may be manageable with a four-drug regimen that does not include hypoglycemia-inducing drugs such
as insulin. Metformin+DPP4i+SGLT2i+pioglitazone and metformin+GLP1RA+SGLT2i+pioglitazone stand out as the most attractive among these regimens.

ure (16). (b) Intensive HbAlc-lowering early in the disease’s nat-
ural history provides long-term benefit even if ambitious HbAlc
targets are not sustained permanently (5, 8). Indeed, HbAlc-
lowering pharmacotherapy contributes to decreasing cardiovascu-
lar risk, especially if sustained over long periods of time. (c) While
glycemic control is a critical element of therapeutic regimens for
T2D, other elements are also important, including lifestyle and
cardiovascular medications. Based on these guiding principles,
we propose the following strategy to guide prescription of HbAlc-
lowering drugs for patients with T2D. This strategy focuses on
specific decision points (DPs) arising during a patient’s journey
through the natural history of T2D (Figure 3).

DP-0: lifestyle modification. Most authorities recommend initi-
ating lifestyle modification at the time T2D is diagnosed — espe-
cially weight loss in obese/overweight patients. Changes in eating
behaviors and exercise habits can substantially improve meta-
bolic control. Although postponing use of HbAlc-lowering drugs
until after observing the impact of behavioral interventions offers
potential (with low probability) to avoid pharmacotherapy, phar-
macotherapy is most often initiated in parallel with behavioral
interventions. Although outside the scope of this Review, lifestyle
modifications offer enormous benefits for patients who achieve
sustainable weight loss.

DP-1: which drug(s) to select as initial pharmacotherapy. ADA/
EASD guidelines recommend metformin as first-line HbAlc-

e

lowering therapy in T2D (55). Historically, HbAlc of 7.0% was
selected as a therapeutic target (4, 6). While available evidence
suggests that lower HbAlc levels would further decrease the risk
of microvascular complications, the 7.0% target was selected to
mitigate risk of serious hypoglycemia in insulin- or sulfonylurea-
treated patients. GLP1RAs, DPP4is, SGLT2is, and TZDs do not
intrinsically increase hypoglycemia risk; this creates an oppor-
tunity to achieve lower HbAlc and further decrease the risk of
microvascular complications (12). We, therefore, favor ADA/
EASD guidelines’ option of initiating therapy with two-drug com-
binations. Combinations of metformin+DPP4i or metformin+GL-
P1RA can achieve lower HbAlc levels than metformin monother-
apy without increasing risk of serious hypoglycemia. Convenient
fixed-dose combinations of metformin+DPP4i are available, and
will likely become inexpensive when DPP4is become generic in
the relatively near future. Combining metformin with a GLP1IRA
is particularly attractive. For example, semaglutide offers “nor-
malized” HbAlc-lowering of about 2.1% combined with place-
bo-subtracted weight loss of about 5 kg and an approximately 26%
decrease in risk of MACE-3 (26, 47). Long-term follow-up studies
suggest that intensive HbAlc-lowering offers long-term clinical
benefit even if improvement in HbAlc cannot be sustained forever
(5, 8). We deprioritize combination therapy with metformin+sulfo-
nylureas because of increased risk of life-threatening hypoglyce-
mia. Furthermore, real-world data suggest higher risks of adverse
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cardiovascular events — even in patients with low cardiovascular
risk (24). We also deprioritize initial therapy with metformin+S-
GLT2i because of increased risks of genitourinary infections and
other safety issues (41, 61).

Many patients receive metformin monotherapy rather than
initial two-drug combinations. If a monotherapy patient does
not achieve the therapeutic target, a second drug (preferably
a DPP4i or GLP1RA) can be added subsequently. If a patient
does not achieve the therapeutic target in response to met-
formin+DPP4i, therapy can be intensified by substitution of a
GLP1RA for the DPP4i (25).

The ACC (58) and ESC (57) advocate monotherapy with
GLP1RAs or SGLT2is as options for first-line therapy. While these
options may be appropriate for metformin-intolerant patients,
only limited data exist to assess cardiovascular outcomes in
patients receiving long-term monotherapy with SGLT2is or
GLP1RAs. Approximately 80% of patients in CVOTs received
SGLT2is or GLP1RAs in combination with metformin. These con-
siderations support the ADA/EASD’s recommendation to build on
a foundation of metformin as first-line therapy even in patients
with a history of or high risk for ASCVD. Nevertheless, available
data support metformin+GLP1RA combinations as initial therapy
in such high-risk patients. Metformin+SGLT2i combinations have
unique value in patients with heart failure (37-40, 62, 63). In the
absence of a history of heart failure, we believe that SGLTis should
be reserved as third-line options because of safety/tolerability
concerns with this class.

DP-2: add-on drugs for patients inadequately controlled on met-
formin plus GLPIRA or DPP4i? Because T2D is a progressive dis-
ease, many patients will experience secondary failure after hav-
ingresponded adequately to their therapeutic regimens. Addition
of a SGLT2i will often be the best option as a third-line drug: e.g.,
metformin+DPP4i+SGLT2i or metformin+GLP1RA+SGLT2i.
The “all-oral” option is facilitated by convenient fixed-dose com-
bination formulations containing metformin+DPP4i+SGLT2i in
the same pill. When both DPP4is and SGLT2is become generic,
this three-drug combination (metformin+DPP4i+SGLT2i) will
be relatively inexpensive. Although we deprioritize sulfonylureas
because of safety concerns and accelerated secondary failure,
they continue to be used because of long-standing historical
experience and generic pricing. If sulfonylurea-treated patients
do not meet their glycemic target, physicians should consid-
er replacing the sulfonylurea with another drug such as DPP4i,
GLPIRA, SGLT2i, or possibly generic pioglitazone. Discontinu-
ation of the sulfonylurea will decrease risk of hypoglycemia and
avoid the risk of sulfonylurea-associated acceleration of second-
ary failure (16). Although pioglitazone was reported to decrease
risk of MACE-3 (54), we deprioritize pioglitazone because of
risks of congestive heart failure and bone fracture. While adverse
effects of TZDs on bone health are observed in both sexes (17),
women are particularly vulnerable.

