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ype 2 diabetes is a complex meta-

bolic disorder characterized by

hyperglycemia arising from a com-
bination of insufficient insulin secretion
together with resistance to insulin action.
The incidence and prevalence of type 2
diabetes are rising steadily, fuelled in part
by a concomitant increase in the world-
wide rates of obesity. As longitudinal
studies of type 2 diabetes provide evi-
dence linking improved glycemic control
with a reduction in the rates of diabetes-
associated complications, there is consid-
erable interest in the therapy of type 2
diabetes (Fig. 1), with a focus on the de-
velopment and use of new agents that ex-
hibit improved efficacy and safety relative
to current available medicines.

Although the number of patients with
type 2 diabetes that successfully achieve
target levels of A1C is steadily improving,
a substantial number of subjects continue
to fall short of acceptable treatment goals,
leaving them at high risk for development
of diabetes-associated complications (1).
More importantly, a large number of sub-
jects with type 2 diabetes fail to achieve
target values for glucose, lipids, and blood
pressure, with only 12.2% of patients
meeting target values despite recent im-
provements in therapeutic agents target-
ing hyperglycemia, dyslipidemia, and
hypertension (2). The development of
multiple new agents for the treatment of
type 2 diabetes has broadened the options
for patient-specific therapy. However, no

currently available agents exhibit the ideal
profile of exceptional glucose-lowering
efficacy to safely achieve target levels of
glycemia in a broad range of patients.
Hence, highly efficacious agents that ex-
hibit unimpeachable safety, excellent tol-
erability, and ease of administration to
ensure long-term adherence and that also
clearly reduce common comorbidities
and complications of diabetes are clearly
needed (Fig. 1). Furthermore, most pa-
tients require combination therapy to
achieve effective control of their disease
(3). Recommended initial therapy gener-
ally includes comprehensive lifestyle
management and patient education com-
bined with metformin therapy. Although
metformin is widely accepted as the pre-
ferred agent for the initial treatment of
type 2 diabetes, there remains consider-
able uncertainty and lack of consensus in
regard to choice of additional agents that
need to be added to metformin to opti-
mize glycemic control.

Recent recommendations have high-
lighted the use of insulin, sulfonylureas,
and thiazolidinediones as second-line
therapies because of their proven efficacy
in long-term outcome studies. Neverthe-
less, more recent studies involving in-
tensive use of these therapies in patients
with clinical cardiovascular disease or
multiple risk factors to achieve lower
target glucose levels were associated
with hypoglycemia, bone fractures,
hospitalization for congestive heart fail-
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ure, weight gain, and, in some analyses,
increased mortality with modest benefit
on rates of myocardial infarction. This
has led to a re-examination of treatment
recommendations to minimize the risk
of cardiovascular morbidity and mortal-
ity (3,4) and specifically an interest in
incretin-based therapies in this regard.

Incretin-based therapies:
mechanisms of action and benefits
The two most recently approved classes of
therapeutic agents for the treatment of
type 2 diabetes, glucagon-like peptide-1
(GLP-1) receptor (GLP-1R) agonists and
dipeptidyl peptidase-4 inhibitors (DPP-
41), exert their actions through potentia-
tion of incretin receptor signaling.
Incretins are gut-derived hormones, prin-
cipally GLP-1 and glucose-dependent in-
sulinotropic peptide (GIP), that are
secreted at low basal levels in the fasting
state. Circulating levels increase rapidly
and transiently following food ingestion.
As native GLP-1 displays a very short cir-
culating half-life due to renal clearance
and NH,-terminal degradation by the
enzyme DPP-4, degradation-resistant
GLP-1R agonists have been developed.
Exendin-4, a GLP-1R agonist structurally
related to the native gut peptide, was ap-
proved for the treatment of type 2 diabe-
tes in the U.S. in April 2005 and is
currently administered as a subcutaneous
injection (10 pg twice daily) for use as
monotherapy in subjects not achieving
adequate glycemic control on lifestyle
modification alone or one or more oral
agents. Liraglutide is an investigational
human acylated GLP-1R agonist ap-
proved in Europe that binds nonco-
valently to albumin and exhibits a more
prolonged duration of action suitable for
once daily administration. A longer-
acting microsphere preparation of ex-
enatide suitable for once weekly
administration, exenatide (once weekly),
has also been studied in controlled clini-
cal trials and appears to be somewhat
more effective compared with exenatide
twice daily (5).

Sitagliptin was the first DPP-4i ap-
proved in the U.S. in October 2006. It
exerts its glucoregulatory actions through
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Antihyperglycemic Agents in Type 2 Diabetes

A1C Hypo- Weight CVD Risk Dosing Diabetes Comorbidity
Class Reduction Glycemia Change Factors (times/day) Contraindications
Metformin 1.5 No Neutral Minimal 2 Kidney, liver
Insulin, Long-acting 1.5-2.5 Yes Gain TG 1, Injected None
Insulin, Rapid-acting 1.5-2.5 Yes Gain TG 1-4, Injected None
Sulfonylureas 1.5 Yes Gain None 1 Essentially none
Thiazolidinediones 05-14 No Gain Variable 1 CHF, liver
Repaglinide 1-15 Yes Gain None 3 Essentially none
Nateglinide 0.5-0.8 Rare Gain None 3 Essentially none
Alpha"fr::?;ﬂ‘::“ 0.5-0.8 No Neutral  Minimal 3 Essentially none
Amylin-mimetics 05-1.0 No Loss _With 3, Injected None
weight loss
GLP-1R Agonist 05-1.0 No Loss .Wlth 2, Injected Kidney
weight loss
DPP-4 Inhibitor 0.6-0.8 No Neutral None 1 None
Bile acid sequestrant 0.5 No Neutral LDL 1-2 Severe TGs
Bromocriptine 0.7 No Neutral Minimal 1 Essentially none

Figure 1—Relative comparison of properties exhibited by different classes of agents approved for the treatment of type 2 diabetes. CVD, cardio-
vascular disease; TG, triglycerides; CHF, congestive heart failure. A1C reduction depends on starting A1C.

prevention of incretin degradation, lead-
ing to potentiation of GLP-1 and GIP ac-
tion (6). Sitagliptin is administered as a
single 100-mg daily tablet either as mono-
therapy or in combination therapy with
oral antidiabetic agents. Sitagliptin is well
tolerated and is not associated with nau-
sea or vomiting as the levels of endoge-
nous intact GLP-1 achieved following
DPP-4 inhibition are at the upper limit of
the normal physiological range; hence, it
is not sufficient to induce an aversive re-
sponse. Conversely, DPP-4i therapy is not
associated with inhibition of gastric emp-
tying or weight loss, and the available data
suggest that long-acting GLP-1R agonists
achieve more potent control of glycemia,
relative to DPP-41, due to more potent and
sustained GLP-1R activation. Vildaglip-
tin, a second DPP-4i, is approved in
Europe and other countries, while saxa-
gliptin has recently been approved in the
U.S. and several other DPP-4i are under
regulatory review.

GLP-1R agonists control blood glu-
cose through regulation of islet function,
principally with the stimulation of insulin
and inhibition of glucagon secretion (7).
Notably, these GLP-1R—dependent ac-
tions are glucose dependent, thereby
minimizing the risk of hypoglycemia in
the absence of concomitant sulfonylurea
therapy. GLP-1R activation also inhibits

gastric emptying and reduces food intake,
leading to weight loss in the majority of
treated subjects (8). The GLP-1R is ex-
pressed in cardiomyocytes and endothe-
lial cells, and preclinical studies
demonstrate that GLP-1R activation is as-
sociated with substantial cardioprotec-
tion and reduced infarct size in
experimental models of coronary artery
ischemia (9,10). Limited evidence sug-
gests that GLP-1 may also preserve ven-
tricular function and improve outcomes
in human subjects with heart failure or
myocardial infarction (11,12). Moreover,
both exenatide and liraglutide reduce
blood pressure, body weight, and plasma
lipid profiles in subjects with type 2 dia-
betes (13), raising the hope that long-
term treatment with these agents may
reduce the incidence of cardiovascular
events. Intriguingly, the GLP-1 metabo-
lite, GLP-1 (9-36), also exerts cardiopro-
tective actions in preclinical studies
through mechanisms independent of the
known GLP-1R (14); hence, ongoing re-
search is directed at understanding the
complexity of incretin biology in the car-
diovascular system and the potential for
incretin-based therapies to differentially
modulate cardioprotective signals in the
diabetic heart and blood vessel in vivo
(15). The principal treatment-related ad-
verse events associated with exenatide

and liraglutide therapy are nausea and
vomiting, which generally diminish over
time (13). Analysis of the antidiabetic ac-
tions pursuant to GLP-1 administration
has demonstrated that activation of the
GLP-1R for 24 h provides more sustained
and potent control of glycemia relative to
shorter periods of GLP-1R agonism (16).
In contrast, sustained GLP-1R activation
may be associated with a modest reduc-
tion in control of postprandial glycemia
(5,13), observations of interest to scien-
tists studying the link between postpran-
dial glucose and the development of
cardiovascular morbidity and mortality.
As exenatide requires twice daily admin-
istration and does not provide 24-h
GLP-1R activation, there has been consid-
erable interest in development of GLP-1R
analogues with more prolonged durations
ofaction (Fig. 2) suitable for once-daily or
once-weekly administration (17). Consis-
tent with the notion that continuous
GLP-1R activation is required for optimal
glucoregulation, liraglutide administered
once daily and exenatide administered
once weekly appear to be more potent
glucose-lowering agents, relative to twice-
daily exenatide (5,13). Furthermore, they
seem to be associated with better tolera-
bility and patient-reported outcomes as
well as trends toward greater benefit on
cardiovascular disease risk factors (Fig.
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Exenatide and Long-Acting GLP-1 Agonists: Similarities and Differences

Properties/Effect

Glucose-dependent insulin secretion and

glucagon

Slows gastric emptying

Effect on body weight

Effect on A1C

Effect on fasting glucose
Effect on postprandial glucose
Effect on CVD risk factors
Common side effects
Pancreatitis

Administration

Rodent medullary thyroid cancer

Exenatide?

Yes

Yes
Weight loss
Reduction ~1%
Modest
Good
Improve (with weight loss)
Nausea
Rare
Twice-daily
Little to no signal

1. Amori RE, et al. JAMA. 2007; 298:194-206.
2. Exenatide LAR (once weekly): Drucker DJ, et al. Lancet. 2008; 372:1240-1250.
3. Liraglutide: Blonde L, et al. Can J Diabetes. 2008;32(suppl): A107.

Investigational
>24 hr agonists??

Yes

Little or no
Weight loss
Reduction ~1.5%
Good
Modest
Improve
Less nausea
Rare
Daily or weekly
Signal

Figure 2—Comparison of features associated with exenatide twice daily versus the properties of the emerging class of long-acting GLP-1R agonists
that achieve more prolonged and sustained GLP-1R activation. CVD, cardiovascular disease.

2). There are now over a dozen long-
acting investigational GLP-1R agonists
being developed for the treatment of type
2 diabetes (8). Several recent reviews have
emphasized the mechanisms of action
and clinical results obtained in trials ex-
amining the efficacy of incretin-based
therapies (8,17). Herein we examine ad-
verse events and safety concerns associ-
ated with these agents.

Adverse events associated with GLP-
1R agonists

Acute pancreatitis. Pancreatitis has
been reported as a rare side effect of ex-
enatide therapy principally through post-
marketing surveillance. There are many
risk factors and predisposing causes for
acute pancreatitis, as well as over 200
drugs linked to the development of acute
pancreatitis. The incidence of pancreatitis
varies considerably among drugs, being
relatively common for individuals taking
6-mercaptopurine and azathioprine (2—
5%), but very uncommon for steroids and
thiazide diuretics. The severity of the dis-
ease also varies; pancreatitis induced by
6-mercaptopurine is often quite severe,
while that caused by cholinesterase inhib-
itors is usually mild. There are only two
circumstances in which the mechanism of
drug-induced disease is understood,
drugs that cause hypertriglyceridemia
(e.g., some HIV-protease inhibitors, es-
trogens, isotrentinoin) and drugs that are
mitochondrial toxins. Drugs are not
thought to cause chronic pancreatitis

(with the exception of alcohol and smok-
ing), although they have the theoretical
potential to do so. Numerous animal
models for pancreatitis have been devel-
oped; however, drugs that are associated
with pancreatitis in humans rarely cause
disease in rodents. Whether these spe-
cies-specific observations reflect differ-
ences in drug metabolism, pancreatitis
responses including inflammation, or the
fact that some drugs may act as sensitizers
and require other factors to cause disease,
remains unclear.

Clinical data relating GLP-1R agonists
and DPP-4i to pancreatitis come from a
limited number of case reports, the U.S.
Food and Drug Administration’s (FDA)
adverse event reporting system, and clin-
ical trial records from pharmaceutical
companies. A summary of initial 30 cases
of individuals taking exenatide who de-
veloped acute pancreatitis was published
in 2008 (18). The authors noted that in
least 90% of these subjects, there were
other factors that could predispose the in-
dividuals to pancreatitis. Rechallenge, a
standard measure for assigning causality
in drug-induced pancreatitis, was per-
formed in only three patients but associ-
ated with recurrence of symptoms in
each. However, the recurrence of symp-
toms with rechallenge was reported to oc-
cur only after weeks in some patients. In
most patients with drug-induced pancre-
atitis, rechallenge usually causes disease
within days. Subsequently, hemorrhagic
pancreatitis and several deaths have been

reported to the FDA in patients who pre-
viously used exenatide and similar cases
but no deaths have been reported in pa-
tients treated with sitagliptin (19). A re-
cent study used insurance records to
determine that the risk of pancreatitis for
subjects followed up to a year was 0.12%
and 0.13% with sitagliptin and exenatide,
respectively (20). These relative risks did
not differ from a control cohort treated
with metformin or glyburide. Data from
the manufacturer of liraglutide reported a
low incidence of acute pancreatitis (0.8
cases/1,000 patient-years). Notably, anal-
ysis of pancreatitis in subjects with type 2
diabetes suggests that their risk is in-
creased threefold over nondiabetic sub-
jects (21). Since only a fraction of this risk
could be attributed to biliary pancreatitis,
it seems likely that other factors such as
obesity and hypertriglyceridemia might
contribute to the increased risk in this
population.

Several experimental studies have ex-
amined the effects of incretin-based
agents on the pancreas in animal models.
Koehler et al. (22) found no evidence of
pancreatitis in mice treated with the
GLP-1R agonist exendin-4 alone and no
GLP-1R-dependent enhancement of
pancreatitis responses in the caerulein-
hyperstimulation model. In contrast,
Nachnani et al. (23) detected histological
evidence for acinar inflammation, cell
drop-out and possible fibrosis and in-
creased levels of serum lipase in Sprague-
Dawley rats treated with exendin-4 for 75
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days. A study by Matveyenko et al. (24)
examined the effects of sitagliptin in hu-
man islet amyloid polypeptide (HIP)
transgenic diabetic rats. The investigators
reported that one of eight HIP rats receiv-
ing the drug developed acute pancreatitis
and noted extensive pancreatic ductal
proliferation and metaplasia and accom-
panying fibrosis in three HIP rats treated
with sitagliptin. Some of the histological
findings from the latter two studies were
very similar, and reminiscence of changes
was seen with chronic pancreatitis. The
animal studies raise several confounding
issues, namely might there be differences
in pancreatitis responses between
GLP-1R agonists and DPP-4i in humans
versus rodents and in specific diabetic
versus nondiabetic preclinical models?
Though the relevance of the HIP trans-
genic rat model to human disease remains
unclear, that study does suggest that
DPP-4i might induce pancreatic metapla-
sia under specific experimental condi-
tions. In summary, the clinical and
experimental data linking GLP-1R ago-
nists and DPP-4i to pancreatitis are still
incomplete. More information is required
to allow one to determine whether these
agents substantially increase the risk of
acute pancreatitis and whether such dis-
ease tends to be severe. However, patients
receiving these medications will need to
undergo continued surveillance for pan-
creatitis and clinicians should carefully
exclude other causes of acute pancreatitis
when it occurs in subjects receiving these
drugs. Although the diagnosis of drug-
induced pancreatitis would ideally be as-
sociated with confirmatory clinical data
following drug rechallenge, physicians
should exercise caution before consider-
ing a trial of drug rechallenge. As GLP-1R
agonists may also affect smooth muscle
responses and may regulate cholangio-
cyte function (25), their effects on the bil-
iary tract and gallstone formation should
also be examined.

Issues linking these agents with pan-
creatic metaplasia and chronic pancreati-
tis, as now suggested by two experimental
studies, present a different challenge.
Longer-term experimental studies using
different GLP-1R agonists and DPP-4i in
several species and experimental models
of diabetes need to be undertaken to help
clarify the importance of these findings.
Hence, monitoring of pancreatic function
and pancreatic disease in humans treated
with GLP-1R agonists and DPP-4i in on-
going long-term prospective controlled
clinical trials seems prudent.

Medullary thyroid cancer. Medullary
thyroid carcinoma (MTC) is an uncom-
mon neuroendocrine malignancy with an
estimated U.S. annual incidence of fewer
than 1,000 persons and a lifetime risk of
development 0f 0.013% (26). When diag-
nosed early and still confined to the thy-
roid gland, the long-term survival of MTC
is nearly 100% (27). About 25% of MTCs
occur as part of an inherited autosomal
dominant syndrome, either multiple en-
docrine neoplasia type II or familial MTC,
and virtually all familial tumors are
caused by inherited mutations in the RET
proto-oncogene. Of sporadic MTCs, at
least 40% are associated with somatic mu-
tations and RET, and prognosis is worse in
those mutated tumors.

The histological precursors to MTC in
the inherited syndromes are well de-
scribed, beginning with C-cell hyperpla-
sia, leading to nodular C-cell hyperplasia,
and then eventually to MTC. However,
among the sporadically occurring MTCs,
the role of this histological sequence is not
defined, and the exact distinction be-
tween neoplastic and non-neoplastic C-
cell hyperplasia is controversial (28,29).
As a tumor derived from C-cells, MTCs
generally secrete calcitonin, and high se-
rum levels of calcitonin (>100 pg/ml) are
nearly 100% specific for the presence of
MTC (30,31). Nonetheless, the specificity
of serum calcitonin concentrations be-
tween the upper end of the reference
range and 100 pg/mlis considerably more
limited. Other etiologies of mild degrees
of hypercalcitoninemia include lympho-
cytic thyroiditis, chronic renal insuffi-
ciency, pancreatitis, hypercalcemia,
hypergastrinemia (of any etiology), and
even the postprandial state (31,32). Stim-
ulation of calcitonin release with penta-
gastrin infusion has long been used to
distinguish neoplastic from non-
neoplastic causes of mild hypercalci-
toninemia; however, pentagastrin is no
longer available for human use in the
U.S., and the diagnostic accuracy of test-
ing with alternative stimulants such as
calcium infusion remains to be estab-
lished (31).

Animal models of MTC have limita-
tions in regard to the biology and epide-
miology of human MTC. Rats develop
spontaneous age-related C-cell lesions at
remarkably high frequency, especially
nodular C-cell hyperplasia. Sporadic
MTC occursin 0.5-1% of most rat species
evaluated, with increased frequency in
males and with advancing age; spontane-
ous RET mutations have not been re-
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ported, and some typical histological
features of human MTC are generally
lacking. Mice develop spontaneous MTC
less frequently, and most animal models
in use are either transgenic or xenografts
of the well-characterized TT cell line.
Food intake links incretin secretion
with stimulation of calcitonin secretion in
rodents, potentially via GLP-1 receptors
expressed on rodent MTC cell lines, and
GLP-1 stimulates calcitonin release in ro-
dents in vivo (33-35). Analysis of data
reported at the 2 April 2009 FDA Advi-
sory Committee review of liraglutide re-
vealed that preclinical toxicology studies
with liraglutide reported C-cell hyperpla-
sia and MTC with increasing exposure to
liraglutide. At the highest drug exposures,
MTC was reported in 14% of male and 6%
of female Sprague-Dawley rats, which was
above the rates observed in untreated rat
controls. C-cell lesions were also reported
to be more common with liraglutide in
CD-1 mice, albeit at much lower frequen-
cies; no C-cell lesions were described in
the cynomologous monkey. In contrast,
once-daily administration of exenatide in
rodents is associated with a high fre-
quency of nodular C-cell lesions but no
carcinomas were reported (36). In safety
monitoring of multiple liraglutide clinical
trials, many patients with undetectable
calcitonin levels before initiation of inves-
tigational (liraglutide, placebo, or active
comparator) therapy were found to have
levels that rose into the mid-reference
normal range; rare patients developed
mild hypercalcitoninemia during ther-
apy. Across the trials, six patients were
found to have C-cell findings at thyroid-
ectomy following therapy (36). Of these
patients, four were in liraglutide treat-
ment arms, but three of these had elevated
calcitonin levels before initiation of treat-
ment. The remaining two patients were in
the active comparator arms of trials, and
one had an elevated calcitonin level be-
fore treatment. This single patient had
MTC and was treated with an active non-
GLP-1-based comparator; the patient
had a markedly elevated calcitonin level
before initiating non-GLP-1-based com-
parator therapy. All of the remaining pa-
tients who underwent thyroidectomy for
hypercalcitoninemia were reported to
have C-cell hyperplasia. According to the
FDA briefing documents, no cases of C-cell
lesions have been documented by histol-
ogy in patients treated with exenatide.
Several cases of papillary thyroid cancer
have also been reported in the liraglutide
clinical development program; however,
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the small number of cases, the incidental
histopathologic identification of the le-
sions, together with the lack of biological
plausibility, suggest that this is an inci-
dental finding not directly related to ther-
apy with GLP-1R agonists.

In summary, rodents exposed to lira-
glutide and exenatide develop C-cell le-
sions at relatively high frequency,
although the currently available data sug-
gest that rodent MTC may be specific to
long-acting GLP-1R agonists, likely due
to sustained GLP-1R activation. Because
of the historic difficulty of distinguishing
neoplastic and non-neoplastic forms of C-
cell hyperplasia in both rodents and hu-
mans, the diagnostic significance of C-cell
hyperplasia is unclear. Minimal eleva-
tions of calcitonin levels are very nonspe-
cific, and available methods of dynamic
testing add little to clarify the etiologies.
Given the extreme rarity of MTC in hu-
mans, the numbers of patients who would
need to be treated for 10 years to yield one
additional case of MTC may be extremely
high (35-55,000 if risk is doubled; 10—
15,000 if risk is quintupled). Moreover,
the differences in rodent versus human
C-cell biology with regard to responsivity
to GLP-1R activation raise important
questions about the suitability of mice
and rats as models for understanding the
effects of GLP-1R agonists on human
C-cells.

Summary and conclusions
Incretin-based therapies provide new op-
tions for the treatment of type 2 diabetes
and enable intensification of therapy
while controlling body weight through
mechanisms associated with a low rate of
hypoglycemia. Investigational long-
acting GLP-1R agonists require less fre-
quent administration and appear to be
more potent with respect to A1C reduc-
tion than twice-daily exenatide or once-
daily sitagliptin with respect to A1C
reduction. These long-acting GLP-1R
agonists have considerable potential as
antidiabetic therapies as they not only
lower glucose as or more effectively than
other noninsulin antihyperglycemic ther-
apies, they do so in concert with weight
loss, improvement in cardiovascular dis-
ease risk factors, and with very low risk of
hypoglycemia. However, two safety is-
sues have been raised—pancreatitis and
medullary carcinoma of the thyroid.

The relationship between the use of
incretin therapy and the development of
pancreatitis remains unclear. These
agents may not substantially increase the

risk of acute pancreatitis in humans and
might not affect the risk at all. The rele-
vance to humans of the pancreatic meta-
plasia observed with these agents in two
of the rodent studies is unknown. Contin-
ued clinical monitoring and more re-
search are required to clarify the actions of
GLP-1R agonists and DPP-4i on the nor-
mal and diabetic exocrine pancreas.

GLP-1R activation stimulates calcito-
nin secretion and promotes the develop-
ment of C-cell hyperplasia and medullary
thyroid cancer in rodents but not in mon-
keys, and the actions of GLP-1R agonists
on human C-cells remain uncertain. Be-
cause of the rarity of medullary carci-
noma of the thyroid and the lack of
specificity of clinical markers, screening
strategies, except in the setting of famil-
ial syndromes, almost certainly would
be associated with an increase in mor-
bidity and perhaps mortality as a result
of false positives.

Taken together, the available evi-
dence supports the use of incretin-based
therapies for patients requiring effective
control of glycemia and body weight
while minimizing the risk of hypoglyce-
mia. Ongoing scrutiny and further studies
are required to clarify the potential signif-
icance of reports of pancreatic injury, in-
cluding pancreatitis and metaplasia, and
rodent medullary thyroid cancer for hu-
man subjects treated with GLP-1R ago-
nists and DPP-4i.
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The consensus algorithm for the medical management of type 2 diabetes was published in
August 2006 with the expectation that it would be updated, based on the availability of new
interventions and new evidence to establish their clinical role. The authors continue to endorse
the principles used to develop the algorithm and its major features. We are sensitive to the risks
of changing the algorithm cavalierly or too frequently, without compelling new information. An
update to the consensus algorithm published in January 2008 specifically addressed safety issues
surrounding the thiazolidinediones. In this revision, we focus on the new classes of medications

that now have more clinical data and experience.

he epidemic of type 2 diabetes and

the recognition that achieving spe-

cific glycemic goals can substantially
reduce morbidity have made the effective
treatment of hyperglycemia a top priority
(1-3). While the management of hyper-
glycemia, the hallmark metabolic abnor-
mality associated with type 2 diabetes, has
historically taken center stage in the treat-
ment of diabetes, therapies directed at
other coincident features, such as dyslip-
idemia, hypertension, hypercoagulabil-
ity, obesity, and insulin resistance, have
also been a major focus of research and
therapy. Maintaining glycemic levels as
close to the nondiabetic range as possible
has been demonstrated to have a powerful

Diabetes Care 32:193-203,

beneficial effect on diabetes-specific mi-
crovascular complications, including ret-
inopathy, nephropathy, and neuropathy,
in the setting of type 1 diabetes (4,5); in
type 2 diabetes, more intensive treatment
strategies have likewise been demon-
strated to reduce microvascular compli-
cations (6-8). Intensive glycemic
management resulting in lower A1C lev-
els has also been shown to have a benefi-
cial effect on cardiovascular disease
(CVD) complications in type 1 diabetes
(9,10); however, current studies have
failed to demonstrate a beneficial effect of
intensive diabetes therapy on CVD in type
2 diabetes (11-13).

