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ABSTRACT

Background: Diabetes mellitus (DM) is of epidemic proportions worldwide, and its microvascular and macrovascular
complications have been well described. Achieving glycemic control has been demonstrated to reduce patients’ risk of
developing these complications.

Objective: The objective of this article was to examine how prandial hyperglycemia—especially postprandial hyper-
glycemia (PPHG)—affects overall glycemic control and the complications of DM and to discuss the pharmacologic agents
available to reduce PPHG.

Methods: Materials used for this article were identified through a MEDLINE search of the literature (1975-2006).
English-language randomized, controlled, prospective, cohort, and observational studies were chosen using the search
terms postprandial hyperglycemia, oxidative stress, cardiovascular disease, macrovascular disease, microvascular disease, lipidemia,
and coagulation.

Results: Data show that controlling prandial hyperglycemia reduces the risk of cardiovascular disease (CVD) and
microvascular complications, lowers glycosylated hemoglobin levels, causes less oxidative stress, and leads to a more
favorable coagulation and postprandial lipidemia profile. Guidelines for targeting PPHG are becoming standard, and
various pharmacologic agents (eg, a-glucosidase inhibitors, amylin analogues, incretin mimetics, rapid-acting insulins
and insulin analogues, meglitinide analogues) that target PPHG may also improve overall glycemic control and reduce
CVD risk.

Conclusions: Although the level of hyperglycemia that leads to microvascular and macrovascular complications in
patients with DM remains to be elucidated, it appears prudent to address prandial hyperglycemia, especially PPHG,
rather than focus solely on fasting glucose levels. Clinicians should consider incorporating agents that lower PPHG in

their treatment of patients with DM. (Insulin. 2007;2:52-60) Copyright © 2007 Excerpta Medica, Inc.
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INTRODUCTION

Diabetes mellitus (DM) affects ~21 million people in the
United States, and an additional 45 million individuals have
impaired blood glucose (BG) tolerance and are at high risk
for developing DM.! DM is associated with microvascular
and macrovascular complications; in fact, ~80% of patients
with type 2 DM are expected to die of cardiovascular disease
(CVD).! DM carries a 1.5- to 4.5-fold risk of cardiovascular
(CV) mortality,? and the disease’s microvascular complica-
tions (eg, retinopathy) can be devastating to quality of life.
Although type 1 and type 2 DM differ in epidemiology and
etiology, both cause similar complications. Cardiometabolic
risk factors often coexist in patients with DM (predomi-
nantly those with type 2 DM) and include additional risk
factors for CVD such as hypertension, low high-density
lipoprotein (HDL), high low-density lipoprotein (LDL), and
hypertriglyceridemia.
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Although all these factors contribute to the complications
of DM and the risk of CVD, hyperglycemia remains the
hallmark of DM. The level of hyperglycemia that causes
macrovascular disease remains to be elucidated. A number
of large multicenter trials are currently under way to clarify the
association between hyperglycemia and macrovascular dis-
ease. Post hoc analyses have shown that even relatively mild
hyperglycemia is associated with macrovascular disease.
Similarly, hyperglycemia that occurs during an acute CV event
is associated with worse outcomes in both myocardial infarc-
tion* and stroke.® Therefore, evidence exists that both chronic
and acute hyperglycemia lead to unfavorable outcomes.

As people age, their 2-hour postchallenge BG level typi-
cally increases, often independent of their fasting BG level.
In fact, at diagnosis, 25% of patients with type 2 DM have
relatively normal fasting BG levels. Furthermore, the inci-
dence of isolated impaired glucose tolerance (IGT) is ~3 times
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greater than isolated impaired fasting BG. Therefore, most
patients with asymptomatic DM have isolated postchallenge
hyperglycemia.® For years, clinicians have relied on the fast-
ing plasma glucose (FPG) level for diagnosis and as a target
for treatment, but increasing evidence shows that an ele-
vated postprandial BG level is an independent risk factor for
DM complications, especially CV morbidity and mortality.®
A growing body of literature supports targeting postpran-
dial hyperglycemia (PPHG) to lower glycosylated hemoglo-
bin (A1C) levels and to reduce microvascular and macro-

vascular complications.
For years, clinicians have relied on the fasting plasma
glucose level for diagnosis and as a target for treatment,
but increasing evidence shows that an elevated postpran-
dial BG level is an independent risk factor for DM compli-
cations, especially CV morbidity and mortality.