DP-3: whether to add insulin to the therapeutic regimen. Some
patients do not achieve therapeutic targets on three-drug reg-
imens. Although four-drug regimens are possible (e.g., met-
formin+DPP4i+SGLT2i+pioglitazone), many physicians and
patients introduce insulin at this stage. Although detailed discus-
sion is outside the scope of this Review, insulin therapy can be
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extremely effective at achieving glycemic control in this setting.
Furthermore, fixed-ratio formulations are available including
both basal insulin and GLP1RA. Both components offer substan-
tial HbAlc-lowering; the GLP1IRA component counteracts the
weight gain that frequently accompanies insulin therapy (64, 65).
The principal downsides of insulin relate to risk of serious hypo-
glycemia and therapeutic complexity. Nevertheless, insulin may
be the only option that can provide acceptable glycemic control in
some patients at this late stage of T2D.

The future

Impact of future losses of marketing exclusivity. Outcomes of phar-
maceutical research and development (R&D) are notorious-
ly difficult to predict. Very few early-stage R&D projects yield
approved drugs; not all approved drugs achieve commercial
success. Nevertheless, two predictions can be made with confi-
dence. Patents will expire. Marketing exclusivity will end. It is not
always possible to predict exact dates for these two events. Legal
complexities create uncertainty about which patents will survive
legal challenge and how long regulators will extend marketing
exclusivity beyond patent expiry. Nevertheless, generic versions
of DPP4is and SGLT2is will become available relatively soon. For
example, the US patent on composition of matter for dapagliflozin
expired in October 2020, and that for saxagliptin expires in July
2023 (66). Patent expiration is a first step toward availability of
generic drugs. Availability of low-price generic SGLT2is and
DPP4is will provide clinically attractive, low-cost alternatives
to generic sulfonylureas (67). Availability of generic DPP4is and
SGLT2is will greatly increase patient access and meaningfully
decrease health care inequities (67). Because peptide drugs are
regulated differently, biosimilar GLP1RAs may not have the same
transformational impact on affordability.

Precision medicine: scientific foundation for individualizing ther-
apy. At present, physicians generally select HbAlc-lowering drugs
based on mean responses of average patients. The ADA and EASD
noted, “in head-to-head studies, any differential effects of [antidi-
abetic drugs] ... are small. So ... properties such as dosing frequen-
cy, side-effect profiles, cost, and other benefits often guide their
selection” (68). In contrast to small differences in mean effects of
different therapies, there is wide variation of individual respons-
es to the same drug. To implement the aspirational objective of
individualizing choices of drugs, diabetes researchers must build
a strong scientific foundation based on rigorous data to predict
individual responses. Metformin illustrates the potential of phar-
macogenomics to predict drug responses. Because metformin is
positively charged at physiological pH, membrane transporters
are required for transport across biological membranes. A sub-
stantial body of research has identified genetic variants in trans-
porter genes associated with altered function of critical transport-
ers required for pharmacological responses to metformin. These
variants alter absorption from the gastrointestinal tract, renal han-
dling, or entry into hepatocytes (69). Variants in other genes are
associated with altered pharmacodynamic responses. An intronic
variant (rs8192675) was identified in SLC2A2 (encoding GLUT2
glucose transporters) that exerts a cis-acting effect to regulate
GLUT2 mRNA expression (70). The minor allele of rs8192675
was associated with enhanced metformin-induced HbAlc-lower-
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ing effects. GLUT2 is expressed in several cell types with critical
roles in metabolic physiology, and facilitates glucose entry into
pancreatic B cells and hepatocytes and glucose efflux through the
basolateral membranes of renal proximal tubule epithelial cells
and intestinal epithelium. Pioneering research with metformin
illustrates the potential to build a similar scientific foundation for
other HbAlc-lowering drugs — thereby transforming therapeutic
strategy by selecting drugs likely to be most effective at lowering
HbAIlc safely in each individual patient.

Potential for innovative drugs with novel mechanisms. The
first two decades of the 21st century have been a golden age for
pharmaceutical R&D, with introduction of three important new
classes of diabetes drugs — two of which reported improved car-
diovascular outcomes. When generic versions of these drugs
become available, cost considerations will likely relegate expen-
sive new T2D drugs to fourth-line therapy after metformin,
DPP4is, GLP1RAs, and SGLT2is. This creates major challenges
for companies to achieve business success in commercializing
novel HbAlc-lowering drugs. Although some novel HbAlc-low-
ering mechanisms have been explored in recent years (Table 4)
(71-85), some pharmaceutical companies have refocused R&D
to address high unmet medical need associated with diabetic
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complications such as diabetic kidney disease and nonalcoholic
steatohepatitis (NASH). SGLT2is have ancillary benefits to slow
progression of diabetic kidney disease (39, 40, 86, 87). GLP1RAs
may slow progression of both NASH and diabetic kidney disease
(88-91). In addition, pharmaceutical research continues to seek
new chemical entities to decrease risk of diabetic complications
by HbAlc-independent mechanisms. Despite impressive prog-
ress over the past two decades, T2D remains one of the major
causes of morbidity, mortality, and human suffering. Much work
remains to be done!
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