The development of new classes of
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blood glucose-lowering medications to
supplement the older therapies, such as
lifestyle-directed interventions, insulin,
sulfonylureas, and metformin, has in-
creased the number of treatment options
available for type 2 diabetes. Whether
used alone or in combination with other
blood glucose—lowering interventions,
the increased number of choices available
to practitioners and patients has height-
ened uncertainty regarding the most
appropriate means of treating this wide-
spread disease (14). Although numerous re-
views on the management of type 2 diabetes
have been published in recent years (15—
17), practitioners are often left without a
clear pathway of therapy to follow. We de-
veloped the following consensus approach
to the management of hyperglycemia in the
nonpregnant adult to help guide health care
providers in choosing the most appropriate
interventions for their patients with type 2
diabetes.

Process

The guidelines and algorithm that follow
are derived from two sources. One source
is the clinical trials that address the effec-
tiveness and safety of the different modal-
ities of therapy. Here, the writing group
reviewed a wide variety of studies related
to the use of drugs as monotherapy or in
combination to lower glycemia. Unfortu-
nately, the paucity of high-quality evi-
dence in the form of well-controlled
clinical trials that directly compare differ-
ent diabetes treatment regimens remains a
major impediment to recommending one
class of drugs, or a particular combination
of therapies, over another.

The second source of material that in-
formed our recommendations was clinical
judgement, that is, our collective knowl-
edge and clinical experience, which takes
into account benefits, risks, and costs in the
treatment of diabetes. As in all clinical deci-
sion making, an evidence-based review of
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the literature must also be supplemented
by value judgements, where the benefits
of treatment are weighed against risks and
costs in a subjective fashion. While we
realize that others may have different
judgements, we believe that the recom-
mendations made in this new iteration of
our treatment algorithm will guide ther-
apy and result in improved glycemic con-
trol and health status over time.

Glycemic goals of therapy

Controlled clinical trials, such as the Dia-
betes Control and Complications Trial
(DCCT) (4) and the Stockholm Diabetes
Study in type 1 diabetes (5) and the UK
Prospective Diabetes Study (UKPDS)
(6,7) and Kumamoto study (8) in type 2
diabetes, have helped to establish the gly-
cemic goals of therapy that result in im-
proved long-term outcomes. The clinical
trials, in concert with epidemiological
data (18,19), support decreasing glyce-
mia as an effective means of reducing
long-term microvascular and neuropathic
complications. The most appropriate tar-
get levels for blood glucose, on a day-to-
day basis, and A1C, as an index of chronic
glycemia, have not been systematically
studied. However, both the DCCT (4) and
the UKPDS (6,7) had as their goals the
achievement of glycemic levels in the
nondiabetic range. Neither study was able
to maintain A1C levels in the nondiabetic
range in their intensive treatment groups,
achieving mean levels over time of ~7%,
which is 4 SDs above the nondiabetic
mean.

The most recent glycemic goal recom-
mended by the American Diabetes Asso-
ciation, selected on the basis of
practicality and the projected reduction
in complications over time, is, in general,
an A1Clevel of <7% (1). The most recent
glycemic goal set by the International Di-
abetes Federation is an A1C level of
<6.5%. The upper limit of the nondia-
betic range is 6.1% (mean = SD. A1C
level of 5 = 2%) with the DCCT/UKPDS-
standardized assay, which has been pro-
mulgated through the National
Glycohemoglobin Standardization Pro-
gram (NGSP) and adopted by the vast ma-
jority of commercially available assays
(20). Several recent clinical trials have
aimed for A1C levels =6.5% with a vari-
ety of interventions (11,12). The results of
the Action to Control Cardiovascular Risk
in Diabetes (ACCORD) study, which had
the primary objective of decreasing CVD
with interventions aimed at achieving an
A1C level of <6.0% vs. interventions

aimed at achieving an A1C level of
<7.9%, showed excess CVD mortality in
the intensive treatment group (11). Re-
sults from the Action in Diabetes and Vas-
cular Disease: Preterax and Diamicron
MR Controlled Evaluation (ADVANCE)
trial and the Veterans Affairs Diabetes
Trial, both of which had different inter-
ventions and study populations than
ACCORD, did not demonstrate any ex-
cess total or CVD mortality with intensive
regimens that achieved A1C levels com-
parable with the 6.5% in ACCORD
(12,13). However, none of the studies has
demonstrated a benefit of intensive glyce-
mic control on their primary CVD out-
comes. Our consensus is thatan A1Clevel
of =7% should serve as a call to action to
initiate or change therapy with the goal of
achieving an A1C level of <7%. We are
mindful that this goal is not appropriate
or practical for some patients, and clinical
judgement based on the potential benefits
and risks of a more intensified regimen
needs to be applied for every patient. Fac-
tors such as life expectancy, risk of hypo-
glycemia, and the presence of CVD need
to be considered for every patient before
intensifying the therapeutic regimen.

Assiduous attention to abnormalities
other than hyperglycemia that accom-
pany type 2 diabetes, such as hyperten-
sion and dyslipidaemia, has been shown
to improve microvascular and cardiovas-
cular complications. Readers are referred
to published guidelines for a discussion of
the rationale and goals of therapy for the
nonglycemic risk factors, as well as rec-
ommendations on how to achieve them
(1,21,22).

Principles in selecting
antihyperglycemic interventions

Our choice of specific antihyperglycemic
agents is predicated on their effectiveness
in lowering glucose, extraglycemic effects
that may reduce long-term complica-
tions, safety profiles, tolerability, ease of
use, and expense.

Effectiveness in lowering glycaemia

Except for their differential effects on gly-
cemia, there are insufficient data at this
time to support a recommendation of one
class of glucose-lowering agents, or one
combination of medications, over others
with regard to effects on complications. In
other words, the salutary effects of ther-
apy on long-term complications appear to
be predicated predominantly on the level
of glycemic control achieved rather than
on any other specific attributes of the in-

tervention(s) used to achieve glycemic
goals. The UKPDS compared three classes
of glucose-lowering medications (sulfo-
nylurea, metformin, or insulin) but was
unable to demonstrate clear superiority of
any one drug over the others with regard
to diabetes complications (6,7). However,
the different classes do have variable ef-
fectiveness in decreasing glycemic levels
(Table 1), and the overarching principle
in selecting a particular intervention will
be its ability to achieve and maintain gly-
cemic goals. In addition to their inten-
tion-to-treat analyses demonstrating the
superiority of intensive versus conven-
tional interventions, the DCCT and
UKPDS demonstrated a strong correla-
tion between mean A1C levels over time
and the development and progression of
retinopathy and nephropathy (23,24).
Therefore, we think it is reasonable to
judge and compare blood glucose—
lowering medications, as well as combi-
nations of such agents, primarily on the
basis of their capacity to decrease and
maintain A1C levels and according to
their safety, specific side effects, tolerabil-
ity, ease of use, and expense.

Nonglycemic effects of medications
In addition to variable effects on glyce-
mia, specific effects of individual thera-
pies on CVD risk factors, such as
hypertension or dyslipidemia, were also
considered important. We also included
the effects of interventions that may ben-
efit or worsen the prospects for long-term
glycemic control in our recommenda-
tions. Examples of these would be
changes in body mass, insulin resistance,
or insulin secretory capacity in type 2 di-
abetic patients.

Choosing specific diabetes
interventions and their roles in
treating type 2 diabetes

Numerous reviews have focused on the
characteristics of the specific diabetes in-
terventions listed below (25-34). In addi-
tion, meta-analyses and reviews have
summarized and compared the glucose-
lowering effectiveness and other charac-
teristics of the medications (35-37). The
aim here is to provide enough informa-
tion to justify the choices of medications,
the order in which they are recom-
mended, and the use of combinations of
therapies. Unfortunately, there is a dearth
of high-quality studies that provide head-
to-head comparisons of the ability of the
medications to achieve the currently rec-
ommended glycemic levels. The authors

194

DiaBETES CARE, VOLUME 32, NUMBER 1, JANUARY 2009



Table 1—Summary of glucose-lowering interventions

Nathan and Associates

Expected decrease

Intervention

in A1C with
monotherapy (%)

Advantages

Disadvantages

Tier 1: well-validated core
Step 1: initial therapy
Lifestyle to decrease weight and
increase activity

Metformin

Step 2: additional therapy
Insulin

Sulfonylurea

Tier 2: less well validated
TZDs

GLP-1 agonist

Other therapy
a-Glucosidase inhibitor

Glinide

Pramlintide

DPP-4 inhibitor

1.0-2.0 Broad benefits

1.0-2.0 Weight neutral

1.5-3.5

1.0-2.0 Rapidly effective

0.5-1.4 Improved lipid profile

(pioglitazone), potential
decrease in MI (pioglitazone)

0.5-1.0 Weight loss

0.5-0.8 Weight neutral

0.5-1.5° Rapidly effective

0.5-1.0 Weight loss

0.5-0.8 Weight neutral

No dose limit, rapidly effective,
improved lipid profile

Insufficient for most within
first year

GI side effects, contraindicated
with renal insufficiency

One to four injections daily,
monitoring, weight gain,
hypoglycemia, analogues
are expensive

Weight gain, hypoglycemia
(especially with
glibenclamide or
chlorpropamide)

Fluid retention, CHF, weight
gain, bone fractures,
expensive, potential increase
in MI (rosiglitazone)

Two injections daily, frequent
GI side effects, long-term
safety not established,
expensive

Frequent GI side effects, three
times/day dosing, expensive

Weight gain, three times/day
dosing, hypoglycemia,
expensive

Three injections daily,
frequent GI side effects,
long-term safety not
established, expensive

Long-term safety not
established, expensive

“Repaglinide more effective in lowering A1C than nateglinide. CHF, congestive heart failure; GI, gastrointestinal; MI, myocardial infarction.

highly recommend that such studies be
conducted. However, even in the absence
of rigorous, comprehensive studies that
directly compare the efficacy of all avail-
able glucose-lowering treatments and
their combinations, we feel that there are
enough data regarding the characteristics
of the individual interventions to provide
the guidelines below.

An important intervention that is
likely to improve the probability that a
patient will have better long-term control
of diabetes is to make the diagnosis early,
when the metabolic abnormalities of dia-
betes are usually less severe. Lower levels
of glycemia at the time of initial therapy

are associated with lower A1C levels over
time and decreased long-term complica-
tions (38).

Lifestyle interventions

The major environmental factors that in-
crease the risk of type 2 diabetes are over-
nutrition and a sedentary lifestyle, with
consequent overweight and obesity
(39,40). Not surprisingly, interventions
that reverse or improve these factors have
been demonstrated to have a beneficial
effect on control of glycemia in estab-
lished type 2 diabetes (41). Unfortu-
nately, the high rate of weight regain has
limited the role of lifestyle interventions

as an effective means of controlling glyce-
mia in the long term. The most convinc-
ing long-term data indicating that weight
loss effectively lowers glycemia have been
generated in the follow-up of type 2 dia-
betic patients who have had bariatric sur-
gery. In this setting, with a mean
sustained weight loss of >20 kg, diabetes
is virtually eliminated (42—-45). In addi-
tion to the beneficial effects of weight loss
on glycemia, weight loss and exercise im-
prove coincident CVD risk factors, such
as blood pressure and atherogenic lipid
profiles, and ameliorate other conse-
quences of obesity (41,46,47). There are
few adverse consequences of such life-

DiaBETES CARE, VOLUME 32, NUMBER 1, JANUARY 2009

195



Consensus Statement

style interventions other than difficulty in
incorporating them into usual lifestyle
and sustaining them and the usually mi-
nor musculoskeletal injuries and poten-
tial problems associated with neuropathy,
such as foot trauma and ulcers, that may
occur as aresult of increased activity. The-
oretically, effective weight loss, with its
pleiotropic benefits, safety profile, and
low cost, should be the most cost-effective
means of controlling diabetes—if it could
be achieved and maintained over the long
term.

Given these beneficial effects, which
are usually seen rapidly—within weeks to
months—and often before there has been
substantial weight loss (47), a lifestyle in-
tervention program to promote weight
loss and increase activity levels should,
with rare exceptions, be included as part
of diabetes management. Weight loss of as
little as 4 kg will often ameliorate hyper-
glycemia. However, the limited long-term
success of lifestyle programs to maintain
glycemic goals in patients with type 2 di-
abetes suggests that the large majority of
patients will require the addition of med-
ications over the course of their diabetes.

Medications
The characteristics of currently available
glucose-lowering interventions, when
used as monotherapy, are summarized in
Table 1. The glucose-lowering effective-
ness of individual therapies and combina-
tions demonstrated in clinical trials is
predicated not only on the intrinsic char-
acteristics of the intervention but also on
the duration of diabetes, baseline glyce-
mia, previous therapy, and other factors.
Amajor factor in selecting a class of drugs,
or a specific medication within a class, to
initiate therapy or when changing ther-
apy, is the ambient level of glycemic con-
trol. When levels of glycemia are high
(e.g., A1C >8.5%), classes with greater
and more rapid glucose-lowering effec-
tiveness, or potentially earlier initiation of
combination therapy, are recommended,
however, patients with recent-onset dia-
betes often respond adequately to less in-
tensive interventions than those with
longer-term disease (48). When glycemic
levels are closer to the target levels (e.g.,
A1C <7.5%), medications with lesser po-
tential to lower glycemia and/or a slower
onset of action may be considered.
Obviously, the choice of glycemic
goals and the medications used to achieve
them must be individualized for each pa-
tient, balancing the potential for lowering
A1C and anticipated long-term benefit

with specific safety issues, as well as other
characteristics of regimens, including side
effects, tolerability, ease of use, long-term
adherence, expense, and the nonglycemic
effects of the medications. Type 2 diabetes
is a progressive disease characterized by
worsening glycemia; higher doses and ad-
ditional medications are required over
time if treatment goals are to be met.
Metformin. In most of the world, met-
formin is the only biguanide available. Its
major effect is to decrease hepatic glucose
output and lower fasting glycemia. Typi-
cally, metformin monotherapy will lower
A1C levels by ~1.5 percentage points
(27,49). It is generally well tolerated, with
the most common adverse effects being
gastrointestinal. Metformin monotherapy
is not usually accompanied by hypoglyce-
mia and has been used safely, without
causing hypoglycemia, in patients with
prediabetic hyperglycemia (50). Met-
formin interferes with vitamin B,, ab-
sorption but is very rarely associated with
anemia (27). The major nonglycemic ef-
fect of metformin is either weight stability
or modest weight loss, in contrast with
many of the other blood glucose-
lowering medications. The UKPDS dem-
onstrated a beneficial effect of metformin
therapy on CVD outcomes (7), which
needs to be confirmed. Renal dysfunction
is considered a contraindication to met-
formin use because it may increase the
risk of lactic acidosis, an extremely rare
(less than 1 case per 100,000 treated pa-
tients) but potentially fatal complication
(51). However, recent studies have sug-
gested that metformin is safe unless the
estimated glomerular filtration rate falls to
<30 ml/min (52).

Sulfonylureas. Sulfonylureas lower gly-
cemia by enhancing insulin secretion. In
terms of efficacy, they appear to be similar
to metformin, lowering A1C levels by
~1.5 percentage points (26,49). The ma-
jor adverse side effect is hypoglycemia,
which can be prolonged and life threaten-
ing, but such episodes, characterized by a
need for assistance, coma, or seizure, are
infrequent. However, severe episodes are
relatively more frequent in the elderly.
Chlorpropamide and glibenclamide
(known as glyburide in the U.S. and Can-
ada), are associated with a substantially
greater risk of hypoglycemia than other
second-generation sulfonylureas (glicla-
zide, glimepiride, glipizide, and their ex-
tended formulations), which are
preferable (Table 1) (53,54). In addition,
weight gain of ~2 kg is common follow-
ing the initiation of sulfonylurea therapy.

Although the onset of the glucose-
lowering effect of sulfonylurea mono-
therapy is relatively rapid compared with,
for example, the thiazolidinediones
(TZDs), maintenance of glycemic targets
over time is not as good as monotherapy
with a TZD or metformin (55). Sulfonyl-
urea therapy was implicated as a potential
cause of increased CVD mortality in the
University Group Diabetes Program
(UGDP) study (56). Concerns raised by
the UGDP that sulfonylureas, as a drug
class, may increase CVD mortality in type
2 diabetes were not substantiated by the
UKPDS or ADVANCE study (6,12). The
glycemic benefits of sulfonylureas are
nearly fully realized at half-maximal
doses, and higher doses should generally
be avoided.
Glinides. Like the sulfonylureas, the
glinides stimulate insulin secretion, al-
though they bind to a different site within
the sulfonylurea receptor (28). They have
a shorter circulating half-life than the sul-
fonylureas and must be administered
more frequently. Of the two glinides cur-
rently available in the U.S., repaglinide is
almost as effective as metformin or the
sulfonylureas, decreasing A1C levels by
~1.5 percentage points. Nateglinide is
somewhat less effective in lowering A1C
than repaglinide when used as mono-
therapy or in combination therapy
(57,58). The risk of weight gain is similar
to that for the sulfonylureas, but hypogly-
cemia may be less frequent, at least with
nateglinide, than with some sulfonylureas
(58,59).
a-Glucosidase inhibitors. a-Glucosi-
dase inhibitors reduce the rate of diges-
tion of polysaccharides in the proximal
small intestine, primarily lowering post-
prandial glucose levels without causing
hypoglycemia. They are less effective in
lowering glycemia than metformin or the
sulfonylureas, reducing A1C levels by
0.5-0.8 percentage points (29). Since
carbohydrate is absorbed more distally,
malabsorption and weight loss do not oc-
cur; however, increased delivery of carbo-
hydrate to the colon commonly results in
increased gas production and gastrointes-
tinal symptoms. In clinical trials, 25-45%
of participants have discontinued a-glu-
cosidase inhibitor use as a result of this
side effect (29,60).

One clinical trial examining acarbose as
a means of preventing the development of
diabetes in high-risk individuals with im-
paired glucose tolerance showed an unex-
pected reduction in severe CVD outcomes
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(60). This potential benefit of a-glucosidase
inhibitors needs to be confirmed.

Thiazolidinediones. Thiazolidinedio-
nes (TZDs or glitazones) are peroxisome
proliferator—activated receptor y modula-
tors; they increase the sensitivity of mus-
cle, fat, and liver to endogenous and
exogenous insulin (“insulin sensitizers”)
(31). The data regarding the blood glu-
cose—lowering effectiveness of TZDs
when used as monotherapy have dem-
onstrated a 0.5-1.4 percentage point
decrease in A1C. The TZDs appear to
have a more durable effect on glycemic
control, particularly compared with
sulfonylureas (55). The most common
adverse effects with TZDs are weight
gain and fluid retention, with peripheral
edema and a twofold increased risk for
congestive heart failure (61,62). There
is an increase in adiposity, largely sub-
cutaneous, with some reduction in vis-
ceral fat shown in some studies. The
TZDs either have a beneficial (pioglita-
zone) or neutral (rosiglitazone) effect
on atherogenic lipid profiles (63,64).
Several meta-analyses have suggested a
30-40% relative increase in risk for
myocardial infarction (65,66) with rosi-
glitazone. On the other hand, the Pro-
spective Pioglitazone Clinical Trial in
macrovascular events (PROactive) dem-
onstrated no significant effects of pio-
glitazone compared with placebo on the
primary CVD outcome (a composite of
all-cause mortality, nonfatal and silent
myocardial infarction, stroke, major leg
amputation, acute coronary syndrome,
coronary artery bypass graft or percuta-
neous coronary intervention, and leg re-
vascularization) after 3 years of follow-up
(67). Pioglitazone was associated with a
16% reduction in death, myocardial in-
farction, and stroke—a controversial sec-
ondary end point reported to have
marginal statistical significance (67).
Meta-analyses have supported a possible
beneficial effect of pioglitazone on CVD
risk (68). Although the data are less than
conclusive for a CVD risk with rosiglita-
zone or a CVD benefit with pioglitazone,
we have previously advised (69) caution
in using either TZD on the basis that they
are both associated with increased risks of
fluid retention and congestive heart fail-
ure and an increased incidence of frac-
tures in women and perhaps in men
(55,61,62,70). Although the meta-
analyses discussed above are not conclu-
sive regarding the potential cardiovascular
risk associated with rosiglitazone, given
that other options are now recom-

mended, the consensus group members
unanimously advised against using rosi-
glitazone. Currently, in the U.S., the
TZDs are approved for use in combina-
tion with metformin, sulfonylureas,
glinides, and insulin.

Insulin. Insulin is the oldest of the cur-
rently available medications and, there-
fore, the treatment with which we have
the most clinical experience. It is also the
most effective at lowering glycemia. Insu-
lin can, when used in adequate doses, de-
crease any level of elevated A1C to, or
close to, the therapeutic goal. Unlike the
other blood glucose—lowering medica-
tions, there is no maximum dose of insu-
lin beyond which a therapeutic effect will
not occur. Relatively large doses of insulin
(=1 unitvkg), compared with those re-
quired to treat type 1 diabetes, may be
necessary to overcome the insulin resis-
tance of type 2 diabetes and lower A1C to
the target level. Although initial therapy is
aimed at increasing basal insulin supply,
usually with intermediate- or long-acting-
insulins, patients may also require pran-
dial therapy with short- or rapid-acting
insulins (Fig. 1). The very rapid-acting
and long-acting insulin analogues have
not been shown to lower A1C levels more
effectively than the older, rapid-acting or
intermediate-acting formulations (71—
73). Insulin therapy has beneficial effects
on triacylglycerol and HDL cholesterol
levels, especially in patients with poor
glycemic control (74), but is associated
with weight gain of ~2-4 kg, which is
probably proportional to the correction of
glycemia and predominantly the result of
the reduction of glycosuria. Insulin ther-
apy is also associated with hypoglycemia,
albeit much less frequently than in type 1
diabetes. In clinical trials aimed at normo-
glycemia and achieving a mean A1C of
~7%, severe hypoglycemic episodes (de-
fined as requiring help from another per-
son to treat) occurred at a rate of between
one and three per 100 patient-years
(8,75-77), compared with 61 per 100 pa-
tient-years in the DCCT intensive therapy
group (4). Insulin analogues with longer,
nonpeaking profiles decrease the risk of
hypoglycemia modestly compared with
NPH, and analogues with very short du-
rations of action reduce the risk of hypo-
glycemia compared with regular insulin
(76,77).

Glucagon-like peptide-1 agonists (ex-
enatide). Glucagon-like peptide-1
(GLP-1) 7-37, a naturally occurring pep-
tide produced by the 1-cells of the small
intestine, potentiates glucose-stimulated
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insulin secretion. Exendin-4 has homol-
ogy with the human GLP-1 sequence but
has a longer circulating half-life. It binds
avidly to the GLP-1 receptor on the pan-
creatic B-cell and augments glucose-
mediated insulin secretion (32). Synthetic
exendin-4 (exenatide) was approved for
use in the U.S. in 2005 and is adminis-
tered twice per day by subcutaneous in-
jection. Although there are less published
data on this new compound than the
other blood glucose-lowering medica-
tions, exendin-4 appears to lower A1C
levels by 0.5-1 percentage points, mainly
by lowering postprandial blood glucose
levels (78 —81). Exenatide also suppresses
glucagon secretion and slows gastric mo-
tility. It is not associated with hypoglyce-
mia but causes a relatively high frequency
of gastrointestinal disturbances, with 30—
45% of treated patients experiencing one
or more episodes of nausea, vomiting, or
diarrhea (78—81). These side effects tend
to abate over time. In published trials, ex-
enatide is associated with weight loss of
~2-3 kg over 6 months, some of which
may be a result of its gastrointestinal side
effects. Recent reports have suggested a
risk for pancreatitis associated with use of
GLP agonists; however, the number of
cases is very small and whether the rela-
tionship is causal or coincidental is not
clear at this time. Currently, exenatide
is approved for use in the U.S. with sul-
fonylurea, metformin, and/or a TZD.
Several other GLP-1 agonists and for-
mulations are under development.
Amylin agonists (pramlintide). Pram-
lintide is a synthetic analogue of the B-cell
hormone amylin. It is administered sub-
cutaneously before meals and slows gas-
tric emptying, inhibits glucagon
production in a glucose-dependent fash-
ion, and predominantly decreases post-
prandial glucose excursions (33). In
clinical studies, A1C has been decreased
by 0.5-0.7 percentage points (82). The
major clinical side effects of this drug are
gastrointestinal in nature. ~30% of
treated participants in the clinical trials
have developed nausea, but this side ef-
fect tends to abate with time on therapy.
Weight loss associated with this medica-
tion is ~1-1.5 kg over 6 months; as with
exenatide, some of the weight loss may be
the result of gastrointestinal side effects.
Currently, pramlintide is approved for
use in the U.S. only as adjunctive therapy
with regular insulin or rapid-acting insu-
lin analogues.
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Start with bedtime intermediate-acting insulin
or bedtime or morning long-acting insulin (can
initiate with 10 units or 0.2 units per kg)

A 4

Check fasting glucose (fingerstick) usually daily and increase
dose, typically by 2 units every 3 days until fasting levels are
consistently in target range (3.9-7.2 mmol/l [70-130 mg/dl]). Can
increase dose in larger increments, e.g., by 4 units every 3 days, if
fasting glucose is >10 mmol/l (180 mg/dl)

l

If hypoglycemia A1C >7% after 2-3 months
occurs, or fasting

glucose level <3.9 No Yes
mmol/l (70 mg/dl),

reduce bedtil;ne dose by If fasting bg is in target
4 units or 10%— range (3.9—7.2 mmol/1 [70-
whichever is greater 130 mg/dl]), check bg

before lunch, dinner, and
bed. Depending on bg
results, add second
injection as below. Can
usually begin with ~4 units
and adjust by 2 units every
3 days until bg is in range

Continue
regimen. v

Check -

AIC every Pre-lunch bg Pre-dinner bg Pre-bed bg
3 mo out of range. out of range. out of range.