The objective of this article was to examine how prandial
hyperglycemia—especially PPHG—affects overall glycemic
control and the complications of DM and to discuss the
pharmacologic agents available to reduce PPHG.

MATERIALS AND METHODS

Materials used for this article were identified through a
MEDLINE search of the literature (1975-2006). English-
language randomized, controlled, prospective, cohort, and
observational studies were chosen using the search terms
postprandial hyperglycemia, oxidative stress, cardiovascular dis-
ease, macrovascular disease, microvascular disease, lipidemia,
and coagulation.

POSTPRANDIAL GLUCOSE
Definition

The postprandial profile is determined mainly by meal tim-
ing, quantity, and composition, including carbohydrate con-
tent, followed by the resulting secretion of insulin and
inhibition of glucagon secretion. In healthy patients without
DM, 2-hour postprandial BG levels are usually <120 mg/dL
and seldom >140 mg/dL. BG levels begin to rise ~10 minutes
postchallenge and peak at ~1 hour before returning to prepran-
dial levels 2 to 3 hours postmeal.” Carbohydrate absorption
continues for 5 to 6 hours postchallenge. This excursion of
PPHG is mediated by the first-phase insulin response, which is
characterized by a large endogenous release of insulin, typi-
cally within 10 minutes of nutrient intake. In patients with type
2 DM, the first-phase insulin response is severely blunted or
absent and the postprandial BG level remains elevated
throughout the day.? The 4 main determinants of postprandial
BG level are: (1) influx of glucose from the gut; (2) availability
of insulin; (3) deposition of glucose at the liver and peripheral
tissues; and (4) hepatic glucose production.’

Patients with type 1 DM lack endogenous insulin; there-
fore, the time and height of peak insulin concentrations after
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a glucose challenge depend on the amount, type, and route
of insulin administration. In contrast, in patients with type 2
DM, peak insulin levels are delayed and insufficient to ade-
quately control postprandial excursions. Patients with either
type of DM have abnormal insulin and glucagon secretion,
hepatic glucose uptake, supressed hepatic glucose produc-
tion, and peripheral glucose uptake; thus, they experience
increased PPHG.”

Implications

Until recently, PPHG has not received much attention as
important in the sequelae of DM. Traditionally, researchers
and clinicians have concentrated on FPG level as a measure
of DM control. Recent studies!'®!® have identified PPHG as
an independent risk factor for CVD and microvascular com-
plications (eg, retinopathy). PPHG has been found to worsen
postmeal lipidemia (eg, hypertriglyceridemia, oxidized LDL
levels) and to increase inflammatory markers and oxidative
stress. These effects increase atherosclerosis and endothelial
damage. Table I summarizes the effects of PPHG.

Effect on Overall Glycemic Control

Several studies have demonstrated that PPHG con-
tributes greatly to overall glycemic control. Monnier et al'®
demonstrated the relative importance of PPHG to increased
A1C level. In a study of 290 patients with type 2 DM, how
much PPHG contributed to overall glycemic load varied,
depending on degree of glycemic control. In patients with
an A1C level <7.3%, PPHG contribution was >70%, whereas
in patients with an A1C level >10.2%, PPHG contributed
only 30% of glycemic load. The Diabetes Epidemiology:
Collaborative Analysis of Diagnostic Criteria in Europe
study'” found that ~33% of people classified as having type
2 DM based only on PPHG and >25% of people with IGT
had normal FPG. This finding clearly illustrates that measur-
ing only FPG underestimates the number of patients at

Table I. Effects of postprandial hyperglycemia (PPHG).

PPHG Effect

Increased A1C level

Increased CVD,
microvascular disease,
and mortality

Poor glycemic control

Nonenzymatic glycation
of proteins

)

Oxidative stress

Dyslipidemia
e Oxidized LDL
 Hypertriglyceridemia

Increased carotid intima-
media thickness

Effects on coagulation Promotes thrombosis

cardiovascular

Al1C glycosylated hemoglobin; CVD
disease; LDL = low-density lipoprotein.
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increased risk of CVD due to either DM or IGT.!! Avignon et
al'® studied the glycemic profiles of 66 patients with type 2
DM and found that compared with FPG or prelunch plasma
glucose level, PPHG was more strongly correlated with A1C
level.