Add rapid- Add NPH insulin at Add rapid-
acting insulin breakfast or rapid- acting insulin

No at breakfast” acting at lunch at dinner®

\ il
A1C >7% after
3 months

l Yes

Recheck pre-meal bg levels and if
out of range, may need to add
another injection. If A1C continues
to be out of range, check 2 h
postprandial levels and adjust
preprandial rapid-acting insulin

Figure 1—Initiation and adjustment of insulin regimens. Insulin regimens should be designed taking lifestyle and meal schedule into account. The
algorithm can only provide basic guidelines for initiation and adjustment of insulin. See reference 90 for more detailed instructions. “Premixed
insulins not recommended during adjustment of doses; however, they can be used conveniently, usually before breakfast and/or dinner, if proportion
of rapid- and intermediate-acting insulins is similar to the fixed proportions available. bg, blood glucose.
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breakfast and/or dinner).

that can be used.

per day.

TITRATION OF METFORMIN

1. Begin with low-dose metformin (500 mg) taken once or twice per day with
meals (breakfast and/or dinner) or 850 mg once per day.

2. After 5-7 days, if gastrointestinal side effects have not occurred, advance dose
to 850, or two 500 mg tablets, twice per day (medication to be taken before

3. If gastrointestinal side effects appear as doses advanced, decrease to previous
lower dose and try to advance the dose at a later time.

4. The maximum effective dose can be up to 1,000 mg twice per day but is often
850 mg twice per day. Modestly greater effectiveness has been observed with
doses up to about 2,500 mg/day. Gastrointestinal side effects may limit the dose

5. Based on cost considerations, generic metformin is the first choice of therapy.
Alonger-acting formulation is available in some countries and can be given once

Dipeptidyl peptidase four inhibitors.
GLP-1 and glucose-dependent insulino-
tropic peptide (GIP), the main insulino-
tropic peptides of intestinal origin
(incretins), are rapidly degraded by
dipeptidyl peptidase four (DPP-4). DPP-4
is a member of a family of cell membrane
proteins that are expressed in many tis-
sues, including immune cells (34). DPP-4
inhibitors are small molecules that en-
hance the effects of GLP-1 and GIP, in-
creasing glucose-mediated insulin
secretion and suppressing glucagon se-
cretion (83,84). The first oral DPP-4 in-
hibitor, sitagliptin, was approved by the
Food and Drug Administration in Octo-
ber 2006 for use as monotherapy or in
combination with metformin or TZDs.
Another DPP-4 inhibitor, vildagliptin,
was approved in Europe in February
2008, and several other compounds are
under development. In clinical trials per-
formed to date, DPP-4 inhibitors lower
AlClevels by 0.6—0.9 percentage points
and are weight neutral and relatively well
tolerated (83,84). They do not cause hy-
poglycemia when used as monotherapy.
A fixed-dose combination pill with met-
formin is available. The potential for this
class of compounds to interfere with im-
mune function is of concern; an increase
in upper respiratory infections has been
reported (34).

How to initiate diabetes therapy and
advance interventions

Except in rare circumstances, such as dia-
betic ketoacidosis or patients who are ex-
tremely catabolic or hyperosmolar or who
are unable to hydrate themselves ade-
quately (see SPECIAL CONSIDERATIONS/PATIENTS
below), hospitalization is not required for
initiation or adjustment of therapy. The pa-

tient is the key player in the diabetes care
team and should be trained and empow-
ered to adjust medications with the guid-
ance of health care professionals to achieve
glycemic goals and to prevent and treat hy-
poglycemia. Many patients may be man-
aged effectively with monotherapy;
however, the progressive nature of the dis-
ease will require the use of combination
therapy in many, if not most, patients over
time, to achieve and maintain glycemia in
the target range.

The measures of glycemia that are ini-
tially targeted on a day-to-day basis are
fasting and preprandial glucose levels.
Self-monitoring of blood glucose (SMBG)
is an important element in adjusting or
adding new interventions and, in partic-
ular, in titrating insulin doses. The need
for and number of required SMBG mea-
surements are not clear (85) and are de-
pendent on the medications used. Oral
glucose-lowering regimens that do not in-
clude sulfonylureas or glinides, and are
therefore not likely to cause hypoglyce-
mia, usually do not require SMBG (86).
However, SMBG may be used to deter-
mine whether therapeutic blood glucose
targets are being achieved and for adjust-
ment of treatment regimens without requir-
ing the patient to have laboratory-based
blood glucose testing. Insulin therapy re-
quires more frequent monitoring.

The levels of plasma or capillary glu-
cose (most meters that measure finger-
stick capillary samples are adjusted to
provide values equivalent to plasma glu-
cose) that should result in long-term gly-
cemia in the nondiabetic target range, as
measured by A1C, are fasting and pre-
prandial levels between 3.9 and 7.2
mmol/l (70 and 130 mg/dl). If A1C levels
remain above the desired target despite
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preprandial levels that are in range, post-
prandial levels, usually measured 90—120
min after a meal, may be checked. They
should be <10 mmol/l (180 mg/dl) to
achieve A1C levels in the target range.

Attempts to achieve target glycemic
levels with regimens including sulfonyl-
ureas or insulin may be associated with
modest hypoglycemia, with glucose levels
in the 3.1-3.9 mmol/l (55-70 mg/dl)
range. These episodes are generally well
tolerated, easily treated with oral carbo-
hydrate such as glucose tablets or 120-
180 ml (46 0z) of juice or nondiet soda,
and rarely progress to more severe hypo-
glycemia, including loss of consciousness
or seizures.

Algorithm

The algorithm (Fig. 2) takes into account
the characteristics of the individual inter-
ventions, their synergies, and expense.
The goal is to achieve and maintain A1C
levels of <7% and to change interven-
tions at as rapid a pace as titration of med-
ications allows when target glycemic goals
are not being achieved. Mounting evi-
dence suggests that aggressive lowering of
glycemia, especially with insulin therapy,
in newly diagnosed diabetes can result in
sustained remissions, i.e., normoglyce-
mia without need for glucose-lowering
medications (87,88). Type 2 diabetes is a
progressive disease (89), and patients
should be informed that they are likely to
require the addition of glucose-lowering
medications over time.

The amylin agonists, a-glucosidase
inhibitors, glinides, and DPP-4 inhibitors
are not included in the two tiers of pre-
ferred agents in this algorithm, owing to
their lower or equivalent overall glucose-
lowering effectiveness compared with the
first- and second-tier agents and/or to
their limited clinical data or relative ex-
pense (Table 1). However, they may be
appropriate choices in selected patients.

Tier 1: well-validated core therapies
These interventions represent the best es-
tablished and most effective and cost-
effective therapeutic strategy for achieving
the target glycemic goals. The tier one algo-
rithm is the preferred route of therapy for
most patients with type 2 diabetes.

Step 1: lifestyle intervention and met-
formin. Based on the numerous demon-
strated short- and long-term benefits that
accrue when weight loss and increased
levels of activity are achieved and main-
tained, as well as the cost-effectiveness of
lifestyle interventions when they succeed,
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Tier 1: Well-validated core therapies

Lifestyle + Metformin

At diagnosis‘ Lifestyle + Metformin
+
. Basal insulin
Lifestyle || 7y
. Lifestyle + Metformin
Metformin N
Sulfonylurea®
STEP 1 STEP 2

+
Intensive insulin

STEP 3

Tier 2: . Less well-validated therapies

Lifestyle + Metformin
» Pioglilazone

No hypoglycemia
Oedema/CHF

Bone loss

Lifestyle + Metformin
+

* GLP-1 agonist®

No hypoglycemia

Weight foss

Nausealvomiting

> Pioglitazone

» +

Lifestyle + Metformin
+

Sulfonylurca®

A4

Lifestyle + Metformin

Basal insulin

Figure 2—Algorithm for the metabolic management of type 2 diabetes; Reinforce lifestyle inter-
ventions at every visit and check A1C every 3 months until A1C is <7% and then at least every 6
months. The interventions should be changed if A1C is =7%. “Sulfonylureas other than glyben-
clamide (glyburide) or chlorpropamide. "Insufficient clinical use to be confident regarding safety.
See text box, entitled TITRATION OF METFORMIN. See Fig. 1 for initiation and adjustment of insulin.

CHEF, congestive heart failure.

the consensus is that lifestyle interven-
tions should be initiated as the first step in
treating new-onset type 2 diabetes (Fig.
2). These interventions should be imple-
mented by health care professionals with
appropriate training—usually registered
dietitians experienced in behavioral mod-
ification—and be sensitive to ethnic and
cultural differences among populations.
Moreover, lifestyle interventions to im-
prove glucose, blood pressure, and lipid
levels, and to promote weight loss or at
least avoid weight gain, should remain an
underlying theme throughout the man-
agement of type 2 diabetes, even after
medications are used. For the 10-20% of
patients with type 2 diabetes who are not
obese or overweight, modification of di-
etary composition and activity levels may
play a supporting role, but medications
are still generally required early in the
course of diabetes (see SPECIAL CONSIDER-
ATIONS/PATIENTS below).

The authors recognize that for most
individuals with type 2 diabetes, lifestyle
interventions fail to achieve or maintain
the metabolic goals either because of fail-
ure to lose weight, weight regain, progres-
sive disease, or a combination of factors.
Therefore, our consensus is that met-
formin therapy should be initiated con-
currently with lifestyle intervention at
diagnosis. Metformin is recommended as
the initial pharmacological therapy, in the
absence of specific contraindications, for

its effect on glycemia, absence of weight
gain or hypoglycemia, generally low level
of side effects, high level of acceptance,
and relatively low cost. Metformin treat-
ment should be titrated to its maximally
effective dose over 1-2 months, as toler-
ated (see text box, entitled Titration of
Metformin). Rapid addition of other glu-
cose-lowering medications should be
considered in the setting of persistent
symptomatic hyperglycemia.

Step 2: addition of a second medica-
tion. If lifestyle intervention and the
maximal tolerated dose of metformin fail
to achieve or sustain the glycemic goals,
another medication should be added
within 2-3 months of the initiation of
therapy or at any time when the target
A1C level is not achieved. Another medi-
cation may also be necessary if metformin
is contraindicated or not tolerated. The
consensus regarding the second medica-
tion added to metformin was to choose
either insulin or a sulfonylurea (Fig. 2). As
discussed above, the A1C level will deter-
mine in part which agent is selected next,
with consideration given to the more ef-
fective glycemia-lowering agent, insulin,
for patients with an A1C level of >8.5%
or with symptoms secondary to ehyper-
glycemia. Insulin can be initiated with a
basal (intermediate- or long-acting) insu-
lin (see Fig. 1 for suggested initial insulin
regimens) (90). However, many newly di-
agnosed type 2 diabetic patients will usu-

ally respond to oral medications, even if
symptoms of ehyperglycemia are present
(48).

Step 3: further adjustments. If lifestyle,
metformin, and sulfonylurea or basal in-
sulin do not result in achievement of tar-
get glycemia, the next step should be to
start, or intensify, insulin therapy (Fig. 1).
Intensification of insulin therapy usually
consists of additional injections that
might include a short- or rapid-acting in-
sulin given before selected meals to re-
duce postprandial glucose excursions
(Fig. 1). When insulin injections are
started, insulin secretagogues (sulfonyl-
urea or glinides) should be discontinued,
or tapered and then discontinued, since
they are not considered to be synergistic.
Although addition of a third oral agent
can be considered, especially if the A1C
level is close to target (A1C <8.0%), this
approach is usually not preferred, as it is
no more effective in lowering glycemia,
and is more costly, than initiating or in-
tensifying insulin (91).

Tier 2: less well-validated therapies
In selected clinical settings, this second-
tier algorithm may be considered. Specif-
ically, when hypoglycemia is particularly
undesirable (e.g., in patients who have
hazardousjobs), the addition of exenatide
or pioglitazone may be considered. Rosi-
glitazone is not recommended. If promo-
tion of weight loss is a major consideration
and the A1Clevelis close to target (<8.0%),
exenatide is an option. If these interventions
are not effective in achieving target A1C, or
are not tolerated, addition of a sulfonylurea
could be considered. Alternatively, the tier
two interventions should be stopped and
basal insulin started.

Rationale for selecting specific
combinations

More than one medication will be neces-
sary for the majority of patients over time.
Selection of the individual agents should
be made on the basis of their glucose-
lowering effectiveness and other charac-
teristics listed in Table 1. However, when
adding second antihyperglycemic medi-
cations, the synergy of particular combi-
nations and other interactions should be
considered. In general, antihyperglyce-
mic drugs with different mechanisms of
action will have the greatest synergy. In-
sulin plus metformin (92) is a particularly
effective means of lowering glycemia
while limiting weight gain.
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Special considerations/patients

In the setting of severely uncontrolled di-
abetes with catabolism, defined as fasting
plasma glucose levels >13.9 mmol/l (250
mg/dl), random glucose levels consis-
tently above 16.7 mmol/l (300 mg/dl),
A1C above 10%, or the presence of keto-
nuria, or as symptomatic diabetes with
polyuria, polydipsia and weight loss, in-
sulin therapy in combination with life-
style intervention is the treatment of
choice. Some patients with these charac-
teristics will have unrecognized type 1 di-
abetes; others will have type 2 diabetes
with severe insulin deficiency. Insulin can
be titrated rapidly and is associated with
the greatest likelihood of returning glu-
cose levels rapidly to target levels. After
symptoms are relieved and glucose levels
decreased, oral agents can often be added
and it may be possible to withdraw insu-
lin, if preferred.

Conclusions

Type 2 diabetes is epidemic. Its long-term
consequences translate into enormous
human suffering and economic costs;
however, much of the morbidity associ-
ated with long-term microvascular and
neuropathic complications can be sub-
stantially reduced by interventions that
achieve glucose levels close to the nondi-
abetic range. Although new classes of
medications and numerous combinations
have been demonstrated to lower glyce-
mia, current-day management has failed
to achieve and maintain the glycemic lev-
els most likely to provide optimal health-
care status for people with diabetes.

Summary
The guidelines and treatment algorithm
presented here emphasize the following;

e Achievement and maintenance of near
normoglycaemia (A1C <7.0%)

e Initial therapy with lifestyle interven-
tion and metformin

e Rapid addition of medications, and
transition to new regimens, when target
glycemic goals are not achieved or sus-
tained

e Early addition of insulin therapy in pa-
tients who do not meet target goals
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REVIEW

Rationale and Strategies for Early Detection and Management

of Diabetic Kid

ney Disease

BriaN RapsiLL, MD; BArRBARA MURPHY, MD; AND DeErek LERoITH, MD, PiD

Diabetic kidney disease (DKD) occurs in 20% to 40% of patients
with diabetes mellitus and is the leading cause of chronic kidney
disease and end-stage renal disease in the United States. Despite
the American Diabetes Association and the National Kidney Foun-
dation advocating annual screening of diabetic patients, DKD
remains underdiagnosed in the diabetic population. Early recogni-
tion of diabetic nephropathy by health care professionals is vital
for proper management. The presence of microalbuminuria is
particularly important as even low levels of dipstick-negative
albuminuria indicate early disease long before a diminished glo-
merular filtration rate and are associated with an elevated cardio-
vascular disease risk. Like all forms of chronic kidney disease,
DKD causes a progressive decline in renal function that, despite
current treatment strategies, is largely irreversible. Many patients
with DKD might be expected to develop end-stage renal disease,
but many more patients will likely die of a cardiovascular event
before renal replacement therapy is needed. Therefore, a renewed
focus on cardiovascular risk factor reduction and a timely nephrol-
ogy consultation with an emphasis on patient education is essen-
tial to proper DKD management.

Mayo Clin Proc. 2008;83(12):1373-1381

ACE = angiotensin-converting enzyme; ACR = albumin-to-creatinine
ratio; ADA = American Diabetes Association; ARB = angiotensin Il
receptor blocker; CKD = chronic kidney disease; CVD = cardiovascular
disease; DKD = diabetic kidney disease; DM = diabetes mellitus; ESRD =
end-stage renal disease; GFR = glomerular filtration rate; HbA,_
glycosylated hemoglobin; MDRD = Modification of Diet in Renal Disease;
NKF = National Kidney Foundation; RAAS = renin-angiotensin-aldoste-
rone system

he prevalence of both diabetes mellitus (DM) and
chronic kidney disease (CKD) is steadily increasing|in

ing for DKD in patients with DM by measuring their serum
creatinine and albuminuria levélsDespite these recom-
merdations, DKD remains underdiagnosed in the DM popu-
lation>” In a review of Medicare beneficiaries’ records,
proteinuria was measured in only 63% of patients with®©DM.
Furthermore, in a survey of more than 1000 primary care
physicians, only 12% detected microalbuminuria in more
than half of their patients with type 2 DM.

Assessment of microalbuminuria is particularly impor-
tant in diagnosing DKD because low levels of dipstick-
negative albuminuria are an early clinical manifestation of
diabetic nephropathy that may present several years before
development of a diminished glomerular filtration rate
(GFR). Spot urine samples have replaced the need for
timed urine collections and can be used to easily identify
patients with elevated albumin excretion rates by measur-
ing the albumin-to-creatinine ratio (ACR). Once an el-
evated ACR has been detected, interventions should be
initiated to slow the progression of DKD and possibly
minimize the increased cardiovascular risk associated with
DKD, a risk that exists even in the early stages of DKD.

Although DM has long been identified as a cardiovas-
cular disease (CVD) risk equivalent, only recently has
CKD been more widely recognized by primary care physi-
cians in the United States as an independent risk factor for
CVD and all-cause mortalifi*! In a study of more than 1
million ambulatory adult patients, the risk of a cardiovas-

the United States. Current estimates suggest that 7% of theular event and death due to any cause increased at every

population (approximately 21 million people) have D
and that 13% of the population (approximately 26 millign
people) have CKD? It may be argued that histologi
findings of diabetic nephropathy, including glomerular

level of CKD below a GFR of 60 mL/min per 1.73,mwith
a nearly 3.5-fold increased risk of a cardiovascular event
and a 6-fold increased risk of death for those with a GFR of
less than 15 mL/min per 1.732r(ie, CKD stage 5)!

basement membrane thickening and mesangial matrix |exfurthermore, microalbuminuria alone has been associated

pansion, are present in all patients with DM. However,

with an increased risk of cardiovascular disease, both in

diabetic kidney disease (DKD), defined as an elevatedpatients with and without DNf:*4 Therefore, in patients

albumin excretion rate in a person with DM, occurs in 2096
to 40% of patients with DM and is the leading cause of CKD
and end-stage renal disease (ESRD) in the United States.

ha

with DKD, the cardiovascular risks of DM and CKD are
additive and increase as the kidney disease progrésses.

The increased prevalence of CKD is no doubt linked to
increased prevalence of DKD and DM, which is attribut
largely to a dramatic increase in the obesity Tate.

In response to the growing prevalence of DKD and DM,

d

which is increasingly recognized as an epidemic, the

American Diabetes Association (ADA) and the Nationgl

T

From the Division of Nephrology (B.R., B.M.) and Division of Endocrinology,
Diabetes, and Bone Disease (D.L.), Mount Sinai School of Medicine, New
York, NY.

Individual reprints of this article are not available. Address correspondence to
Derek LeRoith, MD, PhD, Mount Sinai School of Medicine, Department of
Medicine, One Gustave L. Levy PI, Box 1055, Atran Bldg 4-36, New York, NY
10029-6574 (derek.leroith@mssm.edu).
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EARLY DETECTION AND MANAGEMENT OF DIABETIC KIDNEY DISEASE

TABLE 1. Stages of Chronic Kidney Disease and Recommended Treatment?®

GFR
Stage Description (mL/min per 1.7F)m Treatmertt
1 Kidney damagdewith normal or =90 Manage comorbid conditions, slow progressioeduce CVD risk
elevated GFR
2 Kidney damagdewith mildly 60-89 Estimate progression as follows: compare serial estimated GFRs using serum
reduced GFR creatinine and MDRD calculation, track ACR
3 Moderately reduced GFR 30-59 Evaluate and manage complications as follows: (1) measure serum
phosphorus level, consider use of phosphate binders and low-phosphorus diet;
(2) measure vitamin D and parathyroid hormone levels, consider use of
vitamin D supplementation; (3) measure hemoglobin, consider use of ESA
4 Severely reduced GFR 15-29 Prepare for kidney replacement therapy
5 Kidney failure (ESRD) <15 or dialysis Kidney replacement (if uremia present)

a8 ACR = albumin-to-creatinine ratio; CVD = cardiovascular disease; ESA = erythropoietic stimulating agent; ESRD = end-btdigeas#iaGFR =
glomerular filtration rate; MDRD = Modification of Diet in Renal Disease.

b Includes treatments from preceding stages.

¢ Defined as abnormalities on pathologic, urine, blood, or imaging tests.

4 Glycemic control plus angiotensin-converting enzyme inhibitor or angiotensin I receptor blocker.

Data fromAnn Intern Med

The current article presents results of a literature review the urine. The presence of such proteins, typically albumin,
conducted to clarify the rationale and strategies for early in the urine is an abnormal condition and is often one of the
detection and management of DKD. first signs of various forms of CKD, including DKD.
Chronic kidney disease is defined as kidney damage
identified by proteinuria or by a GFR of less than 60 mL/
min per 1.73 rhbody surface area (with or without evi-
The National Library of Medicine’s PubMed database was dence of kidney damage) for 3 months or lorigdmable 1
used to conduct a review of literature published betweenshows the stages of CKD and the recommended treatments
January 1976 and June 2008. The following key terms wereat each stage. In patients with DKD, the disease process
used in the searcHiabetes, kidney disease, microalbumin- begins with renal hypertrophy and hyperfiltration resulting
uria, glomerular filtration rateanddiabetic nephropathy from elevated renal plasma flow. In patients with type 1
DM and type 2 DM, hyperglycemia leads to increases in
GFR of approximately 5% to 10%2% Although the
mechanism is not completely understood, a correlation
OvVERVIEW OF RENAL PATHOPHYSIOLOGY exists between glycosylated hemoglobin (HbAnd GFR,
The kidneys receive 25% of the cardiac output of blood. and normalization of bloodugar levés has been shown
Although 20% of renal plasma flow (ie, approximately 180 to normalize GFR*?°Other factors that influence hyper-
L) is filtered through the glomerulus, only small amounts filtration include increased ketone concentration, increased
of protein can be detected in the urih&everal plasma  activity of the growth hormone/insulin-like growth factor
proteins are freely filtered, whereas others are preventedsysem?® and disturbances in renal prostaglandins and
from crossing the glomerular filtration barrier, based on the the kallikrein-kinin system. In early-stage CKD, these
proteins’ molecular size and charge. Theistgnce of abnormalities are frequently associated with enlarged
several restrictive pores and of a glomerular charge barrierkidneys?’
has been proposed to explain why the glomerulus is rela- Hyperfiltration is typically followed by the loss of the
tively impermeable to proteins of greater molecular weight negatively charged glomerular filtration barrier, allowing for
(ie, >100 kDa) and to negatively charged proteins (eg, negatively charged proteins, such as albumin, to pass
albumin)® through the glomerulus and into the urinary space. The
More recently, it has been suggested that, under normalpresence of these proteins in the urinary space elevates uri-
conditions, a substantial amount of plasma protein, possi-nary albumin excretion and produces microalbumirtiria.
bly at nephrotic levels, is filtered through the glomerulus, Microalbuminuria is defined as an albumin excretion rate
but proteinuria is prevented because of proximal tubule between 3@nd 300 mg per 24 hours, a range higher than
cell retrieval*® According to this idea, damage that disrupts the normal rate (<30 mg per 24 hours) but below the rate
the glomerular filtration barrier, or possibly the proximal detectable by the standard urine dipstick methOder-
tubular system, allows larger, negatively charged proteins excretion of albumin typically increases at a rate of 15%
that are normally contained within the serum to pass into per yeat® and can result in macroalbuminuria (>300 mg per

METHODS

RESULTS

1374 Mayo Clin Proc. » December 2008;83(12):1373-1381 + www.mayoclinicproceedings.com
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24 hours) or even nephrotic-range proteinuria (>35 g per TABLE 2. Disorders Associated With Microalbuminuria

24 hours). Elevated blood pressure
In general, once macroalbuminuria (frank proteinuria) Elysllpldg?\tl)a 4 olasm ] hibitor 1
. . . . . evated fibrinogen and plasminogen activator inhibitor
;ets in, _GFR peglns to det;h??eF?rogresswe mesqnglal and Increased insulin resistance
interstitial cajdlary occlusion then occur, restricting the Increased sodium disorders and related disorders
glomerular filtration surface and leading to a further de- Increased transcapillary escape rate of albumin

Impaired basal endothelium-dependent vasorelaxation

crease in GFR. Some proFelns are reapsorped by the repal Increased left ventricular volume
tubules and accumulate in tubular epithelial cells. This Diabetic retinopathy
accumulation induces the release of vasoactive and in- Diabetic neuropathy

Peripheral vascular disease

flammatory cytokines, which damage the renal tubules Silent ischemic heart disease

and lead to tubular atrophy and interstitial fibrgSis
negative feedback loop is thereby initiated, wherein in-
creased proteinuria leads to increased tubulointerstitialcontrol, verifying that glycemic control remains one of the
injury and renal scarring, both of which further reduce cornerstones of treatment of DKD.
GFR?2

Both hypertension and hyperglycemia are important in ScreeniNg AND IMIONITORING TECHNIQUES
the development and progression of microalbuminuria and The ADA recommends that both microalbuminuria and
DKD. Table 2 presents a list of disorders associated withserum creatinine levels be assessed annually in patients
microalbuminuria. Several studies have shown that bloodwith DM to screen for DKD.For patients with type 1 DM,
pressure elevations either precede or occur in conjunctionscreening should begin 5 years after diagnosis because it
with microalbuminuria in patients with both type 1 DM and takes at least that long for signs of nephropathy to develop.
type 2 DM?°3132Among patients with type 1 DM and DKD,  For patients with type 2 DM, screening should begin imme-
those with increased urinary albumin excretion were found diately at diagnosis because the precise onset of DM is
to be prehypertensive (120-139/80-89 mm Hg) at baseline,often less clear, and the kidneys may have already sus-
and their blood pressure and albuminuria levels increased irtained damage from years of undiagnosed hyperglycemia
synch thereaftef:*? These elevations happened even though and/or hypertension.
overt hypertension was not present before the onset of After evidence of DKD has been detected, ongoing
microalbuminuria. In patients with type 1 DM and DKD, evaluations should be based on measurements of*GFR.
blood pressure elevations before the onset of DM correlatedHowever, in clinical practice, albuminuria is also typically
with the future development of microalbuminufia. measured to monitor disease progression and optimize

As previously mentioned, hyperglycemia can affect therapy.
GFR and is necessary for the development of DKD. The following sections review the various methods used
Likely mechanisms by which elevated glucose levels to measure GFR and albuminuria, focusing on the benefits
cause kidney damage include accumulation of advancedand limitations of each.
glycation end products, glucose-induced growth factor  Glomerular Filtration Rate. An index of functioning
expression, and increased expression of inflammatoryrenal mass, GFR assessment is the most reliable method of
factors. However, hyperglycemia alone is insufficient to detecting and monitoring renal impairment. Glomerular
cause renal dysfuncticf. filtration rate can be measured directly or it can be esti-

Most patients with DM never have clinically evident mated indirectly using the Modification of Diet in Renal
DKD, despite poor glycemic control. The absence of DKD Disease (MDRD) or Cockcroft-Gault equations. Simple
in these patients suggests a genetic predisposition formeasurement of serum creatinine is not recommended as
DKD. The existence of such a predisposition is supportedan estimate of GFR because creatinine levels are greatly
by studies showing an increased risk of nephropathyinfluenced by an individual’s muscle mass, and thus simple
among people with a family history of the disortfef. measurements may overestimate or underestimate true
Nevertheless, in susceptible individuals, hyperglycemia GFR. Another reason that serum creatinine measurements
plays a crucial role in the progression of DKD from may lead to an overestimation of GFR is that creatinine is
microalbuminuria to renal insufficiency and ESRD, as cleared via secretion by the proximal tubule, and extrarenal
shown in type 1 DM by the Diabetes Control and Compli- excretion of creatinine is common in patients with more
cations Trial’ and in type 2 DM by the United Kingdom advanced CKD#°
Prospective Diabetes StuéfyBoth these studies conclu- Direct measurement of the fractional excretion of inulin,
sively showed that the development and progression ofa fructose polysaccharide, is considered the criterion stan-
DKD are strongly correlated with deficiencies in glucose dard for GFR measurement. Inulin is inert, freely filtered at

Mayo Clin Proc. « December 2008;83(12):1373-1381 + www.mayoclinicproceedings.com 1375



EARLY DETECTION AND MANAGEMENT OF DIABETIC KIDNEY DISEASE

the glomerulus, and neither secreted, reabsorbed, synthe©ne study evaluated the equations by repeatedly measuring
sized, nor metabolized by the kidneys. However, using GFR with iothalamate for 10 years in 87 patients with type
inulin infusion to measure GFR is expensive, cumbersome,2 DM and varying degrees of renal function: hyperfiltration,
and not widely available. An alternative method for mea- normal renal function, and CKD stage 2 of Both the
suring GFR involves a single injection of a radioisotopic MDRD and Cockcroft-Gault equations significantly under-
filtration marker, such as technetium Tc 99m DTPA estimated GFR in patients with hyperfiltration and normal
(diethylenetriaminepentaacetic acid) or iothalamate | 125. renal function. Nevertheless, in patients with CKD stage 2 or
This approach provides an accurate measure of GFR irstage 3, GFR estimates made with MDRD closely matched
cases of renal insufficiency, but it can overestimate GFR iniothalamate-determined GFR.
healthy individuals and is also not widely availatfe. The reason that the accuracy of the MDRD and
The ADA and NKF recommend measuring the serum Cockcroft-Gault equations is diminished in cases of DM is
creatinine level and then using that value in either the unknown. Creatinine clearance rate varies with age, sex,
MDRD or Cockcroft-Gault equations to estimate GFR. ethnicity, and body weight, and it is also affected by
Both these equations take into account variations in creati-extremes of muscle mass and dietary intake. The NKF
nine across age and sex, and the MDRD calculation alsccecommends that GFR be measured using direct clearance
takes ethnicity into accoufft** The widely used MDRD  methods in patients with severe obesity, a population that
calculation is considered more accurate than the Cockcroftincludes many patients with type 2 DM but few with type 1
Gault equation for patients with CKD stage 2 or greater DM.! In patients with mild renal impairment (ie, CKD
(GFR <90 mL/min per 1.73#° The MDRD equation was  stage 1 or 2), the ability of the equations to estimate GFR is
developed on the basis of direct GFR measurements andhampered by hypertrophy and hyperfiltration, which com-
clearance of iothalamaté&l in a study of 1628 patients of pensate for damaged nephroasd may account for some
various ethnicities who had a variety of kidney disorders of the observed inaccuracies.
(6% had DMY!* The MDRD was then validated in another An alternative approach being investigated is the mea-
group, consisting of more than 500 individu@ls. surement of cystatin C concentration as a surrogate for
In general accuracy studies, more than 90% of GFR GFR. Cystatin C is a plasma protein that is freely filtered
values estimated with the MDRD equation were within through the glomerulus and almost completely reabsorbed
30% of directly measured creatinine values, compared withand catabolized by tubular cells. Several recent studies
75% of values estimated with the Cockcroft-Gault equa- have examined the use of cystatin C concentration as an
tion® Accuracy of estimates is improved if the clinical alternative method of estimating GFR. However, cystatin
laboratory calibrates the creatinine measurement to theC is not yet used clinically because it is not widely avail-
Cleveland Clinic’'s database, which includes approxi- able and is not currently recommended by either the ADA
mately 9000 GFR measuremefit§or this reason, many or the NKF.
clinical laboratories are now undergoing the necessary Preliminary results suggest that cystatin C measure-
steps to calibrate creatinine measurement. ments may more accurately predict GFR than the MDRD
Despite ADA and NKF recommendations, neither the or Cockcroft-Gault equations in patients with DM. In one
MDRD calculation nor the Cockcroft-Gault equation has study of 52 white patients with type 2 DM, the diagnostic
been validated for use in cases of diabetic nephrop&hy. accuracy of cystatin C measurements was 90% for iden-
recentaccuracy study of patients with DM and micro- tifying GFR at rates of less than 80 mL/min per 1.723 m
albuminuria found that, although both the MDRD and significantly greater than serum creatinine measurements
Cockcroft-Gault equations correlated with directly mea- alone (77%) or estimates made with the Cockcroft-Gault
sured GFR, both equations significantly underestimated theequation (85%j° A 4-year follow-up study of 30 Pima
filtration rate, especially in patients with microalbumin- Indians with type 2 DM showed that GFR estimates based
uria®® The rate of renal decline was also significantly under- on cystatin C were numerically similar to GFR, as deter-
estimated. The sensitivity of the equations to detect renalmined by iothalamate clearance, and that declining trends
impairment was 72% for MDRD and 66% for Cockcroft- in renal function were correlated between the 2 measures
Gault. Furthermore, the use of these calculations led to accur=0.77)# By contrast, GFR estimates made with the
rate identification of CKD (as confirmed by a measured GFR MDRD or Cockcroft-Gault equation did not correlate well
<60 mL/min per 1.73 Ay in only 51% (MDRD) and 66%  with iothalamate clearance<0.35)*
(Cockcroft-Gault) of sidy participantg? These provocative results await confirmation by larger
In a study of 169 patients with type 2 DM and studies. If the results are confirmed, cystatin C measure-
macroalbuminuria, both equations underestimated GFR,ments may be used to arrive at more accurate assessments
although MDRD performed better than Cockcroft-G&ult. of CKD stage.
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Albuminuria. Albuminuria can be assessed by timed optimize medical management and to educate patients
collections, both overnight and 24-hour collections, and by about CKD so that patients can take measures to preserve
spot urine tests used to measure ACR. Urine dipstick testgesidual renal function. Such measures may include weight
alone are not recommended for patients with DM becauseloss, a low-protein diet, smoking cessation, and nephro-
urinary protein levels vary with hydration and other fac- toxin avoidancé?® In particular, use of nonsteroidal anti-
tors, potentially leading to false-positive or false-negative inflammatory drugs should be discouraged.
results® Furthermore, early awareness of DKD may prompt cli-

The 24-hour timed collection of albuminuria remains nicians to adjust dosages of antidiabetes agents and to
the preferred method for the quantitative assessment ofconsider more frequent diagnostic tests. Metformin hydro-
proteinuria; however, it is inconvenient, and over collec- chloride, a widely prescribed antidiabetes agent, may gen-
tion or under collection errors frequently result from erate lactic acidosis in patients with an estimated GFR of
missed or improperly timed samples. Overnight timed col- less than 60 mL/min per 1.73and should be discontin-
lections represent an alternative measure, but the shorteued when the patient’s serum creatinine level increases
collection interval makes the sensitivity of overnight tests higher than 1.4 mg/dL in women and 1.5 mg/dL in fiten.
particularly vulnerable to under collectién. In addition, use of intravenous contrast dye and oral so-

The ADA and NKF now recommend measurement of dium phosphate solutions may precipitate contrast-induced
ACR with a spot urine test to screen for diabetic nephropa-nephropathy or acute phosphate nephropathy, respectively,
thy® Several studies have shown clinical equivalency of in patients with impaired renal function.

ACR and 24-hour collectiorf$®%° Both albumin and cre- Patient Preparation in Cases of ESRDDespite ag-
atinine are highly soluble, and their dilution in urine is gressive measures, ESRD may be expected to develop in
similar. Because creatinine excretion is generally constantmany patients with DKD, and ultimately some form of
the ratio of albumin to creatinine accurately representslong-term renal replacement therapy will be needed. In the
protein excretion during a 24-hour perfod. United States, the overwhelming majority of patients with

Several factors can increase urinary albumin over ESRD undergo hemodialysfsput preemptive living-re-
baseline values, leading to false-positive results, evenlated or living-unrelated donor kidney transplant is often
when ACR is used as a measure. These factors includéeasible with appropriate planning.
exercise within 24 hours of the urine test, urinary tract  Preparation for renal replacement therapy requires fo-
infection, fever, heart failure, marked hyperglycemia, cused patient education and timely referrals to a nephrolo-
marked hypertension, and protein intake. Furthermore, uri-gist, vascular surgeon, and kidney transplant center. The
nary albumin excretion has a notable intraindividual coeffi- success of such measures begins with early DKD recogni-
cient of variation, possibly as high as 409%0 minimize tion by the primary care physician.
this variability, first-morning-void urine samples are rec- Cardiovascular Risk Associated With CKD.Previous
ommended. However, tests with positive results should benephropathy screening guidelines for patients with DM
repeated, and a patient should not be considered to havéocused on retarding progression to ESRD. However, in
elevated urinary albuminuria until 2 of 3 abnormal results addition to being a risk factor for renal failure, CKD is now
have been obtained within a 3-month to 6-month time widely recognized as a major risk factor for C¥Dn a
framel? retrospective claims-based study of more than 1 million

Of note, a high-normal baseline level of albuminuria or Medicare enrollees aged 65 years and older, the risk of
a substantial increase in the level of albuminuria, even if cardiovascular events was significantly increased in those
still within the reference range, may signify future develop- with either CKD or DM alone, but cardiovascular risk was
ment of DKD?2 For this reason, tests having such border- greatest when both conditions were present (Figure).
line negative results may require closer (eg, 6-month) fol- These results are supported by prospective epidemiological
low-up, especially for patients at increased risk of DKD. studies that also showed an increased risk of CVD in pa-
For patients with documented renal impairment, annual tients with renal insufficiencif:1%58:5°
evaluations of ACR should continue to assess disease pro- Elevated cardiovascular risk occurs early in the devel-
gression and to monitor response to therapy (Table 1).  opment of CKD, as demonstrated by studies showing that

even low levels of albuminuria are predictive of C¥E*.
RATIONALE FOR EARLY SCREENING Using data collected from the Heart Outcomes Prevention

Slowing Progression to ESRDDiabetic kidney dis- Evaluation study, investigators found that the relative risk
ease, like all forms of CKD, causes a progressive decline inof myocardial infarction, stroke, and death due to CVD in
renal function that may be retarded via several treatmentpatients with microalbuminuria was 1.97 among those with
strategies. Early recognition of DKD allows clinicians to DM and 1.61 among those withdétndependent of diabe-
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60
[] No diabetes mellitus/no CKD (n=869,902)

50 [] Diabetes mellitus/no CKD (n=179,777)
[l No diabetes mellitus/CKD (n=25,573)

40 [l Diabetes mellitus/CKD (n=17,949)

30

CHF CVA/TIA PVD ASVD Death

Incidence per 100 patient-years

FIGURE. Rates of cardiovascular events in 2000-2001, per 100 patient-years, among individuals without diabetes
mellitus or chronic kidney disease (CKD); with diabetes mellitus but without CKD; without diabetes mellitus but
with CKD; and with both conditions. AMI = acute myocardial infarction; ASVD = atherosclerotic vascular disease;
CHF = congestive heart failure; CVA/TIA = cerebrovascular accident/transient ischemic attack; PVD = peripheral
vascular disease. Data from J Am Soc Nephrol.5”

tes status, microalbuminuria was shown to be an indepen-patients with DKD be considered in the highest-risk group
dent, continuous risk factor for CVD. Each increase in for CVD.*65162 Therefore, in addition to the slowing of
ACR of 0.4 mg/mmol increased the risk of a cardiovascular kidney disease progression, treatment of patients with
event by 5.9%3 DKD should include efforts to manage cardiovascular risk

In a study of more than 2500 men and women with no factors such as hypertension, dyslipidemia, and hypergly-
history of CVD, the relative risk of a cardiovascular event cemia on the basis of the more aggressive treatment goals
more than doubled when urinary albumin excretion was atrecommended for patients at highest risk of CVD. Specifi-
least 15ug/min? This increased risk was found to be cally, in patients with DKD and CKD stages 1 to 4, recent
independent of age, creatinine clearance rate, diabetes stalinical practice guidelines by the NKF Kidney Disease
tus, hypertension, total cholesterol level, and high-density Outcomes Quality Initiative recommend a target blood
lipoprotein cholesterol level. pressure level of less than 130/80 mm Hg, a target low-

It is particularly striking that many patients with CKD, density lipoprotein cholesterol level of less than 100 mg/
particularly elderly patients, may be several times more dL, and a target HbAlevel of less than 7.0%.

likely to die before progression to ESRDTherefore, al- Because most patients with DM and kidney disease also
though 26 million patients in the United States have CKD, have hypertension and dyslipidemia, these treatment goals
only a fraction will develop ESRD. apply to most patients with DKD. However, it is important

Many clinicians assume that most patients with CKD to remember that patients with advanced renal dysfunction
die of CVD before progression to ESRD, but progression is were excluded from many of the studies on which these
more likely to happen in patients with DKD. Although an recommendations were based. Furthermore, targeting
association exists between kidney disease and increasetllood pressure, low-density lipoprotein cholesterol, and
CVD risk, there are no controlled trials indicating whether HbA, _at levels lower than suggested targets or applying
treatment of patients with CKD improves CVD outcomes. such target goals to patients with stage 5 CKD (ie, ESRD)
Therefore, this association may be related to the commonmay not yield additional benefit in regard to CVD risk

risk factors involved. reduction and may actually place patients at increased risk
of adverse event§®
TREATMENT STRATEGIES Slowing Progression of DKD Activation of the renin-

CVD Risk Reduction. On the basis of these and other angiotensin-aldosterone system (RAAS) has long been rec-
findings, the scientific advisory boards of the American ognized as a key regulator of CKD progression. The RAAS
Heart Association and NKF Kidney Disease Outcomes is capable of causing kidney damage through several
Quality Initiative, as well as the Seventh Report of the Joint mechanisms, including systemic and glomerular hyperten-
National Committee on Prevention, Detection, Evaluation, sion, increased glomerular capillary permeability, and local
and Treatment of High Blood Pressure, recommend thatinflammation within the kidneys via release of several
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chemokines and profibrotic cytokin®sJse of an angio-  suggests that smoking cessation may significantly impact
tensin-converting enzyme (ACE) inhibitor or an angio- DKD progression in patients with microalbuminufia.

tensin Il receptor blocker (ARB) has been shown to retard  As renal function declines, several metabolic derange-
GFR decline in patients with macroalbuminuria and either ments predictably develop, including metabolic acidosis,
type 1 or type 2 DM?%In addition, the mainstay of DKD  hyperkalemia, hypocalcemia, hyperphosphatemia, hyper-
management has long been inhibition of the RAAS with parathyroidism, and anemia. As noted in Table 1, when
ACE inhibitors or ARBs. CKD progresses to stage 3 (GFR <60 mL/min per 1J3 m

However, neither ACE inhibitors nor ARBs have been screening and treatment for complications should com-
shown to reverse or even stabilize GFR in patients with mence®> When CKD progresses to stage 4 (GFR <30 mL/
DKD. Although these medications significantly decrease min per 1.73 1f), preparation for renal replacement therapy
the slope of GFR decline, the effect is often modest, with should begin, and a nephrologist should be constilted.
reported mean benefits of +0.8 to +1.0 mL/min per year for  Early referrals to nephrologists are generally appro-
3 years in patients with type 2 DM and macroalbuminuria priate because a nephrologist can often help guide the
compared with placebf8%® Thus, the benefit of ACE in- management of anemia and bone mineral disease associ-
hibitors and ARBs in patients with DM and nonproteinuric ated with CKD. A nephrologist can also provide patient
renal disease remains unclear. education regarding lifestyle modification and renal re-

Using a combination of ACE inhibitor and ARB therapy placement therapy options as the needs develop for such
has also been suggested for patients with DKD. However,interventions.
one recent study comparing the use of ramipril (an ACE
inhibitor), telmisartan (an ARB), or both showed no cardio-
vascular benefit from either medication or from the combi-
nation’° Compared with the ramipril group, the telmisartan Diabetic kidney disease is an extremely common compli-
group had a similar relative risk of renal impairment, cation of DM and is the leading cause of CKD and ESRD in
whereas the combination-therapy group had a significantthe United States. The current review has presented and
increased risk. Furthermore, the rate of renal dialysis wasanalyzed data primarily from studies of patients with type
the same in the ramipril group and the telmisartan group2 DM. Obviously, one should not overinterpret these data
but was increased in the combination-therapy group. when considering other specific groups of patients, such as

In addition to the use of ACE inhibitors or ARBs, blood those with type 1 DM or elderly persons, because not all the
pressure and blood glucose control aimed at targets forfindings and outcomes may apply.

CVD risk reduction have been shown to slow DKD pro- Early detection of DKD is important not only in slowing
gression. Several other modifiable risk factors associatedrenal disease progression but also in managing cardiovas-
with CKD progression, including obesity, dyslipidemia, cular risk. To that end and because serum creatinine mea-
anemia, a high-protein diet, and smoking, may also besurements and estimated GFR often have normal results in
effectively targeted when treating DKBAIlthough data early stages of DKD, health care professionals must under-
are limited regarding the renal protective effects of weight stand the importance of measuring albumin excretion rates
loss and statin use, several recent clinical trials showed ndo effectively screen patients for DKD.

improved cardiovascular and renal outcomes with hemo-

globin normalizatiori*"

The role of a Iow—protein diet is controversial for patients RE:EE?EDNOCQEI.S KDOQI Clinical practice guidelines and clinical practice rec-
with DKD. High protein intake increases GFR and may ommendations for diabetes and chronic kidney dise@seJ Kidney Dis.
!nducg hyperﬂltraﬂon, .thereby worsening glomerular |n'jury 202.7’(Af:?)(r?s(ﬁuf,pls?l;/?nle,s18?3\./ens L&t al. Prevalence of chronic kidney
in patients with renal disease. However, no renal benefit Wasiisease in the United StatéaMA.2007;298(17):2038-2047.

observed in a randomized study of patients receiving a low- 3. American Diabetes Association. Standards of medical care in diabetes—
. . . . 007.Diabetes Care2007;30(suppl 1):S4-S41.
pmtem diet (0'58 g/kg per day) vs a usual proteln diet (1'3 9/2 4. Engelgau MM, Geiss LS, Saaddine, 8 al. The evolving diabetes

kg per day)* Nevertheless, most experts in DM agree that a burden in the United Statesnn Intern Med2004;140(11):945-950.

inh- H i ; 5. Middleton RJ, Foley RN, Hegarty &t al. The unrecognized prevalence
hlgh prOtem diet may acce_lerate QKD prOgress,lon' T,heof chronic kidney disease in diabetésephrol Dial Transplant.2006
ADA recommends that patients with DKD restrict their jan;21(1):88-92. Epub 2005 Oct 12.

animal protein intake to less than 0.8 g/kg per3day_ 6. McClellan WM‘, Knight_ DF, KQFD_HBTO\_NH WW Early detectipn and_
treatment of renal disease in hospitalized diabetic and hypertensive patients:

A rgceqt S.tUdy §h0W€dI reduced development of MAaCrO5mportant differences between practice and published guidefines.Kidney
albuminuria in patients with type 2 DM who were former Dis. 1997;29(3):368-375.
; ; 7. Kraft SK, Lazaridis EN, Qiu (Clark CM Jr, Marrero DG. Screening and
SmOkers or who had never quked compared V\_”th _paFlent%eatment of diabetic nephropathy by primary care physicia@en Intern
with type 2 DM who were active smokers. This finding Med.1999;14(2):88-97.

CONCLUSION
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ABSTRACT

This report presents an algorithm to assist primary
care physicians, endocrinologists, and others in the man-
agement of adult, nonpregnant patients with type 2 dia-
betes mellitus. In order to minimize the risk of diabetes-
related complications, the goal of therapy is to achieve a
hemoglobin Alc (A1C) of 6.5% or less, with recognition
of the need for individualization to minimize the risks of
hypoglycemia. We provide therapeutic pathways stratified
on the basis of current levels of A1C, whether the patient
is receiving treatment or is drug naive. We consider mono-
therapy, dual therapy, and triple therapy, including 8 major
classes of medications (biguanides, dipeptidyl-peptidase-4
inhibitors, incretin mimetics, thiazolidinediones, a-gluco-
sidase inhibitors, sulfonylureas, meglitinides, and bile acid
sequestrants) and insulin therapy (basal, premixed, and
multiple daily injections), with or without orally admin-
istered medications. We prioritize choices of medications
according to safety, risk of hypoglycemia, efficacy, sim-
plicity, anticipated degree of patient adherence, and cost of
medications. We recommend only combinations of medi-
cations approved by the US Food and Drug Administration
that provide complementary mechanisms of action. It
is essential to monitor therapy with A1C and self-moni-
toring of blood glucose and to adjust or advance therapy
frequently (every 2 to 3 months) if the appropriate goal
for each patient has not been achieved. We provide a flow-
chart and table summarizing the major considerations. This
algorithm represents a consensus of 14 highly experienced
clinicians, clinical researchers, practitioners, and academi-
cians and is based on the American Association of Clinical
Endocrinologists/American College of Endocrinology
Diabetes Guidelines and the recent medical literature.
(Endocr Pract. 2009;15:540-559)

Abbreviations:

AACE = American Association of Clinical
Endocrinologists; A1C = hemoglobin Alc; ACCORD
= Action to Control Cardiovascular Risk in Diabetes;
ACE = American College of Endocrinology; ADA
= American Diabetes Association, ADVANCE =
Action in Diabetes and Vascular Disease: Preterax
and Diamicron Modified Release Controlled
Evaluation; AGIs = a-glucosidase inhibitors;
DCCT/EDIC = Diabetes Control and Complications
Trial/Epidemiology of Diabetes Interventions and
Complications; DPP-4 = dipeptidyl-peptidase-4;
EASD = European Association for the Study of
Diabetes; FDA = US Food and Drug Administration;
GLP-1 = glucagonlike peptide-1; LDL = low-density
lipoprotein; PROACTIVE = Prospective Pioglitazone
Clinical Trial in Macrovascular Events; RCTs = ran-
domized controlled trials; RECORD = Rosiglitazone
Evaluated for Cardiovascular Outcomes in Oral Agent

Combination Therapy for Type 2 Diabetes; SMBG =
self-monitoring of blood glucose; TZDs = thiazoli-
dinediones; UKPDS = United Kingdom Prospective
Diabetes Study; VADT = Veterans Affairs Diabetes
Trial

INTRODUCTION

There are nearly 24 million Americans with diabetes in
the United States. Every year, 1.3 million people are diag-
nosed with type 2 diabetes. The rapid increase in new cases
of type 2 diabetes in persons 30 to 39 years of age and in
children and adolescents is of special concern. This epi-
demic of type 2 diabetes is global and closely reflects the
epidemic of overweight, obesity, metabolic syndrome, and
sedentary lifestyle. An urgent need exists for an authorita-
tive, practical algorithm for management of patients with
type 2 diabetes mellitus that considers currently approved
classes of medications and emphasizes safety and effi-
cacy, while also considering secondary factors such as
the cost of medications or the number of years of clini-
cal experience with use of any specific drug. The intro-
duction of several new classes of medications within the
past few years—especially incretin-based therapies such
as incretin mimetics and dipeptidyl-peptidase-4 (DPP-
4) inhibitors—and the results from several recent large-
scale clinical trials— Action to Control Cardiovascular
Risk in Diabetes (ACCORD), Action in Diabetes and
Vascular Disease: Preterax and Diamicron Modified
Release Controlled Evaluation (ADVANCE), Veterans
Affairs Diabetes Trial (VADT), Prospective Pioglitazone
Clinical Trial in Macrovascular Events (PROACTIVE),
and Rosiglitazone Evaluated for Cardiovascular Outcomes
in Oral Agent Combination Therapy for Type 2 Diabetes
(RECORD)—combined with recently reported long-
term follow-up results in patients in the Diabetes Control
and Complications Trial/Epidemiology of Diabetes
Interventions and Complications (DCCT/EDIC), the United
Kingdom Prospective Diabetes Study (UKPDS), and the
Steno-2 study, necessitate reevaluation of previously pro-
posed algorithms for selection of therapies. Numerous
guidelines for management of patients with diabetes are
available —for example, from the American Association of
Clinical Endocrinologists (AACE) (1), American Diabetes
Association (ADA) Standards of Medical Care in Diabetes
(2), Veterans Health Administration/US Department of
Defense (VA/DOD) (3), International Diabetes Federation
(4), and many others. Several of these need to be updated to
reflect the recent literature and clinical experience. A few
algorithms are available for that purpose: ADA/European
Association for the Study of Diabetes (EASD) 2006 (5,6),
ADA/EASD 2009 (7), Canadian Diabetes Association
(8.,9), and the American College of Endocrinology (ACE)/
AACE Road Maps to Achieve Glycemic Control (10). The
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cost of medications represents only a very small portion
of the total cost of treatment of patients with diabetes. The
major cost is related to the treatment of the complications
of diabetes. We believe that identification of the safest and
most efficacious agents is essential.