Other studies have examined the effect of controlling
PPHG on A1C reduction. Feinglos et al'” reported that improv-
ing PPHG with insulin lispro in addition to a sulfonylurea
markedly decreased 2-hour PPHG (18.6 to 14.2 mmol /L) and
reduced the A1C level by 21%. The study also found that
total cholesterol and triglyceride levels decreased and HDL
increased in patients taking insulin lispro.

Reduction in A1C level decreases the risk of microvascu-
lar and macrovascular complications in patients with DM.
The United Kingdom Prospective Diabetes Study (UKPDS)?
demonstrated that each 1% reduction in A1C level was asso-
ciated with a 21% reduction in risk for any end point related
to DM, a 21% reduction in deaths related to DM, and a 37%
reduction in microvascular complications. Similarly, the
Diabetes Control and Complications Trial (DCCT)?! and the
Epidemiology of Diabetes Interventions and Complications
study?> demonstrated marked reductions of microvascular
and macrovascular complications in patients with type 1 DM
during and after periods of improved glycemic control.

OXIDATIVE STRESS AND MARKERS OF
INFLAMMATION

It is well established that oxidative stress leads to endothe-
lial dysfunction, which is an early manifestation of athero-
sclerosis. It is also known that endothelial dysfunction
associated with oxidative stress increases the risk of CVD.?
Studies have shown that acute hyperglycemia induces
endothelial dysfunction, which is mediated by oxidative
stress.?* Patients with DM have enhanced production of
reactive oxygen species (ROS) and an impaired antioxidant
defense.?’ The mechanisms that cause endothelial damage
involve several pathways (eg, activation of diacylglycerol
and protein kinase C, decreased production of nitric oxide,
increased production of nonenzymatic glycation products,
glycosylation of certain proteins, increased generation of
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free radicals), resulting in a proinflammatory response.?®

PPHG stimulates the production of ROS through these
pathways.?” LDL is more susceptible to oxidation after
mealtime, and meal-induced oxidative stress is more promi-
nent in patients with DM than in healthy controls.!
Hyperglycemia has been found to induce overproduction of
superoxide, resulting in downstream processes that stimu-
late acute endothelial dysfunction.?® Overproduction of
superoxide is thought to be the first and main event in the
activation of all pathways involved in the pathogenesis of
DM complications.?

I t is well established that oxidative stress leads to endo-
thelial dysfunction, which is an early manifestation of
atherosclerosis.

CARDIOVASCULAR DISEASE AND POSTPRANDIAL
HYPERGLYCEMIA

Studies!®-14 have shown that PPHG increases the risk of ath-
erosclerotic disease in patients with DM and IGT (Table II).
Researchers have known for decades that hyperglycemia
increases CVD risk. For instance, the UKPDS?* demon-
strated not only that a global reduction in A1C level was a
good predictor of ischemic heart disease, but that each 1%
reduction in A1C level yielded a 16% reduction in myocar-
dial infarction. Although not statistically significant, this
finding suggests a trend.

Although the UKPDS did not target PPHG, other studies
have looked specifically at how PPHG affects CVD risk. In
the Helsinki Policemen Study, Pyorala et al'® showed that 1-
and 2-hour BG levels during oral glucose tolerance testing
better predicted the incidence of coronary heart disease than
fasting BG values. Shaw et al'! illustrated that isolated
postchallenge hyperglycemia >200 mg/dL with a normal
FPG level (<126 mg/dL) at least doubled the mortality risk
in their study population. The Islington Diabetes Survey!?
demonstrated a linear relationship between 2-hour BG levels

Table Il. Studies showing association of postprandial hyperglycemia with cardiovascular disease and mortality.

Reference

Pyorala et al'®
Shaw et al’
Jackson et al'?
Meigs et al'3

Hanefeld et all4
than FPG

Result

1- and 2-h glucose levels during OGTT better predicted CHD than did FPG
Isolated postchallenge hyperglycemia doubled risk for mortality

2-h glucose level better predicted CHD than A1C level

2-h glucose level better predicted CHD than A1C level

Postabsorptive glucose level (postbreakfast hyperglycemia) better predicted all-cause mortality

OGTT = oral glucose tolerance test; CHD = coronary heart disease; FPG = fasting plasma glucose; A1C = glycosylated hemoglobin.
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and A1C and coronary heart disease, but 2-hour BG level
was a better predictor of coronary heart disease than was
A1C level. Similar results were found in the Framingham
Offspring Study,!®> which demonstrated that the 2-hour
postchallenge BG level was a better predictor of CV events
than was A1C level. In this study, fasting BG level was not
associated with CVD risk.

Most studies have looked only at the effect of postchal-
lenge BG level on CVD and mortality. The German Dia-
betes Intervention Study'* was the only trial to investigate
postabsorptive versus postchallenge hyperglycemia by
measuring BG levels before and 1 hour after breakfast. The
investigators confirmed that postbreakfast hyperglycemia
was a better predictor than fasting hyperglycemia of all-
cause mortality in 1139 patients with newly diagnosed
type 2 DM. In this study, poor control of fasting hyper-
glycemia did not significantly increase risk of myocardial
infarction or mortality, but poor control of PPHG level was
associated with higher mortality. Another large meta-
analysis involving PPHG and CVD risk included >95,000 pa-
tients from 22 studies and confirmed the progressive
relationship between 2-hour postprandial BG level and
CVD risk.?

MICROVASCULAR COMPLICATIONS DUE TO
ELEVATED POSTPRANDIAL HYPERGLYCEMIA

The Wisconsin Epidemiologic Study of Diabetic Retinopa-
thy®! demonstrated a relationship between A1C level and
microvascular complications. The study followed up sub-
jects for 10 years after stratification into younger or older
onset DM groups (ie, type 1 and type 2 DM, respectively).
The investigators found increased development of retinopa-
thy related to baseline A1C levels in both groups. One of the
best-known studies to show that glycemic control lowered
the incidence of microvascular complications was the
DCCT?! in which 1441 patients with type 1 DM were ran-
domized to receive intensive (3—4 injections per day) or con-
ventional (1-2 injections per day) insulin therapy. After
6.5 years of follow-up, patients receiving intensive insulin
treatment showed reductions in the incidence of retinopathy
(76%), nephropathy (39%), and neuropathy (60%) compared
with patients receiving conventional treatment.

To show that the same benefits were true for patients with
type 2 DM, the Kumamoto Study?? used intensive therapy
similar to that used in the DCCT.?' This study’s results
demonstrated that tight glycemic control can effectively
delay the onset and progression of microvascular complica-
tions in patients with type 2 DM. When Shichiri et al'®
reviewed the long-term results of the Kumamoto Study, they
found PPHG to be a strong predictor of both retinopathy
and nephropathy.

EFFECTS OF POSTPRANDIAL HYPERGLYCEMIA

ON COAGULATION

DM is a prothrombotic disease state. Several studies have
demonstrated that acute hyperglycemia can alter the coagu-
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lation process, increasing the risk for thrombosis.®*” Half-
life of fibrinogen is shortened while fibrinopeptide A, fac-
tor VI3 and other coagulation factors are increased.
Overproduction of thrombin has been documented in
response to acute hyperglycemia.’® The intracellular adhe-
sion molecule 1 (ICAM-1) is a possible accelerator of athero-
genesis. In patients with DM with or without vascular
disease, ICAM-1 increases with acute glycemia,®” again sug-
gesting a role for PPHG in accelerated atherogenesis.
Alterations in the coagulation cascade suggest that control-
ling acute hyperglycemia and PPHG may reduce the inci-
dence of thrombotic events.