METHODS

AACE/ACE convened a panel of experts, including
clinicians and clinical investigators, both academicians
and practitioners. An algorithm was developed on the
basis of the medical literature, with careful consideration
of levels of evidence and evaluation for the consistency of
results from multiple studies and sources; greater empha-
sis was placed on results from randomized controlled trials
(RCTs) when available. We also considered meta-analyses,
US Food and Drug Administration (FDA)-approved pre-
scribing information, and the extensive experience, col-
lective knowledge, and judgment of the panel members.
We envisioned the need for an algorithm that reflected
the best practices for expert physicians, recognizing that
RCT data are not available to guide every clinical deci-
sion. Considerations were based on the AACE Medical
Guidelines for Clinical Practice for the Management of
Diabetes Mellitus (1), review of other guidelines (ADA
Standards of Medical Care in Diabetes—2009) (2), pre-
vious algorithms—ACE/AACE Road Maps to Achieve
Glycemic Control (10), ADA/EASD 2006 (5,6), ADA/
EASD 2009 (7), Canadian Diabetes Association (8,9), and
Inzucchi (11) —the FDA-approved prescribing information
for individual agents, pharmacoepidemiologic surveillance
studies, and the current literature describing relevant clini-
cal trials: DCCT/EDIC (12), UKPDS (13), Steno-2 (14),
ACCORD (15), ADVANCE (16), VADT (17), RECORD
(18), PROACTIVE (19), and others.

In the development of this algorithm, we attempted to
accomplish the following goals as priorities in the selection
of medications:

—

minimizing risk and severity of hypoglycemia

2. minimizing risk and magnitude of weight gain

3. inclusion of major classes of FDA-approved glycemic
medication, including incretin-based therapies and
thiazolidinediones (TZDs)

4. selection of therapy stratified by hemoglobin Alc
(A1C) and based on documented Al1C-lowering
potential

5. consideration of both fasting and postprandial glucose
levels as end points

6. consideration of total cost of therapy to the individual

and society at large, including costs related to medi-

cations, glucose monitoring requirements, hypoglyce-
mic events, drug-related adverse events, and treatment
of diabetes-associated complications

We believe that this algorithm represents the treatment
preferences of most clinical endocrinologists, but in the
absence of meaningful comparative data, it is not necessar-
ily an official AACE position. Because of the insufficient
number or total absence of RCTs for many combinations of
therapies, the participating clinical experts used their judg-
ment and experience. Every effort was made to achieve
consensus among the panel members. Many details that
could not be included in the summarizing algorithm are
described in the following text.

RESULTS

Our glycemic control algorithm was developed on the
basis of the principles outlined in the subsequent section.

Principles Underlying the AACE/ACE Algorithm

* Lifestyle (dietary and exercise) modifications are essen-
tial for all patients with diabetes. Reduction of obesity
or overweight and adjustment to an active lifestyle can
have major beneficial effects. In many cases, delaying
pharmacotherapy to allow for lifestyle modifications is
inappropriate because these interventions are usually
not adequate. Lifestyle modification together with spe-
cific diabetes education, dietary consultation, and the
introduction of a program of self-monitoring of blood
glucose (SMBG) can be initiated concomitantly with
medical therapy.

* Achieving an A1C of 6.5% is recommended as the pri-
mary goal, but this goal must be customized for the
individual patient, with consideration of numerous fac-
tors such as comorbid conditions, duration of diabetes,
history of hypoglycemia, hypoglycemia unawareness,
patient education, motivation, adherence, age, limited
life expectancy, and use of other medications.

* If a patient has failed to achieve the A1C goal, one can
titrate dosages of medications, change regimens (add
or discontinue medications), or, under some circum-
stances, reconsider and revise the goal.

* When combination therapy is prescribed, it is important
to use classes of medications that have complementary
mechanisms of action.

* Effectiveness of therapy must be evaluated frequently —
for example, every 2 to 3 months —with assessment of
A1C, logbook data for SMBG records, documented and
suspected hypoglycemia, and other potential adverse
events (weight gain, fluid retention, and hepatic, renal,
or cardiac disease) as well as monitoring of comorbidi-
ties, relevant laboratory data, concomitant drug admin-
istration, diabetes-related complications, and psychoso-
cial factors affecting patient care.

» Safety and efficacy should be given higher priorities
than cost of medications per se, inasmuch as cost of
medications is only a small part of the cost of care of
diabetes.
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* The algorithm should be as simple as possible to gain
physician acceptance and improve its utility and usabil-
ity in clinical practice.

* The algorithm should help educate clinicians and help
guide therapy at the point of care.

* The algorithm should conform, as nearly as possible,
to a consensus for current standards of care by expert
endocrinologists who specialize in the management
of patients with type 2 diabetes and have the broadest
experience in outpatient clinical practice.

* The algorithm should be as specific as possible and pro-
vide guidance to physicians with prioritization and a
rationale for selection of any particular regimen.

* Rapid-acting insulin analogues are superior to “regular
human insulin” and provide a better, safer alternative.

¢ NPH insulin is not recommended. Use of NPH as a
basal insulin has been superseded by the synthetic ana-
logues insulin glargine and insulin detemir, which pro-
vide a relatively peakless profile for approximately 24
hours and yield better reproducibility and consistency,
both between patients and within patients, and a corre-
sponding reduction in the risk of hypoglycemia.

The Glycemic Control Algorithm
The AACE/ACE algorithm for glycemic control is
presented in Figure 1.

AIC Goal

The rationale for an A1C target of 6.5% is presented in
the AACE Diabetes Guidelines (2007) (1). The ACCORD
and VADT studies (15,17) have confirmed that progres-
sively lower A1C levels are associated with reduced risk
of both microvascular and macrovascular complications. A
recent meta-analysis of 5 prospective RCTs demonstrated
a significant reduction in coronary events associated with
an overall A1C of 6.6% in comparison with 7.5% (20).
These studies also indicated that the risk of cardiac events
and death is more common in patients with hypoglycemic
episodes (and especially severe hypoglycemia) and that
the benefit-to-risk ratio decreases progressively with the
duration of diabetes, such that the use of intensive therapy
may be at least relatively contraindicated in patients with
a duration of diabetes longer than 12 years (VADT) (17).
The ACCORD study (15) also suggested that excessively
rapid or aggressive adjustment of therapy may be associ-
ated with increased risk. The A1C levels show an excel-
lent correlation with the mean glucose level, but this rela-
tionship is also affected by several other factors, such as
hemoglobinopathies, hemolytic anemias, varying rates of
individual glycation, genetics, and the variabilities of dif-
ferent laboratory methods.

Frequency of Monitoring of AIC
Many physicians fail to implement the uniformly rec-
ommended guidelines to monitor A1C on a quarterly basis.

Physicians are often slow in advancing therapy, relative
to either dosages of medications or switching to a more
efficacious therapeutic regimen in a timely manner. One of
the most important aspects of the current algorithm is the
strong recommendation to monitor therapy closely (every
2 to 3 months) and to intensify therapy until the goal for
A1C has been achieved.

Stratification by Current AIC level

An important element of the current algorithm is the
need for stratification of the therapeutic approach on the
basis of the current A1C Level.

1. If the patient has an A1C value of 7.5% or lower, it
may be possible to achieve a goal A1C of 6.5% with
use of monotherapy. If monotherapy fails to achieve
that goal, one usually progresses to dual and then to
triple therapy; finally, insulin therapy should be initi-
ated, with or without additional agents.

2. If the patient has an A1C level in the range of 7.6%
to 9.0%, then one should begin with dual therapy
because no single agent is likely to achieve the goal.
If dual therapy fails, one can progress to triple therapy
and then to insulin therapy, with or without additional
orally administered agents.

3. If the patient has an A1C value of >9.0%, then the pos-
sibility of achieving a goal A1C of 6.5% is small, even
if dual therapy is used. If the patient is asymptomatic,
one might begin with triple therapy—for example,
based on a combination of metformin and an incretin
mimetic or a DPP-4 inhibitor combined with either
a sulfonylurea or a TZD. If, however, the patient is
symptomatic, or therapy with similar medications has
failed, it is appropriate to initiate insulin therapy, either
with or without additional orally administered agents.

4.  When the algorithm (Fig. 1) indicates insulin therapy,
one may use any of the following 4 general approaches:

* basal insulin, using a long-acting insulin analogue
(glargine, detemir), generally given once daily;

* premixed insulins, using a rapid-acting analogue
and protamine (NovoLog Mix, Humalog Mix), usu-
ally given twice daily with breakfast and dinner but
occasionally used only with the largest meal;

* basal-bolusinsulin or multiple daily injections, using
rapid-acting insulin analogues—aspart (NovoLog),
lispro (Humalog), or glulisine (Apidra)—together
with the long-acting insulin analogue glargine
(Lantus) or detemir (Levemir);

* a “prandial” insulin regimen, involving use of the
rapid-acting insulin analogues, but without a basal
or long-acting insulin component. This may be pos-
sible if the patient is being treated with an insulin
sensitizer (metformin) that provides adequate con-
trol of fasting plasma glucose.
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We do not recommend use of regular human insulin
(“R”), nor of NPH insulin (“N”) if possible, in view of the
fact that these insulin preparations do not have a sufficiently
predictable time course that adequately mimics the normal
physiologic profile. As a result, the dose required to control
hyperglycemia is often associated with an increased risk of
hypoglycemia.

We now describe the 3 pathways within the algorithm
corresponding to the 3 broad ranges of A1C: 6.5% to 7.5%,
7.6% t0 9.0%, and >9.0%.

Management of Patients With A1C
Levels of 6.5% to 7.5%
Monotherapy

For the patient with an A1C level within the range
of 6.5% to 7.5%, it is possible that a single agent might
achieve the A1C goal of 6.5%. In this setting, metformin,
TZDs, DPP-4 inhibitors, and a-glucosidase inhibitors
(AGIs) are recommended. Because of its safety and effi-
cacy, metformin is the cornerstone of monotherapy and is
usually the most appropriate initial choice for monotherapy
unless there is a contraindication, such as renal disease,
hepatic disease, gastrointestinal intolerance, or risk of lac-
tic acidosis.

Some patients with diabetes and A1C levels of <6.5%
may also be considered for pharmacotherapy. Use of an insu-
lin secretagogue (sulfonylurea or meglitinide/“glinide”) is
not recommended in this A1C range. Sulfonylureas may be
more potent than metformin, TZDs, DPP-4 inhibitors, or
AGIs, although they have a relatively short-lived effective-
ness and are associated with a substantial risk of hypogly-
cemia and weight gain, especially in drug-naive patients.

The 4 agents recommended for the A1C range of
6.5% to 7.5% have a very minimal risk of hypoglycemia,
especially when used as monotherapy. The TZDs require
several weeks to achieve maximal benefit; likewise, their
effects decline slowly after they have been discontinued.
In patients with clear evidence of insulin resistance or the
clinical “metabolic syndrome” and in patients with non-
alcoholic fatty liver disease, TZDs may be preferred. If
monotherapy is unsuccessful in achieving the A1C goal
even after the dosage has been titrated appropriately, then
one should advance to dual therapy.

Dual Therapy

As aresult of its safety and efficacy, metformin should
be the cornerstone of dual therapy for most patients. When
metformin is contraindicated, a TZD may be used as the
foundation for this group of options. Because metformin or
a TZD will serve as an insulin sensitizer, the second com-
ponent of the dual therapy is usually an incretin mimetic,
DPP-4 inhibitor, glinide, or sulfonylurea. These agents are
recommended in the following order: incretin mimetic,
DPP-4 inhibitor, or an insulin secretagogue such as a glinide
and sulfonylurea. The glucagonlike peptide-1 (GLP-1)

agonist and DPP-4 inhibitors are safer than the glinide or
sulfonylurea options with regard to the risk of hypoglyce-
mia. Despite its risk of gastrointestinal side effects (which
are usually transitory) and the need for twice-daily injec-
tion, the GLP-1 agonist is preferred, in view of its some-
what greater effectiveness in reducing postprandial glucose
excursions relative to the DPP-4 inhibitor and the fact that
approximately 30% of patients will experience consider-
able weight loss. The DPP-4 inhibitors are used orally
once daily with excellent tolerability and no major effects
on weight. Glinides are preferred relative to sulfonylureas
because of the greater need for controlling postprandial
glucose excursions in patients with an A1C level already
below 7.5% and their relative safety. The combination of
TZD with metformin has been used extensively and is effi-
cacious, but it carries the risks of the adverse events asso-
ciated with both agents. We recommend this combination
with a higher priority than a glinide or sulfonylurea because
of a lower risk of hypoglycemia and greater flexibility in
timing of administration. One must consider the potential
adverse effects of any of these medications as they apply to
an individual patient (see Table 1 and Appendix 1 as well
as definitive sources of prescribing information).

Two additional regimens for dual therapy are included
in the algorithm: (/) metformin combined with cole-
sevelam and (2) metformin combined with an AGI. These
regimens are included because of their safety (minimal risk
of hypoglycemia) and the ability of colesevelam to lower
the level of low-density lipoprotein (LDL) cholesterol,
although these combinations may produce some gastroin-
testinal side effects.

If dual therapy fails, even after each component has
been titrated to its maximally effective dose (commonly,
only 50% to 66% of the FDA upper limit for recommended
dosage), one can advance to triple therapy or institute insu-
lin therapy.

Triple Therapy
We consider the following 6 options for triple therapy,
which are presented in a condensed format in Figure 1:

Metformin + GLP-1 agonist + TZD
Metformin + GLP-1 agonist + glinide
Metformin + GLP-1 agonist + sulfonylurea
Metformin + DPP-4 inhibitor + TZD
Metformin + DPP-4 inhibitor + glinide
Metformin + DPP-4 inhibitor + sulfonylurea

AR

Because of its safety and effectiveness, metformin is
selected as the cornerstone for triple therapy, unless spe-
cific contraindications are present. The GLP-1 agonist,
exenatide, is the second preferred component because of
its safety, with nearly complete absence of hypoglyce-
mia attributable to the fact that its stimulation of insulin
is dependent on glucose, and because of its potential for
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Fig. 1. Simplified flowchart for American Association of Clinical Endocrinologists (AACE)/American College of Endocrinology (ACE)
2009 glycemic control algorithm. Pathways are provided for patients with hemoglobin Alc (AIC) in 3 ranges: 6.5% to 7.5%, >7.6% to
9.0%, and >9.0%. There is a progression from monotherapy, to dual therapy, to triple therapy, to insulin therapy with or without addi-
tional agents. The order of presentation of regimens indicates general priorities that should be customized to the individual patient, with
consideration of contraindications and precautions, allergies, comorbid conditions, drug-drug interactions, and drug-laboratory interac-
tions. Physicians must be thoroughly familiar with complete prescribing information before selection of therapy. In each case, response to
therapy should be monitored closely (determination of A1C every 2 to 3 months), and titration of dosages or changes of regimen should
be implemented in a timely manner. Rx = treatment. Note accompanying Table of Annotated Abbreviations for Figure 1.

Table of Annotated Abbreviations for Figure 12

Abbreviation Class Generic name Trade name
AGI a-Glucosidase inhibitor Acarbose Precose
Miglitol Glyset
DPP4 Dipeptidyl-peptidase-4 Sitagliptin Januvia
(DPP-4) inhibitor Saxagliptin Onglyza
GLP-1 Incretin mimetics Exenatide Byetta
(glucagonlike peptide-1
agonist)
MET Biguanide Metformin Metformin (generic),
Glucophage XR,
Glumetza, Riomet,
Fortamet
SU Sulfonylurea Glyburide DiaBeta, Glynase,
Micronase
Glipizide Glipizide (generic),
Glucotrol, Glucotrol
XL
Glimepiride Amaryl
TZD Thiazolidinedione Rosiglitazone Avandia
Pioglitazone Actos
Abbreviation Definition Comment
FPG Fasting plasma glucose After overnight fast of at least 8 hours
PPG Postprandial glucose 2 hours after a meal

2 The following single-tablet combinations of agents are available:
sitagliptin + metformin (Janumet), pioglitazone + metformin (ActoPlus Met),
rosiglitazone + metformin (Avandamet), repaglinide + metformin (PrandiMet),
glipizide + metformin (Metaglip and generic), and glyburide + metformin (Glucovance and generic).
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inducing weight loss. It also has the ability to inhibit glu-
cagon secretion in a glucose-dependent manner after con-
sumption of meals, to increase satiety, and to delay gas-
tric emptying. Physicians should be aware of the reported
possible association of exenatide with pancreatitis and
should avoid use of this drug in patients with a history of
pancreatitis. A recent analysis of a very large database,
however, revealed no greater incidence of pancreatitis in
patients with diabetes taking exenatide in comparison with
the already substantially increased incidence of this disor-
der in patients with diabetes. For the third member of the
triple-therapy combination, one may select a TZD, glinide,
or sulfonylurea. These agents are recommended in order
to minimize the risk of hypoglycemia. The combination
with metformin, especially when coupled with an incre-
tin mimetic, may partially help to counteract the weight
gain often associated with glinides, sulfonylureas, and
TZDs.

Insulin Therapy

When triple therapy fails to achieve glycemic control,
it is likely that the insulin-secretory capacity of the beta
cells has been exceeded; thus, insulin therapy is needed.
One can then institute therapy as basal, premixed, pran-
dial, or basal-bolus insulin. At this point, the list of avail-
able agents to use as adjuvants to insulin is diminished.
Exenatide and DPP-4 inhibitors have not been approved
by the FDA for concomitant use with insulin. Agents such
as colesevelam and AGIs are not likely to contribute mate-
rially to effectiveness. Sulfonylureas and glinides should
be discontinued when prandial insulin is introduced, inas-
much as postprandial excursions can usually be managed
better with a rapid-acting insulin analogue or a premixed
insulin preparation. Use of TZDs jointly with insulin has
been associated with a high probability of weight gain,
fluid retention, increased risk of congestive heart fail-
ure, and significantly increased risk of fractures both in
men and in women. Although some studies have been
controversial, recent clinical trials—ADVANCE (16),
VADT (17), and ACCORD (15)—showed no increased
risk of mortality associated with rosiglitazone, and the
PROACTIVE trial (19) showed a small beneficial effect of
pioglitazone on cardiac events. Overall, metformin is the
most commonly used and safest medication to combine
with insulin.

Basal Insulin: Long-acting basal insulin is gener-
ally the initial choice for initiation of insulin therapy in
the United States. Insulin glargine and insulin detemir are
strongly preferred over human NPH insulin because they
have relatively peakless time-action curves and a more
consistent effect from day to day, resulting in a lower risk
of hypoglycemia. Basal insulin therapy is generally initi-
ated with a small arbitrary dose (usually 10 U) at bedtime.
The dosage is titrated slowly (for example, an increment

of 1 to 3 U) every 2 to 3 days if the fasting plasma glu-
cose level reaches the desired target. In contrast, the dos-
age is reduced if the fasting plasma glucose declines below
another specified threshold.

Premixed Insulins: An alternative approach to start-
ing insulin therapy is to use premixed insulin analogues
(lispro-protamine or aspart-protamine). One may initiate
therapy for the major meal of the day (typically, dinner)
and subsequently add another injection at the next larg-
est meal. The insulin dose before breakfast is adjusted by
measurement of the glucose level before dinner; the insulin
dose before dinner is adjusted primarily by measurement
of the fasting glucose concentration on the following day.
Use of premixed insulin generally involves 2 injections per
day rather than the 4 injections per day required for basal-
bolus insulin. In general, however, with use of premixed
insulin, the patient must have a fairly constant lifestyle and
may have a higher risk of hypoglycemia. If the patient has
failed to achieve goals for glycemia with use of a basal
insulin regimen, one may institute the premixed insulin
regimen with 2 injections per day.

Basal-Bolus Insulin Regimens: In comparison with
premixed insulins, a basal-bolus insulin regimen involv-
ing 4 injections per day is usually more efficacious and
provides greater flexibility for those patients with variable
mealtimes and carbohydrate content of meals. In general,
before-meal insulin doses for adults can initially be set
at about 5 U per meal or about 7% of the daily dose of
basal insulin. The before-meal insulin dose can be titrated
upward by 2 to 3 U every 2 to 3 days on the basis of moni-
toring of the 2-hour postprandial glucose level and taking
into account the before-meal blood glucose level for the
subsequent meal. The dose should be titrated to achieve
good control in terms of both the A1C level and the pre-
prandial and postprandial glycemia.

Pramlintide

Pramlintide, an analogue of pancreatic amylin, has
been used as an adjunct to prandial insulin therapy in
patients with type 1 diabetes and can be helpful in patients
with type 2 diabetes for control of postprandial glucose.
This involves several additional carefully timed injections
immediately before meals.

Insulin Pump

Some patients with type 2 diabetes using basal-bolus
insulin therapy benefit from use of an insulin pump (con-
tinuous subcutaneous insulin infusion). An insulin pump
can provide maximal flexibility with regard to mealtimes,
size of meals, exercise, or travel.

Continuous Glucose Monitoring

Some patients with type 2 diabetes clearly benefit from
use of continuous glucose monitoring (21). This can edu-
cate the patient regarding the glycemic effects of various
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foods, help the patient titrate insulin, and provide warnings
when the patient is experiencing hyperglycemia or hypo-
glycemia. Continuous glucose monitoring should be con-
sidered in patients with type 2 diabetes receiving insulin
therapy whose disease is otherwise difficult to control.

Self-Monitoring of Blood Glucose

When a patient begins insulin therapy, SMBG should
be increased in frequency. For patients starting basal insu-
lin therapy at bedtime, the morning fasting blood glucose
levels should be determined daily. This same approach
applies for the patient initiating premixed insulin therapy
before dinner. For each additional injection of insulin,
SMBG should be increased in frequency to ensure success-
ful titration of each dose.

Reinforcement of Patient Education

Advancement to insulin therapy is an important oppor-
tunity to reinforce patient education with regard to lifestyle
modification, diet, exercise, weight management (weight
loss or weight maintenance), and other aspects of diabetes
education, including prevention, identification, and treat-
ment of hypoglycemia. One may also reevaluate and possi-
bly modify goals for therapy, review the needs for treatment
of other commonly associated risk factors (such as hyperten-
sion, dyslipidemia, smoking, and stress), and consider ther-
apy with low-dose aspirin, angiotensin-converting enzyme
inhibitors or angiotensin receptor blockers, and statins.

Management of Patients
With A1C Levels of 7.6% to 9.0%

Management of patients with an A1C value in the
range of 7.6% to 9.0% is similar to that just described,
except that one can bypass the use of monotherapy and
proceed directly to dual therapy because monotherapy is
unlikely to be successful in this group. We recommend
some changes, however, in the use of dual therapy or triple
therapy in this group of patients in comparison with that
for patients with A1C <7.5%, in view of the need for more
efficacious therapy.

Dual Therapy
We consider the following 5 options for dual therapy
in patients with this A1C range (Fig. 1):

Metformin + GLP-1 agonist
Metformin + DPP-4 inhibitor
Metformin + TZD
Metformin + sulfonylurea
Metformin + glinide

Nk e =

Metformin is again the foundation of therapy because
of its safety, mechanism of action, and insulin sensitiza-
tion. Usually, a GLP-1 agonist or a DPP-4 inhibitor is the
preferred second component, in view of the safety and

efficacy of these agents in combination with metformin.
A GLP-1 agonist is given a higher priority than a DPP-4
inhibitor, in view of its somewhat greater effect on reduc-
ing postprandial glucose excursions and its potential for
inducing substantial weight loss. The lower position of
TZDs is attributable to their associated risks of weight
gain, fluid retention, congestive heart failure, and fractures.
Sulfonylureas and glinides are relegated to the lowest posi-
tion because of their greater risk of inducing hypoglyce-
mia. The relative positions for sulfonylureas and glinides
are reversed in comparison with their positions in dual
therapy for patients with A1C values <7.5%. There is a
need for the greater glucose-lowering efficacy of sulfonyl-
ureas in the A1C range 7.6% to 9.0%.

Triple Therapy

When dual therapy does not achieve the A1C goal, a
third agent should be added. The options for triple therapy
for patients with an A1C in this range are similar to those
recommended for patients with lower A1C values. We con-
sider the following 5 options:

Metformin + GLP-1 agonist + TZD
Metformin + DPP-4 inhibitor + TZD
Metformin + GLP-1 agonist + sulfonylurea
Metformin + DPP-4 inhibitor + sulfonylurea
Metformin + TZD + sulfonylurea

N

Metformin is the foundation to which either a TZD
or sulfonylurea is added, followed by incretin-based ther-
apy—either a GLP-1 agonist or a DPP-4 inhibitor. The
preference for metformin and the GLP-1 agonist or DPP-4
inhibitor is based on their safety, in view of their mini-
mal associated risks of hypoglycemia. Similarly, TZDs
are assigned a priority greater than that for a sulfonylurea
because of their low risk of hypoglycemia. A GLP-1 ago-
nist is given a higher priority than a DPP-4 inhibitor owing
to its somewhat greater effect on reducing postprandial
glucose excursions and the possibility that it might induce
considerable weight loss. The combination of metformin,
TZD, and sulfonylurea is relegated to the lowest priority
because of its increased risk of weight gain for the com-
bination of TZDs and sulfonylureas and the risk of hypo-
glycemia, particularly for patients at the lower end of this
AI1C range (~7.5%). Glinides, AGlIs, and colesevelam are
not considered in this A1C range, in view of their limited
A1C-lowering potential.

Insulin Therapy

The considerations for insulin therapy for patients with
a current A1C of 7.6% to 9.0% are similar to those dis-
cussed previously for patients with an A1C level of 6.5%
to 7.5%. When transitioning to insulin from a regimen
involving triple therapy, it is customary to discontinue one
or more of the orally administered agents. Use of TZDs or
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of sulfonylureas conjointly with insulin is associated with
a risk of weight gain and fluid retention. In patients at risk,
TZDs may cause or aggravate congestive heart failure, and
they increase the risk of bone fractures in both women and
men (22,23). Neither GLP-1 agonists nor DPP-4 inhibitors
have been approved by the FDA for use with insulin. Thus,
metformin is the only medication with a relatively clear
indication for use in conjunction with insulin in patients
with type 2 diabetes. If it becomes clear that a premixed or
a basal-bolus insulin regimen is required to achieve glyce-
mic goals, insulin secretagogues should be discontinued.
Use of pramlintide should also be considered in patients
with persistent postprandial hyperglycemia.

Management of Patients With A1C Levels of >9.0%

Combination Therapy

For drug-naive patients with A1C levels of >9%, it is
unlikely that use of 1, 2, or even 3 agents (other than insu-
lin) will achieve the A1C goal of <6.5%. If the patient is
asymptomatic, particularly with a relatively recent onset of
diabetes, a good probability exists for preservation of some
endogenous beta-cell function, implying that dual therapy
or triple therapy may be sufficient. We consider the follow-
ing 8 options:

Metformin + GLP-1 agonist

Metformin + GLP-1 agonist + sulfonylurea
Metformin + DPP-4 inhibitor

Metformin + DPP-4 inhibitor + sulfonylurea
Metformin + TZD

Metformin + TZD + sulfonylurea
Metformin + GLP-1 + TZD

Metformin + DPP-4 inhibitor + TZD

PN LD =

Metformin provides the foundation. One can add an
incretin-based therapy (GLP-1 agonist or DPP-4 inhibitor).
It may be preferable to use a GLP-1 agonist, in view of
its greater effectiveness at controlling postprandial glyce-
mia and its potential for inducing weight loss. The DPP-4
plus metformin combinations have also demonstrated a
robust benefit for drug-naive patients in this A1C range.
In turn, one can add either a sulfonylurea or a TZD. The
sulfonylurea is preferred here because of its somewhat
greater efficacy and more rapid onset of action. In contrast,
if the patient is symptomatic with polydipsia, polyuria, and
weight loss, or if the patient has already been receiving
treatment and regimens similar to the aforementioned ones
have failed, then it is appropriate to initiate insulin therapy
without delay.

Insulin Therapy
Insulin therapy for patients with A1C levels exceeding
9.0% follows the same principles as outlined previously

for patients with A1C values of <9.0%. One can prescribe
basal insulin, premixed insulins, or basal-bolus insulin.

Reversal of Glucotoxicity and Lipotoxicity

Insulin therapy, properly instituted, should lower the
AIC level to close to the goal of 6.5%. In the process, it
is likely that the effects of glucotoxicity and lipotoxic-
ity on the secretory capacity of the beta cell would have
been reduced or nearly eliminated. Hence, after one has
achieved a meaningful reduction in A1C to a level below
7.5% with use of insulin therapy, one may then attempt use
of dual therapy (as described in the foregoing material) as
an adjuvant to insulin therapy, with concomitant reduction
of insulin to minimize the risks of hypoglycemic events. If
these efforts are successful, one can then attempt to discon-
tinue the use of insulin therapy and consider dual therapy
or triple therapy.

The AACE/ACE Glycemic Control Algorithm
Consensus Panel has constructed a carefully considered
rationale for the choice of each of the regimens in Figure 1
and for their order of presentation. These choices, however,
are based on general principles and statistical averages for
large groups of patients or based on meta-analyses of large-
scale studies. When managing the individual patient, the
physician must exercise judgment to weigh the benefits
and risks, or the pros and cons, of each of these options.
A brief useful overview of some of the core considerations
for selection of agents or combinations of agents is pro-
vided in Table 1. This table is not intended to be a sub-
stitute for a comprehensive review of FDA-approved pre-
scribing information.

Hypoglycemia

Perhaps the most important guiding principle of our
current algorithm is the recognition of the importance of
avoiding hypoglycemia (24-28). Severe hypoglycemia
stimulates sympathetic adrenergic discharge, causing
arrhythmias or autonomic dysfunction (or both), and has
long been recognized to have potential for causing mortal-
ity. Hypoglycemia may have a substantial negative clinical
effect, in terms of mortality, morbidity, adherence to ther-
apy, and quality of life (24). The recently reported clinical
trials of intensive therapy—ACCORD, ADVANCE, and
VADT (15-17,20,29) —have shown that intensive glycemic
control was associated with a 3- to 4-fold increase in the
incidence of hypoglycemia. In the ACCORD study, iatro-
genic hypoglycemia was associated with excess mortality
in both the intensively treated group and the conventionally
treated group (20,29). The risk of hypoglycemia increases
with advancing age and duration of diabetes, the duration
of insulin therapy (24,28), coexisting severe comorbidities,
and the presence of hypoglycemia unawareness.

Insulin and sulfonylurea are the agents that most
commonly cause hypoglycemia. The incidence of
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hypoglycemia in insulin-treated patients with type 2 dia-
betes is only one-third that in patients with type 1 diabetes
(27). The incidence of hypoglycemia necessitating emer-
gency medical treatment in insulin-treated patients with
type 2 diabetes approaches that observed for patients with
type 1 diabetes. The glinides, repaglinide and nateglinide,
are associated with a lower risk of hypoglycemia, presum-
ably because of a more physiologic time course of action
combined with somewhat lower efficacy in comparison
with sulfonylureas.

For some patients, the risk of hypoglycemia may
warrant specific choices of therapy and reevaluation of
therapeutic goals. These patients include those who have
a duration of diabetes greater than 15 years and advanced
macrovascular disease, hypoglycemia unawareness, lim-
ited life expectancy, or other serious comorbidities.

DISCUSSION

The current algorithm (Fig. 1) was developed to assist
primary care physicians, endocrinologists, and others in
the management of patients with type 2 diabetes. In this
algorithm, we consider all classes of effective drugs. We
emphasize safety and the quality of glycemic control as our
first priorities. Accordingly, we have given sulfonylureas
much less priority because use of these agents is associ-
ated with hypoglycemia, weight gain, and limited duration
of effectiveness after initiation of therapy. Placing greater
emphasis on safety and ability to achieve an A1C goal of
6.5% will result in earlier and more frequent use of the
incretin-based therapies—the GLP-1 agonists (incretin
mimetics) and the DPP-4 inhibitors. At present, only one
GLP-1 agonist (exenatide) is available. Two DPP-4 inhibi-
tors (sitagliptin and saxagliptin) are now available. On the
basis of the level of ongoing research with these 2 classes
of agents, it is likely that several new agents will become
available during the next few years. Our algorithm uti-
lizes 4 types of monotherapy, 9 types of dual therapy, and
6 types of triple therapy. We consider 5 types of insulin
therapy (basal, premixed, prandial, basal-bolus, and con-
tinuous subcutaneous insulin infusion), each of which can
be combined with a variety of orally administered agents
or with pramlintide.

This algorithm for glycemic control has the following
features:

1. It favors the use of GLP-1 agonists and DPP-4 inhibi-
tors with higher priority because of their effectiveness
and overall safety profiles. In view of the millions
of patients who have benefited from the use of these
agents and their excellent performance in a wide range
of clinical studies, in combination with the growing

literature indicating the serious risks of hypoglyce-
mia, these agents are increasingly preferred for most
patients in place of sulfonylureas and glinides.

2. It moves sulfonylureas to a lower priority because of
the associated risks of hypoglycemia, weight gain, and
the failure of these agents to provide improved glyce-
mic control after use for a relatively short period (1 to
2 years in typical patients).

3. TItuses GLP-1 agonists (incretin mimetics) and DPP-4
inhibitors as important components of the therapeutic
armamentarium.

4. It includes TZDs as “well-validated” effective agents
with demonstrated extended durability of action, but
with a lower priority for many patients in light of their
potential adverse effects, especially when TZDs are
used in combination with sulfonylureas or insulin, and
the recent confirmation of previous reports of a signifi-
cant increase in bone fractures associated with their
use in both men and women (22,23).

5. It considers 3 other classes of agents (AGIs, cole-
sevelam, and glinides) only for relatively narrow,
well-defined clinical situations, in view of their lim-
ited efficacy. The LDL cholesterol-lowering property
of colesevelam is a beneficial factor.

This algorithm is intended to provide guidance.
Individual institutions, clinics, and physicians may want
to modify it to incorporate their own experience and pref-
erences, the nature of their patient populations, second-
ary considerations such as the availability of medications
in their local formulary, and costs. They may also wish
to reconsider the choice of agents for inclusion in their
formulary.

CONCLUSION AND RECOMMENDATIONS

The current algorithm is intended for use in conjunc-
tion with a more detailed and comprehensive guideline—
for example, the AACE Diabetes Guidelines (1) and the
ACE/AACE Road Maps to Achieve Glycemic Control
(10)—and with comprehensive sets of prescribing infor-
mation and a compendium of drug-drug interactions. This
algorithm represents a significant advance relative to most
of the other available “treatment pathways” (3-9) by virtue
of its inclusiveness, rationale and justification, emphasis
on safety, documentation of supporting evidence, simplic-
ity, and anticipated ease of implementation. This algorithm
provides a foundation that can be modified in the future as
new medications and classes of medications become avail-
able or as new data become available regarding the safety,
adverse events, efficacy, and long-term outcomes associ-
ated with the medications.
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APPENDIX 1
OVERVIEW OF THERAPEUTIC AGENTS

Physicians should consult the complete prescribing
information and the general literature (for example, 30).
The following material is offered as a brief review, a pré-
cis. A summary overview of the principal benefits and risks
of the therapeutic agents used for management of type 2
diabetes is presented in Table 1 (main text). Further details
are provided in the following text.

Metformin

Metformin is a biguanide that improves the effec-
tiveness of insulin in suppressing excess hepatic glucose
production, in both the fasting and the postprandial state.
Metformin decreases excessive hepatic glucose production
in the fasting state primarily by decreasing gluconeogen-
esis and, to a lesser extent, by decreasing glycogenoly-
sis. Insulin suppression of hepatic glucose production is
enhanced in the postprandial state. Thus, metformin is
effective in decreasing both fasting and postprandial glu-
cose concentrations. Decreased gastrointestinal glucose
absorption, increased insulin sensitivity in peripheral tis-
sues, and enhanced synthesis of GLP-1 may have minor
roles. Metformin often has beneficial effects on compo-
nents of the metabolic syndrome, including mild to mod-
erate weight loss, improvement of the lipid profile, and
improved fibrinolysis.

Metformin is effective as monotherapy and in com-
bination with other antidiabetic agents, including sulfo-
nylureas, TZDs, AGIs, DPP-4 inhibitors, GLP-1 agonists,
and pramlintide. It can also be used in combination with
insulin. Because of it relatively short duration of action, it
is usually administered 2 to 3 times daily and is best toler-
ated if taken with meals. A long-acting, once-daily formu-
lation is also available. The maximal recommended dosage
is 2,500 mg daily, although little additional benefit is seen
with dosages exceeding 2,000 mg daily.

Side effects include a metallic taste, anorexia, nausea,
abdominal pain, and diarrhea. These symptoms are mini-
mized by initiating therapy at a low dosage of 500 mg daily
and gradually increasing to the maximal effective dose.
Gastrointestinal side effects usually diminish with contin-
ued use, although some patients do not tolerate metformin
well and discontinue the medication or fail to achieve fully
effective doses.

Lactic acidosis is an extremely rare but serious com-
plication of metformin use. Because metformin is primar-
ily excreted by the kidneys, impaired renal function may
result in excessive plasma concentrations of metformin
and predispose to lactic acidosis. Therefore, impaired renal
function is a contraindication for use of metformin. In clin-
ical practice, this is defined as a plasma creatinine concen-
tration of =1.5 mg/dL for men and =1.4 mg/dL for women

or a creatinine clearance of <60 mL/min. Metformin is also
contraindicated in patients who are at increased risk for
lactic acidosis because of other conditions—for example,
patients with congestive heart failure requiring pharmaco-
logic management, elderly patients with decreased creati-
nine clearance, active liver disease, chronic alcohol abuse,
or sepsis, or patients who have other acute illnesses with an
associated risk of decreased tissue perfusion or hypoxemia.
Metformin is also contraindicated during intravenous
administration of radiographic contrast material, which
may impair renal function.

When used as monotherapy, metformin has a very low
risk of hypoglycemia. When metformin is used in combi-
nation with an insulin secretagogue or insulin, however,
hypoglycemia may occur. Another rare adverse effect of
metformin is megaloblastic anemia due to impaired absorp-
tion of vitamin B ,. This can be prevented by administra-
tion of vitamin B, ,.

Insulin Secretagogues

Insulin secretagogues include the sulfonylureas,
repaglinide, and nateglinide. Sulfonylureas stimulate the
delayed, second phase of insulin secretion after meal inges-
tion and have little effect on first-phase insulin secretion.
These characteristics may result in fasting or late postpran-
dial hypoglycemia, which is the most severe adverse side
effect of the sulfonylureas.

Repaglinide has a more rapid onset of action and a
shorter duration of action in comparison with the sulfonyl-
ureas. These features result in earlier insulin secretion and a
somewhat decreased risk of late postprandial hypoglycemia.
For achievement of maximal benefits, however, administra-
tion before each meal is necessary. Nateglinide also has a
rapid onset of action and a short duration, increases both the
first and second phases of insulin secretion, and is primarily
glucose dependent in its action. Like repaglinide, its major
effect is to reduce postprandial hyperglycemia, and it should
be administered before each meal. Most of the beneficial
effects of insulin secretagogues are achieved at submaxi-
mal doses, and if adequate glucose control is not achieved,
adding a second agent of a different class is generally more
effective than increasing the insulin secretagogues to their
maximal dosage level. The durability of effectiveness of sul-
fonylureas is less than with TZDs or AGIs.

The major side effect of sulfonylureas is hypogly-
cemia. This occurs more commonly with the long-acting
sulfonylureas, chlorpropamide and glyburide, than with
shorter-acting compounds. Mild to moderate weight gain is
frequently observed. When sulfonylureas are used in com-
bination with insulin or TZDs, risks of weight gain, fluid
retention, and congestive heart failure are increased.

Thiazolidinediones
The TZDs first became available for treatment of
patients with type 2 diabetes in the mid-1990s. The first
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approved TZD, troglitazone, was associated with rare
cases of liver damage, leading to liver failure and death;
therefore, its use was discontinued approximately 10 years
ago. The currently available TZDs, pioglitazone and rosi-
glitazone, are effective insulin-sensitizing agents. These
agents increase the insulin sensitivity of skeletal muscle,
adipose tissue, and, to a lesser extent, the liver, resulting in
increased insulin-stimulated glucose uptake and metabo-
lism and improved insulin-mediated suppression of hepatic
glucose production. They also stimulate the formation of
pre-adipocytes in peripheral adipose tissue, accompanied
by decreases in ectopic fat deposition, plasma free fatty
acid concentration, and insulin resistance.

When used as monotherapy or in combination with
other antidiabetic agents (including insulin), TZDs are
effective in decreasing both fasting and postprandial glu-
cose concentrations. When used as monotherapy, they do
not cause hypoglycemia. When TZDs are used with insu-
lin secretagogues or insulin, however, hypoglycemia can
occur. The major side effect of the TZDs is weight gain,
due to both increased adipose tissue mass and fluid reten-
tion. Peripheral edema occurs in some patients and typi-
cally responds poorly to loop diuretics and angiotensin-
converting enzyme inhibitors. Mild anemia may occur.

The TZDs not only are effective in the management of
hyperglycemia but also have beneficial effects on the lipid
profile, with lowering of plasma triglycerides, increas-
ing the level of high-density lipoprotein cholesterol, and
decreasing small, dense LDL cholesterol. The associated
weight gain and fluid retention, however, may precipitate
congestive heart failure (19). In patients with New York
Heart Association class I1I or class IV congestive heart fail-
ure, TZDs are contraindicated. Weight gain can be a major
problem for patients who are overweight or obese. An
extensive but highly controversial meta-analysis suggested
the possibility of increased ischemic heart disease associ-
ated with use of rosiglitazone. Subsequent, more definitive
analyses, however, have indicated that rosiglitazone has no
effect, positive or negative, on the occurrence of cardio-
vascular disease. A 1.5- to 2.5-fold increased risk of bone
fractures has been documented in both men and women
using TZDs (22,23).

a-Glucosidase Inhibitors

The AGIs, acarbose and miglitol, inhibit the conver-
sion of oligosaccharides into monosaccharides at the intes-
tinal brush border and thereby decrease the rise in plasma
glucose concentrations after ingestion of complex carbo-
hydrates. Although the main effect of AGIs is to decrease
postprandial hyperglycemia in patients with type 2 diabetes,
their use is also associated with a slight decrease in fast-
ing glucose concentrations. This change is probably attrib-
utable to an overall improvement in glycemic control and

reduction of glucose toxicity. They are effective as mono-
therapy or in combination with other antidiabetic agents,
particularly if the diet contains at least 50% carbohydrate.

The major side effects of AGIs are gastrointestinal
and include abdominal discomfort, increased formation
of intestinal gas, and diarrhea. These adverse gastrointes-
tinal effects are due to excessive amounts of carbohydrate
reaching the large intestine and undergoing bacterial fer-
mentation. Acarbose is not substantially absorbed from the
gastrointestinal tract, whereas miglitol is absorbed rapidly
and excreted by the kidneys. Acarbose, however, is metab-
olized by bacterial action in the colon, and its metabolites
are absorbed, conjugated, and excreted in bile. Rare cases
of cholestatic jaundice have been reported. Effectiveness
is moderate in people consuming a typical Western diet,
and AGIs are most effective when the diet contains large
amounts of complex carbohydrates, as is typical of many
Asian diets. The risk of hypoglycemia is minimal when
AGIs are used as monotherapy. Hypoglycemia may occur
when AGIs are used in combination with insulin secreta-
gogues or insulin therapy. When hypoglycemia does occur,
it must be treated with glucose, inasmuch as digestion
and absorption of sucrose and complex carbohydrates are
inhibited by these drugs.

Dipeptidyl-Peptidase-4 Inhibitors

The DPP-4 inhibitors decrease the metabolism of the
incretin hormones, GLP-1 and gastric inhibitory polypep-
tide, by inhibition of the DPP-4 enzyme, which removes
the 2 end-terminal amino acids and causes rapid inactiva-
tion of these gastrointestinal hormones. Active GLP-1 and
gastric inhibitory polypeptide plasma levels are increased
approximately 2-fold after meal ingestion. This results in
increased first-phase insulin secretion, suppression of glu-
cagon secretion in the postprandial state, and improved
suppression of hepatic glucose production and peripheral
glucose uptake and metabolism. Hepatic glucose produc-
tion is also decreased in the fasting state; the result is lower
fasting plasma glucose concentrations. Thus, the DPP-4
inhibitors decrease both fasting and postprandial glucose
levels. In clinical trials, they have effectiveness similar to
that of metformin and sulfonylureas. Because the effects
of GLP-1 on insulin and glucagon secretion are glucose
dependent, there is insignificant risk of hypoglycemia
when it is used as monotherapy or in combination with
metformin or a TZD. The currently available DPP-4 inhibi-
tors, sitagliptin and saxagliptin, are conveniently adminis-
tered once daily. Sitagliptin is eliminated almost entirely
by the kidneys; its dosage must be reduced for patients
with moderate or severe renal insufficiency. Saxagliptin
is likewise primarily excreted by the kidneys but is also
subject to hepatic metabolism; its dosage must be reduced
only in subjects with severe renal insufficiency. No major
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long-term toxicities have been reported. Rare allergic reac-
tions have been described.

Long-Acting GLP-1 Analogues

Currently, one long-term GLP-1 analogue is avail-
able for clinical use, although several others are in various
stages of development and may become available in the
near future. The currently available compound, exenatide,
is a biosynthetic version of a salivary peptide from a liz-
ard, the Gila monster. Exenatide has approximately 50%
homology to human GLP-1 but is highly resistant to inac-
tivation by the DPP-4 enzyme. The binding of exenatide
to the human GLP-1 receptor results in glucose-dependent
stimulation of insulin secretion and glucose-dependent
suppression of glucagon secretion. Exenatide is adminis-
tered by injection twice daily and is effective in decreas-
ing both fasting and postprandial plasma glucose concen-
trations. Exenatide has central nervous system effects to
reduce appetite and increase the sense of satiety; the out-
come is decreased food intake and weight loss. The major
side effects are gastrointestinal, with nausea and vomiting
in some patients. These effects are dose related and usu-
ally wane over time. Exenatide is administered at a low
dosage (5 ug twice daily) for the first 4 weeks of treat-
ment and then increased to a higher dosage (10 ug twice
daily) after the gastrointestinal side effects have abated.
Overall effectiveness is generally very good when exena-
tide is added to single- or dual-agent regimens involving
metformin, sulfonylureas, or TZDs. Currently, exenatide
is not approved for use as monotherapy or in combination
with insulin.

Additional effects that have been observed with long-
acting GLP-1 agonists are substantial reductions in plasma
triglyceride levels, diminished liver fat content, and
decreased systolic and diastolic blood pressures. To what
extent these are direct effects of the drugs or are attribut-
able to weight loss is not yet clear.

Bile Acid Sequestrants

Colesevelam is a bile acid sequestrant used primarily
to treat hypercholesterolemia, either as monotherapy or
in combination with hydroxymethylglutaryl-coenzyme A
reductase inhibitors. Colesevelam also reduces the blood
glucose level in patients with type 2 diabetes mellitus, par-
ticularly in persons inadequately controlled with metfor-
min, a sulfonylurea, or insulin. The major side effect of
colesevelam is constipation; thus, it should not be used in
patients with gastroparesis or other gastrointestinal motil-
ity disorders, in patients after major gastrointestinal surgi-
cal procedures, and in others at risk for bowel obstruction.
Other side effects include an increase in the level of serum
triglycerides and possible malabsorption of fat-soluble
vitamins.

Pramlintide

Pramlintide is a synthetic analogue that exhibits many
of the properties of the natural beta-cell hormone, amylin.
When injected preprandially, pramlintide lowers plasma
glucagon, delays gastric emptying, and promotes satiety.
The major effects are to decrease postprandial hypergly-
cemia and facilitate weight loss. Pramlintide can be used
effectively in the treatment of obese patients with type 2
diabetes who use before-meal insulin injections, with or
without orally administered antidiabetic agents. The rec-
ommended starting dose is 60 ug (10 U) injected imme-
diately before the main meal; some patients tolerate the
medication better with an initial starting dose of 30 ug (5
U) before meals. The dose should then be titrated gradually
to 120 ug (20 U), as tolerated. The major side effect is nau-
sea, which generally wanes with continued administration.
Pramlintide decreases postprandial glycemic excursions
and increases satiety. The dosage of the preprandial rapid-
acting insulin may need to be reduced and the time of its
administration may need to be delayed to compensate for
the expected reduced food intake and delayed gastric emp-
tying associated with pramlintide therapy. Hypoglycemia
may also occur if pramlintide is used in combination
with a sulfonylurea, and dosages may need to be adjusted
appropriately.

Insulin
We consider nine types of insulin (Table Al). These
can be administered in any of several regimens (Table A2).
Exogenous insulin provides replacement for the deficiency
of the natural hormone.

Physiology

Normally, insulin is delivered to the portal vein and
thus reaches the liver within seconds. When insulin is
administered subcutaneously, a very lengthy delay ensues
before it dissociates from hexamer to monomer and is then
absorbed into the circulation. Accordingly, regular human
insulin administered subcutaneously does not mimic the
normal kinetics and dynamics of endogenous insulin. As
a result, regular human insulin does not provide adequate
effect for control of postprandial glycemic excursions and
has a propensity to cause delayed hypoglycemia.

Rapid-Acting Insulin Analogues

The rapidly acting insulin analogues lispro, aspart, and
glulisine have a time course of action that closely mimics
the normal physiologic features.

Premixed Insulins

Both insulin lispro and insulin aspart are available in
mixtures with protamine. These premixed insulins provide
a time course that is suitable for coverage for breakfast
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Table A1
Outline of Various Types of Insulin

Type of insulin Trade name

Comment

Rapid-acting insulin analogues

Aspart NovoLog
Lispro Humalog
Glulisine Apidra
Premixed insulin/protamine
Aspart + aspart-protamine NovoLog Mix
Lispro + lispro-protamine Humalog Mix
Long-acting insulin analogues
Glargine Lantus
Detemir Levemir
Not recommended
Regular human insulin Humulin R
Novolin R
NPH insulin Humulin N
Novolin N

Superior to regular human insulin in terms of more

rapid action profile with reduced risk of hypoglycemia
2-5 hours after a meal or overnight

Usually used twice a day before breakfast and dinner;

provides postprandial coverage with 2 injections per
day; less flexible than use of basal-bolus therapy with
a combination of rapid-acting and long-acting
analogues

Can be used with 1 injection per day in patients with

type 2 diabetes

Can be used with 1 injection per day in patients with

type 2 diabetes; excellent reproducibility of absorption
profile within individuals; possibly less weight gain
than with other insulins

Onset of action is too slow and persistence of effect is

too long to mimic a normal prandial physiologic
profile; the result is impaired efficacy and increased
risk of delayed hypoglycemia

Does not provide a sufficiently flat “peakless” basal

insulin; highly variable absorption even within
individuals; increased risk of hypoglycemia compared
with the long-acting insulin analogues glargine or
detemir

and lunch or for dinner and the overnight period. These
mixtures or “biphasic insulins” do not result in 2 discrete
peaks. Instead, there is a single maximum at approximately
1.5 hours, followed by a slow decline. Accordingly, they
do not mimic the normal physiologic processes and are not
as effective as a fully optimized basal-bolus regimen with
use of rapidly acting insulin analogues and a long-acting
insulin analogue. Use of mixtures of regular human insulin
and NPH insulin is not recommended because the maximal
activity does not occur until approximately 2 to 2.5 hours
after injection.

Basal Insulin

NPH insulin shows wide variability in its absorption
rate from day to day, even within individuals, and does
not have a sufficiently long time course to provide a basal
insulinization for a 24-hour period. It has a pronounced

peak at approximately 9 hours. Accordingly, the long-
acting insulin analogues glargine and detemir are strongly
preferred.