EFFECTS OF POSTPRANDIAL HYPERGLYCEMIA

ON LIPIDEMIA

Hyperglycemia is not the only risk factor for DM sequelae.
The cardiometabolic risk factors of obesity, hypertension,
and dyslipidemia also play a significant role in the
macrovascular complications of DM. Hypertriglyceridemia
commonly occurs in insulin-resistant patients with DM.3
Major contributing factors are increased very-low-density
lipoprotein (VLDL) production and competition for the
removal mechanisms of chylomicron and VLDL (eg, re-
duced lipoprotein lipase activity).?® Even patients with nor-
mal fasting triglyceride levels often exhibit postprandial
hypertriglyceridemia. Heine and Dekker® studied 100 pa-
tients with type 2 DM and normal fasting triglycerides and
found that triglyceride levels increased 2 to 3 times during
the day, with peak values after dinner and at bedtime. A
study investigating the effects of postprandial hypertriglyc-
eridemia on carotid intima-media thickness found that post-
prandial triglyceride levels had a stronger association with
carotid intima-media thickness than did PPHG and fasting
LDL levels.®

OFFICIAL RECOMMENDATIONS FOR MEASUREMENT
AND TREATMENT OF POSTPRANDIAL
HYPERGLYCEMIA

Guidelines are now being revised in response to increasing
evidence that PPHG affects A1C level and CVD risk, and
postprandial BG targets are becoming standardized. In
2003, the American Diabetes Association (ADA) added a
target postprandial BG level <180 mg/dL and recom-
mended targeting PPHG for therapy if A1C goals were not
reached, even if FPG goals were reached.*! European guide-
lines on CVD prevention set postprandial BG targets lower
than did the ADA—between 70 and 135 mg/dL.#? The
American College of Endocrinology (ACE)“® has published
guidelines defining desired targets for fasting, preprandial
(<110 mg/dL), and 2-hour postprandial (<140 mg/dL) BG
levels. ACE defines target A1C levels as <6.5% for overall
glycemic control.

The optimal target for postprandial BG level remains to be
clarified. Additional studies are needed to determine what
glycemic targets would provide the most protection from
microvascular and macrovascular complications of DM.
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In addition, the best time to measure postprandial BG level
remains to be elucidated. The ADA recommends monitoring
BG levels 1 to 2 hours after meals.*!

TREATMENT MODALITIES

If diet and lifestyle changes are not sufficient to achieve post-
prandial glycemic control, various pharmacologic agents
target PPHG (Table III). These agents include a-glucosidase
inhibitors (eg, acarbose, miglitol), amylin analogues (eg,
pramlintide), incretin mimetics (eg, exenatide), rapid-acting
insulins and insulin analogues (eg, insulins aspart, lispro,
and glulisine; regular human insulin [RHI]; premixed in-
sulins), meglitinide analogues (eg, repaglinide, nateglinide),
and dipeptidyl peptidase-IV (DPP-IV) inhibitors. In patients
with type 2 DM, the effectiveness of these agents depends on
several factors, including patients” residual B-cell function.
Although traditional oral antidiabetic drugs (OADs) such as
the sulfonylureas, biguanides, and thiazolidinediones have
some effect on PPHG, they are not prescribed specifically to
control PPHG. In patients with early DM in whom [-cell
function is better preserved, these OADs have a consider-
able effect on PPHG. However, as B-cell function deterio-
rates, these OADs may not sufficiently control PPHG. Risks
of aggressively treating PPHG include hypoglycemia and
adverse drug reactions.’

In patients with early DM in whom B-cell function is better
preserved, these OADs have a considerable effect on
PPHG. However, as B-cell function deteriorates, these
OADs may not sufficiently control PPHG.

a-Glucosidase Inhibitors

After carbohydrates are digested by amylases, they are
split further by glucosidases into monosaccharides in the jeju-
nal brush border for absorption. Inhibition of o-glucosidase
by acarbose and other o-glucosidase inhibitors causes a
more gradual and delayed absorption of carbohydrates,
reducing the peak of postprandial glucose.** Acarbose is the
most widely studied a-glucosidase inhibitor for its effect on
CVD and PPHG. In a study of 1368 patients with IGT and a
mean age of 54.5 years, patients were randomly divided to
receive placebo or acarbose 100 mg 3 times daily.*> The pri-
mary end point was development of major CV events. The
study found a relative risk reduction of 49%, with risk of
myocardial infarction most reduced. The Study to Prevent
Noninsulin-Dependent Diabetes Mellitus*® demonstrated
that acarbose significantly reduced the incidence of myocar-
dial infarction and progression of carotid intima-media thick-
ness. In another study,*” acarbose modestly reduced FPG and
A1C levels. Miglitol, another a-glucosidase inhibitor avail-
able in the United States, has demonstrated similar results.*
These drugs’ most common adverse effect is gastrointestinal
upset, particularly flatulence.
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Table lll. Pharmacologic agents that target postprandial
hyperglycemia.