The various types of insulin regimens as shown in
Table A2 are discussed in the main body of the text.

Drug-Drug Interactions

Thiazide diuretics, niacin, and p-adrenergic block-
ing agents are well known to impair glucose homeosta-
sis (31). Systemic administration of glucocorticoids can
severely impair glucose tolerance. One should be cau-
tious when initiating therapy with these agents in patients
with diabetes and should anticipate an increased risk of
hypoglycemia when one of these agents is discontinued.
Angiotensin-converting enzyme inhibitors and angiotensin
receptor blockers have demonstrated beneficial metabolic
effects.
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Table A2
Summary of Insulin Regimens
Components and Injections
Insulin regimen frequency of administration per day
Basal Glargine or detemir (daily or twice a day) 1or2
Premixed NovoLog Mix or Humalog Mix (usually twice a day; 2
occasionally used daily or 3 times a day)
Prandial NovoLog, Humalog, or Apidra (usually 3 times a day) 3
Basal-bolus (multiple daily NovoLog, Humalog, or Apidra (usually 3 times a day) 4
injections) in combination with glargine or detemir (daily)

Continuous subcutaneous NovoLog, Humalog, or Apidra Continuous

insulin infusion

Combined use of any 2 agents that are independently
capable of producing hypoglycemia is likely to increase
the risk of hypoglycemia. Accordingly, it is customary to
reduce the dosage of one or both agents when a second
agent is added and to proceed cautiously. The most impor-
tant interactions of antidiabetic agents are those among sul-
fonylureas, TZDs, and insulin; combined use of any 2 or
all 3 of these agents may result in increased risk of weight
gain, retention of fluid, and hypoglycemia.

The combination drug trimethoprim-sulfamethoxa-
zole has been associated with a 6.6-fold increased risk of
hypoglycemia (32), and case reports of extreme hypogly-
cemia have been reported. The “floxacin” antibiotics have
been associated with a small risk of hyperglycemia and an
even smaller risk of hypoglycemia (33).

There is a strong interaction of gemfibrozil with repag-
linide and TZDs, resulting in considerable elevation of
plasma levels of repaglinide (34) or TZDs. Fortunately,
gemfibrozil is now less commonly used than in the past
for management of dyslipidemia. Sulfonylureas are metab-
olized by CYP2C9. Thus, agents that induce or inhibit
CYP2C9 can potentially affect the metabolism of sulfonyl-
ureas. Major drug-drug interactions have not been reported
for nateglinide.

Metformin is eliminated by tubular secretion and glo-
merular filtration. Metformin may potentially compete
with other cationic drugs, such as cimetidine, for renal
secretion (35). In principle, rosiglitazone and pioglitazone
metabolism could be affected by inhibitors or inducers of
CYP2CS, but substantial drug-drug interactions have not
been reported (36,37).

Acarbose and miglitol do not appear to have appre-
ciable metabolic interactions. These drugs are associated
with a small decrease in the absorption of digoxin and an
increase in absorption of warfarin (38,39). Exenatide may

slow absorption of some medications, such as acetamino-
phen and digoxin. There do not appear to be any important
metabolic interactions for sitagliptin.
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OBJECTIVE — 11-B-hydroxysteroid dehydrogenase type 1 (118HSD1) converts inactive
cortisone into active cortisol, thereby amplifying intracellular glucocorticoid action. The efficacy
and safety of the 11BHSD1 inhibitor INCB13739 were assessed when added to ongoing met-
formin monotherapy in patients with type 2 diabetes exhibiting inadequate glycemic control
(A1C 7-11%).

RESEARCH DESIGN AND METHODS — This double-blind placebo-controlled par-
alleled study randomized 302 patients with type 2 diabetes (mean A1C 8.3%) on metformin
monotherapy (mean 1.5 g/day) to receive one of five INCB13739 doses or placebo once daily for
12 weeks. The primary end point was the change in A1C at study end. Other end points included
changes in fasting glucose, lipids, weight, adverse events, and safety.

RESULTS — After 12 weeks, 200 mg of INCB13739 resulted in significant reductions in A1C
(—0.6%), fasting plasma glucose (—24 mg/dl), and homeostasis model assessment—insulin re-
sistance (HOMA-IR) (—24%) compared with placebo. Total cholesterol, LDL cholesterol, and
triglycerides were all significantly decreased in hyperlipidemic patients. Body weight decreased
relative to placebo after INCB13739 therapy. A reversible dose-dependent elevation in adreno-
corticotrophic hormone, generally within the normal reference range, was observed. Basal cor-
tisol homeostasis, testosterone in men, and free androgen index in women were unchanged by
INCB13739. Adverse events were similar across all treatment groups.

CONCLUSIONS — INCB13739 added to ongoing metformin therapy was efficacious and
well tolerated in patients with type 2 diabetes who had inadequate glycemic control with
metformin alone. 11BHSD1 inhibition offers a new potential approach to control glucose and
cardiovascular risk factors in type 2 diabetes.

Diabetes Care 33:1516-1522, 2010

From the 'Dallas Diabetes and Endocrine Center at Medical City, Dallas, Texas; the *Tulane University
Health Sciences Center, New Orleans, Louisiana; the *Yale University School of Medicine, New Haven,
Connecticut; *Incyte Corporation, Wilmington, Delaware; and “The Queen’s Medical Research Institute,
University of Edinburgh, Edinburgh, U.K.

Corresponding author: Reid Huber, rhuber@incyte.com.

Received 18 December 2009 and accepted 15 April 2010. Published ahead of print at http:/care.
diabetesjournals.org on 22 April 2010. DOIL 10.2337/dc09-2315. Clinical trial registry no.
NCT00698230, www.clinicaltrials.gov.

*A complete list of the INCB 13739-202 Principal Investigators is available in the online appendix at
http://care.diabetesjournals.org/cgi/content/full/dc09-2315/DC1.

© 2010 by the American Diabetes Association. Readers may use this article as long as the work is properly
cited, the use is educational and not for profit, and the work is not altered. See http://creativecommons.
org/licenses/by-nc-nd/3.0/ for details.

The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

he phenotypic similarities between
obesity, type 2 diabetes, and Cush-
ing’s syndrome have sparked con-
siderable interest in the plausible role for
endogenous glucocorticoids in the patho-
genesis of type 2 diabetes. 11BHSD1 is an
11B-reductase that catalyzes the intracel-
lular conversion of inactive cortisone into
active cortisol (1). 11BHSD1 is expressed
in specific tissues, most notably in liver,
adipose, vasculature, brain, and macro-
phages (2,3), where it increases intracel-
lular cortisol levels but does not participate
inadrenal cortisol biosynthesis from choles-
terol. 11BHSD1 activity is elevated in adi-
pose tissue of obese rodents and humans
(4,5). Mice engineered with similarly in-
creased adipose tissue 11BHSDI1 activity
exhibit increased weight and visceral fat
mass, insulin resistance, hyperlipidemia,
hyperphagia, and hypertension (6,7). Re-
duction of intracellular glucocorticoid lev-
els via 11BHSD1 gene deletion (8-10),
inhibition (11), or ectopic expression of the
cortisol-inactivating enzyme 11BHSD2 in
adipose tissue (12) is sufficient to drive re-
sistance to weight gain on a high-fat diet,
improve glucose tolerance and insulin sen-
sitivity, and attenuate dyslipidemia in ro-
dents. These data suggest that 113HSD1
inhibition may provide a novel treatment to
reduce hyperglycemia and macrovascular
disease risk in type 2 diabetes.
INCB13739 is an oral and selective
11BHSDI inhibitor being developed to
treat type 2 diabetes. We conducted a 12-
week dose-ranging study of INCB13739
added to ongoing metformin mono-
therapy in patients with type 2 diabetes to
evaluate the safety and efficacy of this
compound.

RESEARCH DESIGN AND

METHODS — This was a double-
blind randomized paralleled trial con-
ducted at 74 sites in the U.S. and six sites
in Puerto Rico (NCT00698230). The
study consisted of five periods: screening,
metformin dose stabilization, 14-day pla-
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cebo single-blind run-in, 12-week dou-
ble-blind treatment, and 3-week off-
treatment follow-up. The study was
conducted pursuant to the Declaration of
Helsinki and was approved by institu-
tional review boards at participating sites.
Patients provided informed consent be-
fore screening.

Patients (1875 years) with type 2 di-
abetes, a BMI between 25 and 45 kg/mz,
and A1C between 7-11% while taking
metformin monotherapy at a stable dose
for =10 weeks were eligible. Exclusion
criteria included a medical history of dis-
orders involving glucocorticoid, miner-
alocorticoid, or androgen excess; a history
of type 1 diabetes or secondary forms of
diabetes; previous insulin therapy; tri-
glycerides >500 mg/dl; and treatment
with any oral, systemic, topical, or in-
haled glucocorticoids, thiazolidinedi-
ones, or exenatide within 3 months of
screening. No inclusion criteria were
specified for cholesterol or blood pressure
and patients could enter the study on
(and maintain) any hypolipidemic or an-
tihypertensive regimen.

Patients were randomized equally to
once-daily INCB13739 (5, 15, 50, 100, or
200 mg) or placebo. Dose selection was
based on phase 1 pharmacokinetic and
pharmacodynamic data, with the goal of
evaluating regimens that achieve different
degrees of inhibition, from <50 to
>00%, with the duration of inhibition
varying across the five dose levels. Pa-
tients with a fasting plasma glucose (FPG)
>270 mg/dl through week 8 or >240
mg/dl subsequently were discontinued
and offered rescue therapy.

The primary end points were the
change from baseline to week 12 com-
pared with placebo in A1C, safety, and
tolerability. Secondary end points in-
cluded the change from baseline to week
12 compared with placebo in FPG and
lipid profiles and the proportion of pa-
tients achieving an A1C =7% at week 12.
Tertiary end points included the change
from baseline in homeostasis model as-
sessment—insulin resistance (HOMA-IR),
weight, blood pressure, and the propor-
tion of patients meeting rescue therapy
criteria.

Study assessments

On-treatment study visits occurred at
weeks 2,4, 8, and 12 and a follow-up visit
at week 15 off treatment. Fasting blood
samples were collected after a minimum
10-h fast. Salivary samples were collected
between 2200 and 2400. All assays were

performed by Covance Central Labs.
Monitoring for adverse events (AEs) (in-
tensity, duration, outcome, and causal-
ity), physical examinations, vital signs,
body weight and morphometrics, 12-lead
electrocardiograms, and safety laboratory
assessments including hematology, se-
rum chemistry, and urinalysis were also
performed.

Statistical analysis

There were 40 patients per group com-
pleting week 12 who provided 90%
power to detect amean 0.6% difference in
A1C between the 200-mg group and pla-
cebo assuming an E,_ . dose-response
model (13) with a half-maximal stimula-
tion (EDs) of 30 mg and an SD in A1C of
1.2%. This E,, model is commonly used
for phase 2 dose-ranging studies and was
prespecified with the following optimal
linear contrast: —0.45666 (placebo),
—0.31381 (5 mg), —0.12333 (15 mg),
0.168336 (50 mg), 0.312566 (100 mg),
and 0.412901 (200 mg) based on the
half-maximal concentration (EDs,) = 30
mg assumption. The study was powered
for A1C alone and not for lipids or blood
pressure. Two populations were prespeci-
fied: the evaluable analysis set was de-
fined as all patients randomized who have
completed the 12 weeks of study treat-
ment with =80% compliance; and the
full analysis set was defined as all patients
randomized who have taken at least one
dose of study drug with any missing
week 12 data imputed by last observa-
tion carried forward. The A1C and FPG
end points were prespecified to be ana-
lyzed using the evaluable analysis set;
all other efficacy end points were pre-
specified to be analyzed using the full
analysis set.

For all end points, treatment effect
was assessed using a linear model with
treatment as the model factor and baseline
as a covariate. Changes from baseline
were estimated with 90% ClIs from the
model.

RESULTS — The disposition of pa-
tients is in supplementary Fig. 1, found in
an online appendix available at http://
care.diabetesjournals.org/cgi/content/full/
dc09-2315/DC1. Baseline assessments
were performed in 302 patients who en-
tered the treatment phase of the study,
and 228 patients (75%) completed the
12-week treatment period. The most
common reasons for discontinuation
were loss to follow-up (5%), withdrawal
of consent (5%), lack of efficacy (4%),

Rosenstock and Associates

noncompliance with study procedures/
medication (4%), and adverse events
(4%), none of which related to the dose
level of study medication. The clinical
characteristics of the population at base-
line were similar between treatment
groups (supplementary Table 1): the
mean duration of diabetes was 6.2 years,
BMI 32.4 kg/m?, A1C 8.3%, and FPG 173
mg/dl.

Efficacy

At week 12, treatment with INCB13739
resulted in a dose-dependent reduction in
A1C (Pga = 0.016; Table 1, Fig. 1A).
The placebo-adjusted least-squares (LS)
mean difference from baseline in A1C
reached statistical significance for the
100-mg (—0.47%; P < 0.05) and 200-mg
(—0.56%; P < 0.01) groups. A1C de-
creased compared with placebo in a time-
dependent manner, reaching its maximum
atweek 12 (Fig. 1B). A greater proportion of
patients (25%) randomized to 100 or 200
mg INCB13739 achieved an A1C <7%
when compared with placebo (9.5%) at
week 12. In a predefined subgroup analysis
in patients with a baseline A1C =8%, the
response to INCB13739 was more pro-
nounced, with the 50-, 100-, and 200-mg
groups achieving a significant (P < 0.05)
change in A1C from baseline of —0.65 to
—0.72%. The placebo-adjusted change in
A1C for the 100- and 200-mg groups was
greater in subjects with a baseline BMI >30
kg/m” (—0.53% and —0.93%, respectively)
than in subjects with a baseline BMI =30
kg/m? (—0.35% and —0.17%, respec-
tively). The number of patients requiring
rescue therapy (12) did not differ signifi-
cantly between treatment groups. FPG de-
creased in a dose- and time-dependent
manner in the 100- and 200-mg treatment
groups (Fig. 1C) and reached statistical sig-
nificance (P < 0.01) from placebo in the
200-mg group with an LS mean difference
of —24.1 mg/dl. A dose-dependent reduc-
tion in HOMA-IR was observed, reaching
significance (P < 0.05) in the 200-mg
group with an LS mean difference of —1.32
(—24%), suggesting an insulin-sensitizing
mechanism of action.

Body weight decreased with INCB13739
treatment, with statistical significance
from baseline (P < 0.05) achieved in the
15(—0.6kg), 100 (—1.1 kg),and 200 mg
(—0.9 kg) treatment groups (Table 1).
Waist-to-hip ratio did not change with
treatment.

Plasma lipids and blood pressure
were generally well controlled at baseline
(supplementary Table 1). Treatment with
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Figure 1—Glycemic efficacy. A: LS mean (SE) change from baseline in A1C at week 12. B: LS
mean difference (SE) from placebo in A1C from baseline to week 12 in the 100-mg (@) and 200-mg
(O) treatment groups. C: LS mean difference (SE) from placebo in FPG from baseline to week 12
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INCB13739 resulted in a modest dose-
dependent (P,.,q = 0.026) decrease in
total cholesterol, reaching a maximum of
—7 mg/dl (—3%) from baseline in the
200-mg group (Table 1). In a prespecified
analysis, patients with Adult Treatment
Panel (ATP) III defined hyper-lipidemia
(total cholesterol >200 mg/dl; LDL cho-
lesterol >130 mg/dl) or hyper-triglyceride-
mia (>200 mg/dl) at baseline exhibited a
greater improvement, reaching statistical

significance (P < 0.05) in the 100-mg
group for all three lipid categories (cho-
lesterol —16 mg/dl, —6%; LDL —17 mg/
dl, —10%; triglycerides —74 mg/dl,
—16%). Similar responses were observed
in the 200-mg group, but these did not
reach significance, possibly because of the
smaller size of the subgroups. Changes in
HDL and free fatty acids were not signifi-
cantly different between the treatment
groups. Systolic and diastolic blood pres-

sure did not change appreciably during
the study.

Safety

Treatment with INCB13739 was well tol-
erated and AEs were reported at similar
frequencies across all treatment groups
(Table 2). No drug-related serious AEs oc-
curred in the trial. One death occurred in
the 200-mg group because of complica-
tions after a serious AE of acute ischemia
of the lower extremities. This AE occurred
~2 weeks after the last dose of study med-
ication in a subject with preexisting con-
gestive heart failure and aortic valvular
disease. The death was due to cardiac
arrest immediately after induction of
anesthesia before bilateral iliofemoral
embolectomy. The AE was judged by the
investigator as unrelated to study med-
ication. No hypoglycemic events were
reported during the treatment phase of
the trial. The most frequent AEs re-
ported were typical for this population
and did not exhibit dose dependence.
There were four reports of nausea in the
200-mg group (compared with one in
the placebo group); however, all of
these resolved during continued dosing
and three were categorized by the inves-
tigator as unrelated to study medica-
tion. There were no clinically relevant
differences between treatment groups
in electrocardiograms, hematology, se-
rum chemistry, or urinalysis.

The anticipated compensatory activa-
tion of the hypothalamic-pituitary-
adrenal axis to overcome reduced cortisol
regeneration on 11BHSD1 inhibition was
evaluated. INCB13739 caused a dose-
related increase in morning plasma ACTH
and the ACTH-sensitive adrenocortico-
steroid dehydroepiandrosterone sulfate
(DHEAYS) levels, although mean concen-
trations of both hormones remained
within laboratory reference ranges (Table
2). ACTH and DHEAS rises after
INCB13739 reached a plateau at week 4
(+102 and +54%, respectively, versus
+19 and +6% in the placebo group); did
not exhibit a further increase at week 12,
even in the 200-mg treatment group
(+114% and +55%, respectively); and re-
turned to baseline levels by the 3-week fol-
low-up visit (Fig. 2A and B). Morning
plasma cortisol and evening salivary cortisol
levels were unaltered by INCB13739 at any
dose (Fig. 20), suggesting that the rise in
ACTH was a compensatory response.

DHEAS is a precursor for androgen
biosynthesis. INCB13739 treatment re-
sulted in a dose-related increase in morn-
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Table 1—Efficacy assessments

Placebo 5 mg 15 mg 50 mg 100 mg 200 mg
Baseline A1C (%) 83*x1 82=*1 83*x1 83=*1 82=*1 82=*x1
ALC (%) 0.09+01 —021+01% —011+01 —0.09*02 —038+0.17] —047*0.1%#
ALC =8% —0.10+02 —039*02] —024%02 —0.65%03% —0.72=021 —0.65%0.2%%
Subgroup n 23 23 18 11 16 19
BMI >30 kg/m” 0.17*0.1 —-0.24£02*¢ —-0.10%£02 —0.25*0.2% —036 £ 02T —0.76 = 0.2%#
Subgroup n 29 23 26 15 26 18
Baseline FPG (mg/dl) 179 = 51 172 = 41 175 = 44 178 £ 53 170 £ 64 165 = 41
FPG (mg/dD) 126 £ 6.1 6.0*63 23*64 —4.7 £ 7.2% —-16*6.1* —11.5 *6.2%8
C-peptide (pmol/) —9.48 = 40 —9.84 * 41 —14.0 x 41 —39.6 = 45 —32.2 39 —47.4 =40
HOMA-IR 0.25 £ 0.4 —0.29 £ 0.4 033 0.4 —042£0.5 —0.51 £ 04 —1.06 = 0.47|
HOMA-B —39=*41 —392 £42 4.78 = 4.2 6.67 * 4.6% —235%41 258 = 4.1
Cholesterol (mg/dl) 12*+4 —-0.7%x4 —-12*4 -39+ 4 —6.6 * 4* —7.3 % 4*
=200 mg/dl —10.0 £6 —11.6 £5 —124£7 157 —16.2 = 5| —18.5 = 68
Subgroup n 19 22 14 12 28 20
LDL cholesterol (mg/dl) 23*4 —-12*4 04 =*4 —7.0 = 48 —4.6 + 38 —43*3
=130 mg/dl —-85=*8 —193 £8 —9.7*9 —85=* 13 —17.0 = 6| —143£8
Subgroup n 12 10 9 6 18 12
HDL cholesterol (mg/dl) 08=*13 -04+12 12+13 12*+14 04=x12 08=*x1.2
<40 mg/dl 3.5 %198 0.8 %20 27x1.06 2.7 *1.7 5.0x20 19*+138
Subgroup n 13 12 21 17 14 14
Triglyceride (mg/dl) 0.0 £ 12 —44x12 —274=*5 —124 =13 —11.5=* 12 —10.6 £ 12
=200 mg/dl —19.5 £ 28 —3.5* 28 —105.3 = 31 —57.5*29 —74.3 = 27| —55.8 £ 29
Subgroup n 16 17 13 15 18 15
FFA (mmol/l) 0.0 £0.03 —0.03 £0.03 0.02 £0.03 —0.01 £0.03 —0.03 £0.03 0.0 £0.03
Systolic blood pressure (mmHg) 09=*16 -03x15 01716 12*16 05=*15 —-04=*15
Diastolic blood pressure (mmHg) 12+1.0 0.0=*1.0 14+10 —-02=*1.1 —05=*1.0 —-08=*10
Weight (kg) —02+03 —05+038 —0.6=* 04| 0.0 + 0.4 —11+03%  —09*03#
Waist-to-hip ratio —0.01 £0.01 0.02 £0.01% 0.0 £0.01 —0.01 £0.01 —0.02 £0.01 —0.01 £0.01

Data are LS mean change from baseline = SEM unless noted. *P < 0.1, ¥P < 0.05, ¥P < 0.01, active vs. PBO. §P < 0.1, ||[P < 0.05, #P < 0.01, week 12 vs.

baseline.

ing fasting serum androstenedione (A4),
although mean concentrations remained
within the laboratory reference range (Ta-
ble 2). In males, there were no differences
between treatment groups in total testos-
terone, sex hormone-binding globulin
(SHBG), or free androgen index (FAID). In
females, total testosterone (available at
baseline and week 8) increased in a dose-
dependent manner with mean concentra-
tions within the laboratory reference
range. Maximal concentrations were ob-
served in the 200-mg group (1.8 vs. 1.3
nmol/l in the placebo group; P < 0.05).
These changes occurred alongside mod-
est increases in SHBG (assessed at week
12), apparent in the 50- and 100-mg
groups (P < 0.05), but not the 200-mg
group. Importantly, there were no signif-
icant differences between treatment
groups in calculated FAI in females (pla-
cebo = 6.9; INCB13739 range =
5.7-8.2).

CONCLUSIONS — The results from
this study indicate, for the first time, that

decreasing local cortisol exposure
through 11BHSDI1 inhibition improves
hyperglycemia over 12 weeks in patients
with type 2 diabetes. The addition of
once-daily INCB13739 in patients inade-
quately controlled with metformin signif-
icantly reduced A1C, FPG, and HOMA-
IR. These effects were dose dependent,
and the greatest improvements were
achieved at the highest dose administered
(200 mg), with evidence for a more pro-
found A1C reduction in subjects with a
BMI >30 kg/m?, compatible with ele-
vated 11BHSDI in adipose tissue in
obesity. Preliminary data from pharmaco-
kinetic analyses (data not shown) indicate
that the 100- and 200-mg groups
achieved, 4 h after administration, mean
free drug exposures that reached 100 mg
or exceeded 200 mg, the concentrations
required to inhibit 90% of the enzyme ac-
tivity in cellular assays; however, only the
200-mg group retained such a mean ex-
posure at the end of the dosing interval.
Thus, glycemic efficacy may be associated
with a high degree of enzyme inhibition,

and it is possible that greater glycemic im-
provement might be achieved with in-
creased dose levels or frequency of
administration.

Plasma lipids were generally well con-
trolled in this population, and 30% of pa-
tients were receiving lipid-lowering
medications. INCB13739 treatment re-
sulted in a dose-dependent reduction in
total cholesterol, and while of modest
magnitude, these changes also associated
with directional beneficial trends in LDL
cholesterol and triglycerides. Of interest,
patients who met ATP III criteria for “bor-
derline high” LDL cholesterol (>130 mg/
dl), total cholesterol (>200 mg/dl), or
“hyper-triglyceridemia” (>200 mg/dl)
exhibited a larger improvement in all
three lipid parameters. The magnitude of
effect was equivalent in the 100- and
200-mg groups, reaching statistical sig-
nificance for the 100-mg group, which
had the largest subgroup size.

INCB13739 treatment resulted in a
dose-dependent modest decrease in body
weight of ~1 kg at the highest dose stud-
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Table 2—End point endocrine assessments and safety summary

Reference range Placebo 5mg 15 mg 50 mg 100 mg 200 mg
Endocrinology
ACTH 1.6-13.9 pmol/l 49+09 8.3 *0.9% 7.1 %09 9.2 = 1.0 9.4 £ 0.9% 11.2 £ 0.9%
Aldosterone 111-859 pmol/l 218 £ 23 198 * 24 208 * 25 204 =28 204 23 276 * 24
Renin 3.5-65.6 pg/ml 249 £7.6 260 £75 38.1 78 19.8 = 8.7 18773 28.0* 7.5
DHEAS, & 0.14-18.73 pwmol/l 4.1 £0.6 3.7*0.6 52*0.6 5.0*0.7 54+0.6 6.6 £ 0.7F
DHEAS, @ 0.19-10.61 pmol/l 23x0.06 35*0.7 4.2 £ 0.6F 34 %07 35*0.6 4.0 £ 0.67
A4, 38 0.8-2.9 ng/ml 1.7%x0.2 1.5*0.1 21*02 1.7£0.2 21*+02 2.6 £0.2%
A4, ? <1.0-4.3 ng/ml 1.1 £0.2 1.6 03 1.9 =037 2.2 *03% 1.6 0.2 1.8 £0.27
T,38 6.1-27.1 nmol/l 12709 11.5*0.8 10.4 = 0.9 120x1.0 11.3 %209 13909
T, ? <0.4-2.6 nmol/l 1.3+04 15203 1.7 £ 0.8t 1.6 £0.5 1.6 0.6 1.8 = 0.8%
SHBG, J& 7-70 nmol/l 259 *32 209 x28 20.6 = 3.1 235 * 37 20.8 £ 3.1 207 £ 34
SHBG, ¢ 15-120 nmol/l 23.0x 5.1 27.1 6.1 30858 399 X641 40.0=x5.17 249 5.1
FAL & NA 63958 435 x50 60.2 £55 55.8 £ 6.6 62.7 =57 533+ 6.2
FAI®, @ NA 6.9 1.1 79*x13 82*x12 57*14 72=*11 79+ 1.1
Safety and tolerability
=1 AE 23 (46) 25 (49) 22 (44) 27 (57) 25 (47) 20 (39)
Rx-related*® 3(6) 8 (16) 8 (16) 9 (19) 4(8 5(10)
=1 SAE 0 (0 1(2) 0 (0) 0 (0) 1(2) 1(2)
Rx-related* 00 00 0(0) 0(0) 00 00
d/c for AE 2% 24 2% 3(6) 1) 1(2)
AEs occurring in =3%
Nasopharyngitis 1) 4(8) 3 (6) 5(11) 3(6) 1)
Diarrhea 3(6) 3(6) 1) 3(6) 3(6) 1)
Upper respiratory 3(6) 3(6) 24 24 24 1)
tract infection
Headache 3(6) 24 5 (10) 1(2) 1) 0(0)
Arthralgia 0 (0) 7(14) 1(2) 24 0 (0) 0 (0)
Cough 0(0) 1(2) 24 1) 3(6) PAC))
Nausea 1) 2(4) 0(0) 1(2) 1(2) 4(8)

Endocrine data are week 12 LS mean =SEM unless otherwise noted. Androgens and their precursors are categorized by sex. Central lab normal reference ranges are
provided. Treatment emergent AE data are n (%) for all AEs or for those occurring in at least 3% of patients. A4, androstenedione; d/c, discontinuation; FAIL, free
androgen index; SAE, serious adverse event; T, testosterone. *Determined by the investigator to be possibly, probably, or definitely drug related. TP < 0.05; P <
0.01, active vs. PBO. °T Q@ and FAI? reflects week 8 concentrations.

ied. This change was time dependent and
did not plateau over the 12-week treat-
ment period (data not shown). The thia-
zolidinedione insulin sensitizers increase
body weight through adipocyte differen-
tiation (14,15). As cortisol can drive adi-
pocyte differentiation and expansion
(16),itis possible that attenuating cortisol
signaling in adipose may decrease adipo-
cyte size. This has been reported in pre-
clinical models with an 11BHSD1
inhibitor (17) and suggests the potential
for positive effects of INCB13739 on total
body weight and/or regional adiposity
with longer exposure.

INCB13739 was well tolerated at all
dose levels, and there were no differences
in AE frequency relative to placebo nor
were there any apparent dose-dependent
changes in AEs.

While 11BHSDI is not involved in
adrenal cortisol biosynthesis, 11BHSD1
activity within the splanchnic bed does
contribute ~25% of total cortisol produc-

tion (18). An expected consequence of
11BHSD1 inhibition is increased clear-
ance of cortisol and compensatory hypo-
thalamic-pituitary-adrenal axis activation
to maintain blood cortisol concentra-
tions. INCB13739 treatment did result in
a dose-related increase in ACTH levels
that was generally within the normal ref-
erence range. The ACTH response
reached a plateau with the 50-mg dose at
week 4, suggesting that the maximal re-
sponse to INCB13739 had been realized.
This plateau in ACTH and its rapid return
to baseline levels after cessation of therapy
are consistent with an adaptive endocrine
process driven by reversible 113HSD1 in-
hibition. Importantly, cortisol levels and
circadian rhythm were unaltered by
INCB13739 treatment. These data indi-
cate normal hypothalamic-pituitary-
adrenal axis function after 12 weeks of
INCB13739 therapy that adjusted appro-
priately to the inhibition of 113HSD1 ac-
tivity to maintain basal cortisol

homeostasis. The leftward shift in the
ACTH dose relationship relative to effi-
cacy might reflect a greater contribution
of hepatic 11BHSD1 inhibition to
splanchnic cortisol reactivation.
Aldosterone and renin were unaltered
by INCB13739 treatment (Table 2), and
serum electrolytes were unchanged (sup-
plementary Table 2). Modest elevations in
the androgenic precursors DHEAS and
A4 paralleled changes in ACTH. Like
ACTH, these changes were generally
within the reference range, plateaued
with respect to both dose and time, and
were reversed at follow-up. The highest
concentration of DHEAS observed in this
study (13.2 wmol/l in males and females)
is equivalent to levels observed after 50
mg/day dehydroepiandrosterone supple-
ment use (19). In men, there was no
change in plasma testosterone, SHBG, or
FAI after INCB13739 treatment, consis-
tent with the testes being the main source
of androgens. In females, a modest rise in
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Figure 2—Change in ACTH, DHEAS, and cortisol. A: LS mean percent (%) change (SE) from
baseline in ACTH by treatment group and time on therapy. B: LS mean percent (%) change (SE)
from baseline in DHEAS by treatment group and time on therapy. C: LS mean (SE) cortisol
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total testosterone at week 8 was observed
that was paralleled by a rise in SHBG such
that the resulting FAI calculation was not
significantly different in any INCB13739
group compared with placebo or baseline
levels. SHBG is known to increase in re-
sponse to improved insulin sensitivity
(20), and whether the changes observed
in this study reflect this or result from
more complex endocrine adaptation to
small changes in total testosterone are un-
known. Importantly, FAI is an accepted
surrogate in clinical practice for free tes-
tosterone and a marker of biologic andro-
gen activity in women (21). No signs or
symptoms of androgen excess were ob-
served, and longer-term studies will be
required to ascertain the clinical relevance
of the small androgen changes observed.

In summary, in patients with type 2
diabetes who had inadequate glycemic
control with metformin alone, the addi-
tion of once-daily INCB13739 was well
tolerated and resulted in significant im-
provements in A1C, FPG, and HOMA-IR.
INCB13739 treatment decreased body
weight and improved cholesterol and
triglycerides in patients with hyper-
lipidemia at baseline. 11BHSD1 inhibi-
tion offers a new potential approach to
control glucose and cardiovascular risk
factors in type 2 diabetes. Further clinical
characterization of INCB13739 with long-
term controlled studies is warranted.
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OBJECTIVE — Previous reviews of the effect of oral antidiabetic (OAD) agents on A1C levels
summarized studies with varying designs and methodological approaches. Using predetermined
methodological criteria, we evaluated the effect of OAD agents on A1C levels.

RESEARCH DESIGN AND METHODS — The Excerpta Medica (EMBASE), the Med-
ical Literature Analysis and Retrieval System Online (MEDLINE), and the Cochrane Central
Register of Controlled Trials databases were searched from 1980 through May 2008. Reference
lists from systematic reviews, meta-analyses, and clinical practice guidelines were also reviewed.
Two evaluators independently selected and reviewed eligible studies.

RESULTS — A total of 61 trials reporting 103 comparisons met the selection criteria, which
included 26,367 study participants, 15,760 randomized to an intervention drug(s), and 10,607
randomized to placebo. Most OAD agents lowered A1C levels by 0.5—1.25%, whereas thia-
zolidinediones and sulfonylureas lowered A1C levels by ~1.0-1.25%. By meta-regression, a 1%
higher baseline A1C level predicted a 0.5 (95% CI1 0.1-0.9) greater reduction in A1C levels after
6 months of OAD agent therapy. No clear effect of diabetes duration on the change in A1C with
therapy was noted.

CONCLUSIONS — The benefit of initiating an OAD agent is most apparent within the first

4 to 6 months, with A1C levels unlikely to fall more than 1.5% on average. Pretreated A1C levels
have a modest effect on the fall of A1C levels in response to treatment.

Diabetes Care 33:1859-1864, 2010

ype 2 diabetes is a chronic, progres-

sive disease that requires ongoing

attention to lifestyle and pharmaco-
therapy to achieve and maintain optimal
glucose control (1). Declining 3-cell func-
tion and increasing insulin resistance over
time lead to deteriorating glycemic con-
trol and the need for increasingly intense
pharmacotherapy (1). Glycemic control is
achieved by lifestyle and pharmacother-
apy that targets fasting and postprandial
glucose levels, as well as A1C levels—a
measurement that reflects both fasting
and postprandial glucose concentrations
over a 3-month period (2).

Summaries of previous studies of oral
antidiabetic drugs (OADs) suggest that
they reduce A1C levels by 0.5-1.5% (2).
However, this estimated drop in A1C was
based on summaries of studies with vary-
ing designs, which may have led to over-
or underestimates of the true effect of
OADs. These summaries included studies
with varying completeness of follow-up
for both treatment and placebo groups,
use of placebo control subjects, sample
sizes, and durations of follow-up (3-6).
We therefore completed a systematic re-
view and meta-analysis of only those
studies that met predetermined method-
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ological criteria to estimate the effect of
OADs on A1C levels.

RESEARCH DESIGN AND
METHODS

Search strategy

We searched all relevant biomedical da-
tabases, including the Medical Litera-
ture Analysis and Retrieval System
Online (MEDLINE), the Excerpta Medica
(EMBASE), and the Cochrane Central Reg-
ister of Controlled Trials. In consultation
with a medical librarian, we developed a
search strategy based on an analysis of med-
ical subject headings, terms, and key text
words from January 1980 to the present.
A start date of January 1980 was inten-
tionally chosen because A1C assays were
becoming routinely available in the early
1980s (7). We combined terms for ran-
domized controlled trials, placebo con-
trolled trials, type 2 diabetes, oral
hypoglycemics, OAD agents, and the
classes of OADs including a-glucosidase
inhibitors (acarbose and miglitol), bigua-
nides (metformin), meglitinides (repa-
glinide and nateglinide), sulfonlyureas
(glyburide, glimepiride, glipizide, glu-
cotrol XL, gliclazide, and gliclazide MR),
thiazolidinediones (TZDs) (rosiglitazone
and pioglitazone), and dipeptidyl pepti-
dase-4 (DPP-4) inhibitors (sitagliptin and
vildagliptin) (2). Reference lists from rel-
evant meta-analyses, systematic reviews,
and clinical guidelines were also exam-
ined. Online Appendix Fig. 1 (available in
an online appendix at http://care.
diabetesjournals.org/cgi/content/full/
dc09-1727) shows the search and selec-
tion process.

Study selection

All citations retrieved were reviewed
against predetermined eligibility criteria.
To be included, studies had to written
in English, in a peer-reviewed journal
between January 1980 and May 2008,
and meet the following criteria: 1) be a
randomized, double-blind, placebo-
controlled trial; 2) report data on non-
pregnant participants aged 18 and older
with type 2 diabetes; 3) report the differ-
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ential effect of the addition of an OAD
versus placebo on the A1C level; 4) report
the effect of a single OAD versus placebo
in subjects who were either drug naive or
on background therapy with an OAD
and/or insulin; 5) include at least 50 sub-
jects in each arm; and 6) report the effect
of therapy on the A1C level in at least 70%
of the randomized participants after a
minimum of 12 weeks in every arm of the
study (placebo and treatment arms).
Studies were excluded if: 1) they reported
data on subjects who did not have type 2
diabetes; 2) they reported data from first-
generation sulfonylurea drugs or OADs
withdrawn for safety reasons in any coun-
try; 3) the intervention included the initi-
ation of two OAD agents at the same time;
or 4) there was no statement that in-
formed consent was obtained.

Data extraction

Two investigators (D.S. and K.N.) inde-
pendently reviewed the titles, abstracts,
and full articles for inclusion by using
standardized forms. Discrepancies in eli-
gibility were discussed between reviewers
until agreement was achieved. Data ab-
straction was independently completed
by two authors (D.S. and K.N.) and com-
pared for accuracy. Items abstracted per-
tained to study characteristics, patient
characteristics, and outcome results. As
the main objective of this review and
meta-analysis was to determine the effec-
tiveness of OADs on A1C levels, rates of
adverse events and hypoglycemia were
not considered. The complete list of data
abstracted is described in Online Appen-
dix Table 1. A1C levels that were ab-
stracted were those derived from any
randomized subject who had an A1C
level done within any given time interval.
Unadjusted mean differences in A1C lev-
els were collected. Authors were also con-
tacted for further clarification regarding
follow-up data at various time intervals
and A1C values.

Statistical analysis

Data were categorized in the following
time intervals after randomization: 12;
13-18; 19-24; 25-39; 40-47; 48-55;
and 56—104 weeks. The mean difference
between baseline to follow-up A1C levels
at all available time intervals as well as
measures of dispersion for placebo and
treatment arms were recorded. If mean
differences were not reported, a differ-
ence in means was calculated from the
reported mean baseline and end point
A1C values. A1C levels were abstracted

from the text or tables, read from graphs,
or computed. When more than one
method for reporting the A1C level was
used, the level reported in the text or table
was used. When only the proportional
mean decrease in A1C was provided for
placebo and treatment arms, an end of
study A1C level was calculated. All mea-
sures of dispersion were converted to
SDs. When SDs were not reported, esti-
mated baseline and final SDs were derived
from data from other studies at the same
time interval.

When more than one comparison
arm was available for a specific drug and
dose, a meta-analysis was completed at
the reported time interval. As the focus of
this review was on the glucose effect of
different classes of drugs and not individ-
ual drugs, the results of different drugs
and doses from the same class were meta-
analyzed to yield an overall estimate.
Cochran Q test and I-squared statistics
were calculated for heterogeneity. If there
was heterogeneity, pooled effects were
calculated using a random-effects model
(®).

A meta-regression analysis was also
completed at each available time interval
where there was sufficient data to assess
the effect of baseline A1C and diabetes
duration on the fall of A1C with OAD
therapy. For this equation, the dependent
variable was change in A1C, and the in-
dependent variables included: 1) drug
class; 2) dose; 3) diabetes duration; and 4)
baseline A1C. The dose variable in the re-
gression equation was treated categori-
cally with the starting dose coded as the
baseline amount, and each doubling of a
drug dose was a single increment in-
crease. Agreement kappa statistics for
each state of eligibility assessment were
calculated using PC-Agree (McMaster
University, Hamilton, Ontario, Canada)
software. All statistical analyses were
done using STATA statistical software
(version 10.0) (StataCorp, College Sta-
tion, TX).

RESULTS

Study and patient characteristics

A total of 61 studies comprising 103 dif-
ferent comparisons of OADs met the in-
clusion criteria. Thirty (49%) were found
in EMBASE (Online Appendix references
1-30); 21 (34%) were found in the Coch-
rane Central Register of Controlled Trials
(Online Appendix references 31-51); and
10 (16%) were found in MEDLINE (On-
line Appendix references 52—61). The

studies were published between 1994
and 2008 with 79% of the studies pub-
lished on or after 2000. Eligibility agree-
ment was assessed between reviewers
using a Cohen’s k coefficient and was 0.8
for title and abstract review and 0.8 for
full article review. TZDs studies ac-
counted for the greatest number of tri-
als (n = 27), followed by DPP-4 inhibitors
(n = 26), alpha glucosidase inhibitors
(n = 22), biguanides (n = 12), meglitin-
ides (n = 10), and sulfonylureas (n = 6).
The duration of studies ranged from 12 to
156 weeks; 74% ranged from 12 to 24
weeks; 20% ranged from 25 to 52 weeks;
and 6% exceeded 52 weeks. Funding
sources for the trials included private for
profit (73%); government, private for
profit, and/or private not for profit (9%);
and 18% of the studies did not report
their funding source (Online Appendix
Table 2).

The trials enrolled a combined total of
26,367 patients with 15,760 randomized
to an intervention drug and 10,607 ran-
domized to placebo. Background diabetes
treatment in the studies included one or
more OADs in 25 studies (41%); OAD
plus insulin therapy in three studies (5%);
and insulin only in six of the studies
(10%). In 10 studies (16%), the subjects
discontinued OAD therapy prior to ran-
domization, and in 17 studies (28%), the
subjects were drug naive. Study subjects
had a median age of 57 years (range
52-69 years of age) and were more likely
to be male (median 57%, range 39—-84).
The median baseline A1C across the study
populations was 8.3% (range 6.6—-10%),
and similar baseline A1C levels were seen
across drug naive patient groups (median
8.2, range 6.6-9.2), those on OAD(s) or
discontinued OAD(s) (median 8.2, range
6.7-10) and patient populations using in-
sulin (median 8.8, range 7.8-9.9). The
median BMI was 30 (range 24-34) and
the median duration of diabetes was 5
years (range 1.4—-14 years of age) (Online
Appendix Table 3).

OAD class effectiveness

Alpha glucosidase inhibitors. We iden-
tified 15 comparisons of acarbose and 6
comparisons of miglitol for which the ef-
fect on A1C for up to 2 years were re-
ported (Fig. 1) (Fig. 2) (Online Appendix
Figs. 2-7). All doses of both drugs, rang-
ing from 75 to 900 mg per day, reduced
AlC]levels compared with placebo. Doses
of 150 mg per day or higher achieved an
A1C reduction of ~1% versus placebo
with no evidence of an incremental effect
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Figure 1—Treatment effect by OAD class at 13—18 weeks. Each line represents a treatment effect (@) and 95% Cls (ends of the line). The diamond
shape represents a meta-analyzed mean difference for a particular OAD class and dose. *Illustrates the generally accepted maximum daily dose. A,
acarbose; Gm, glimepiride; Gp, glipizide; Gy, glyburide; M, miglitol; Me, metformin; Ml, metformin (long-acting); N, nateglinide; P, pioglitazone;
R, rosiglitazone; Re, repaglinide; S, sitagliptin; V, vildagliptin.

beyond that dose. The effect of these
drugs persisted for up to 2 years (Fig. 2)
(Online Appendix Figs. 2-7).

Biguanides. There were seven compari-
sons of metformin and five comparisons of

long-acting metformin versus placebo that by ~1% compared with placebo after 3
assessed doses ranging from 500 to 2,550 months of therapy. There was little evidence
mg per day for up to 10 months (Figs. 1and ~ for additional reduction at higher doses,
2) (Online Appendix Figs. 3 and 4). Doses  and the effect persisted for at least 10
up to 1,500 mg per day reduced A1Clevels months after treatment was begun.
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Figure 2—Treatment effects on A1C by OAD class, dose, and time. Error bars represent 95% Cls. @, represent pooled, weighted mean differences.
O, represent individual comparison treatment effects. *Treatment effect 1.1 (95% CI 0.8—1.4). fIllustrates the generally accepted maximum daily
dose. A, acarbose; AG-a, glucosidase inhibitors; Gm, glimepiride; Gp, glipizide; Gy, glyburide; M, miglitol; Me, metformin; M, metformin (long-
acting); N, nateglinide; P, pioglitazone; R, rosiglitazone; Re, repaglinide; S, sitagliptin; V, vildagliptin.

DPP-4 inhibitors. A total of 19 compar-
isons of sitagliptin and 7 comparisons of
vildagliptin were identified in which the
effect on A1C for up to 1 year were re-
ported (Figs. 1 and 2) (Online Appendix
Figs. 2—6). All doses of both drugs, rang-
ing from 10 to 200 mg per day, reduced
AlClevels compared with placebo. Doses
of 100 mg per day or higher achieved an
AlCreduction of ~0.75% versus placebo
with no evidence of an incremental effect
beyond that dose.

Meglitinides. We found eight compari-
sons of nateglinide with doses ranging
from 90 to 540 mg per day and one com-
parison of repaglinide at 3 mg per day
versus placebo for up to 6 months in du-
ration. Doses up to 360 mg per day re-
duced A1C levels by ~0.75% compared
with placebo after 3 months of therapy.
There was little evidence for additional
reduction at higher doses (Figs. 1 and 2)
(Online Appendix Figs. 2 and 3).
Sulfonylureas. Our search identified
three comparisons of glipizide (doses

ranging from 2.5 to 20 mg per day), two
of glimepiride (doses ranging from 8 to 16
mg per day), and one of glyburide (20 mg
per day) for which the effect on A1C for
up to 2 years was reported (Figs. 1 and 2)
(Online Appendix Figs. 2-7). As indi-
cated in Fig. 2, doses =8 mg per day of
glimepiride generally achieved an A1C re-
duction of ~1.25% versus placebo. The
studies suggested that the effect of these
drugs persisted for at least 2 years (Fig. 2)
(Online Appendix Figs. 2-7).

TZDs. We identified 17 comparisons of
rosiglitazone and 10 comparisons of pio-
glitazone for which the effect on A1C for
up to 1 year were reported (Figs. 1 and 2)
(Online Appendix Figs. 2—4, 6). One
low-dose study of rosiglitazone assessing
doses of 0.1, 0.5, and 2 mg per day did
not show any effect on A1C levels. Daily
doses of 4—8 mg of rosiglitazone and
15-45 mg of pioglitazone reduced A1C
levels compared with placebo. Rosiglita-
zone at 8 mg per day achieved an A1C
reduction of ~1.25% versus placebo, and

pioglitazone at 30 mg per day achieved an
A1C reduction of ~1% versus placebo
(Fig. 2). The effect of these drugs per-
sisted for at least 1 year in these studies
(Fig. 2) (Online Appendix Figs. 2—4, 6).

The effect of baseline A1C and
diabetes duration levels on the fall
of A1C

After adjusting for drug class, dose, dia-
betes duration, and baseline A1C in the
meta-regression analysis, the addition of
an OAD led to a 0.2-0.5% greater decline
for every 1% higher baseline A1Clevel. As
noted in Table 1 (Table 1), this effect was
statistically significant beyond 13 weeks.
No consistent effect of diabetes duration
on the change in A1C was noted. Insuffi-
cient data regarding diabetes duration
precluded estimating the effect of diabetes
duration and baseline A1C in studies of
40 or more weeks’ duration. The effect of
baseline A1C on the change in A1C with
therapy could not be adjusted for changes
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Table 1—The effect of baseline A1C and diabetes duration on the fall in A1C with OAD

therapy

Change in A1C (%) for Change in A1C (%) for
Follow-up Comparisons every 1% higher every 1 year greater
time (weeks) (n) baseline A1C (95% CD)* diabetes duration (95% CI)**
12 50 0.01 (=0.2t00.2) —0.1(—=0.13 to —0.002)
13-18 57 —0.2(—=0.4t0 —0.05)% 0.03 (=0.01 to —0.1)
19-24 47 —03(=0.6t0 —0.1)8 0.08 (0.01-0.15)9
25-39 21 —0.5(=091t0 —0.19 —0.03(=0.1t00.1)

Estimates are derived from a meta-regression analysis that controlled for: *drug class, drug dose, and baseline
A1C; **drug class, drug dose, baseline A1C, and duration of diabetes. TP < 0.05; ¥P < 0.02; §P < 0.01;

qpP < 0.03.

in the dose of insulin during the study as
insulin doses were not always recorded.

CONCLUSIONS — This systematic
review and meta-analysis of double-
blind, randomized controlled trials that
met predefined methodological criteria
summarized treatment effects on A1C lev-
els across OAD drug class, dose, and du-
ration of therapy (Fig. 2). The greatest
pooled treatment effect noted was with
maximum doses of sulfonylureas after 12
weeks of therapy, followed by TZDs after
13-18 weeks of therapy. Across all OAD
classes, an increase in dose yielded a
further decrease in A1C initially with a
maximum effect achieved by 3-6
months.

The meta-regression analysis also
provided a numerical estimate of an effect
that has been commented on by previous
authors: higher baseline A1C levels are
associated with greater declines in A1C
with therapy (9). However, this effect was
modest in most studies that were re-
viewed, such that after controlling for
OAD drug class and dose, every 1%
higher pretreatment A1C levels predicted
a 0.5% greater fall of A1C levels after 6
months of therapy.

This review has several strengths.
First, it was restricted to randomized con-
trolled trials that met predetermined
methodological criteria to minimize the
potential for bias. Of note, the application
of these criteria led to the exclusion of 150
out of 211 (71%) manuscripts that may
otherwise have been included. Second, it
entailed a comprehensive search for all
currently used OAD classes for type 2 di-
abetes treatment. Third, the effect of
OADs on A1C level was assessed at differ-
ent time intervals, ranging from 12 weeks
to 2 years. Finally, it focused on the effect
of OAD class versus individual drugs and
therefore may be relevant to new drugs
from the same class.

This review has several limitations.
First, most of the studies included partic-
ipants with relatively newly diagnosed di-
abetes (median duration of diabetes of 5.2
years). As such, the review’s findings may
not be relevant to patients with a longer
duration of diabetes or with diabetes-
related complications. Second, relatively
few studies were available for sulfonyl-
ureas (n = 6), meglitinides (n = 10), and
biguanides (n = 12) thereby affecting the
reliability of their respective quantitative
estimates. Third, less than 30% of the re-
viewed papers reported the effect of ther-
apy for periods greater than 24 weeks.
Fourth, there is some statistical heteroge-
neity (ranging up to 90%) in the meta-
analyzed results of the included studies,
regardless of OAD class, drug, or dose.
This heterogeneity may have been due to
study differences in design, patient demo-
graphics and characteristics, duration of
diabetes, and background drug therapy
or confounding. Regardless of the cause,
heterogeneity was managed by using a
random-effects model for meta-analyses.
Fifth, some of the summarized trials
added oral agents to background therapy
that included insulin. If investigators ad-
justed the dose of insulin during the trial,
this may have affected the estimate of the
effect of the OAD on the change in A1C.
This could not be taken into consider-
ation as insulin doses were not provided
in the reports. Finally, it is possible that
this review was influenced by publication
bias given that studies with positive re-
sults are generally more likely to get pub-
lished, resulting in an overestimate of the
benefit of an OAD on A1C reduction.

In summary, the results of this sys-
tematic review and meta-analysis suggest
that the initiation of an OAD in addition
to current therapy yields an additional de-
crease in A1C level of ~1-1.25% with
most of the treatment effect evident by
3-6 months of initiating OAD therapy.

Sherifali and Associates

This effect was fairly consistent between
OAD classes with sulfonylureas and TZDs
having the greatest reduction in AIC. The
meta-regression analysis numerically
demonstrated a small effect of baseline
A1C on the fall of A1C with OAD treat-
ment. Further carefully conducted OAD
trials are needed to account for 1) combi-
nations of OAD drug use and its impact
on AlClevels; 2) the effectiveness of long-
term OAD use on A1C levels; and 3) ad-
verse and hypoglycemic events.
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