Class Agent

o-Glucosidase inhibitors Acarbose, miglitol

Amylin analogues Pramlintide
Meglitinide analogues Repaglinide, nateglinide
Regular and

premixed agents Humulin® 70/30*

Insulin analogues Insulins lispro, aspart,

glulisine
Inhaled insulin Exubera®f
Incretin mimetics Exenatide

Dipeptidyl peptidase-IV

inhibitors Vildagliptin, sitagliptin

*Eli Lilly and Company, Indianapolis, Indiana.
TInsulin human (rDNA origin) inhalation powder, Pfizer Inc.,
New York, New York.

Amylin Analogues

Amylin is a pancreatic B-cell hormone cosecreted with
insulin in response to various insulin secretagogues. Its
mechanisms of action include regulating gastric emptying,
suppressing postprandial glucagon secretion, and replenish-
ing hepatic glycogen stores. SC injections of pramlintide, a
human amylin analogue, reduced postmeal BG excursions
in individuals with type 1 and type 2 DM.* In a 4-week
double-blind, placebo-controlled crossover study, Nyholm
et al® studied the effect of adding 30 pg of pramlintide
4 times daily to premeal insulin in 14 patients with type 1 DM.
Compared with the placebo group, 60-minute glucagon lev-
els and postprandial serum glucose AUC were significantly
lower (P < 0.01) in the pramlintide group after breakfast and
lunch. In a study by Ceriello et al,° pramlintide in addition
to mealtime insulin in patients with type 1 DM significantly
reduced postprandial BG excursions, nitrotyrosine (a
marker for oxidative stress), and oxidative LDL (all, P <
0.03). Patients receiving pramlintide experienced more mild
to moderate hypoglycemia than those receiving placebo
(28% vs 16%, respectively) and more mild nausea, which is
consistent with what other studies®>? have reported for
adverse reactions.

Meglitinide Analogues

Repaglinide, a nonsulfonylurea insulin secretagogue, is a
benzoic acid derivative that has high affinity for adenosine
triphosphate-sensitive potassium channels on -cells and acts
at a different site from sulfonylurea to stimulate insulin re-
lease. Repaglinide has a quick onset and short duration of
action and peaks at 1 to 2 hours; by 6 hours, insulin levels
return to fasting concentrations. Despite its favorable pharma-
cokinetic profile, repaglinide causes frequent hypoglycemia.
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In a study of antihyperglycemic agent-naive patients, mean
A1C levels decreased from 9.3% at baseline to 7.6% and 7.6%
at 24 weeks for groups receiving 1 and 4 mg of repaglinide,
respectively* Nateglinide, another meglitinide analogue,
causes less hypoglycemia than repaglinide but is 50% to
60% less effective at lowering A1C levels than repaglinide and
sulfonylureas.

Insulin Analogues

The 3 rapid-acting insulin analogues available in the
United States are designed to mimic the body’s physiologic
insulin response to meals. Research has shown that rapid-
acting insulin analogues can reduce arterial oxidative stress
and improve endothelial dysfunction.® Insulin lispro has
been shown in 2 studies to improve overall glycemic control
and PPHG. Ashwell et al®® studied patients with type 1 DM
over 32 weeks and found that A1C levels were lower in
patients taking insulins glargine and lispro than in patients
taking neutral protamine Hagedorn (NPH) insulin and RHI
(7.5% vs 8.0%, respectively). In addition, postprandial BG
AUC was 15% lower. When comparing insulin glargine
alone with insulins glargine and lispro to reduce postpran-
dial BG level, Kazda et al*” found that A1C levels decreased
by 0.3% and 1.1%, respectively. Insulins lispro and aspart
provide improved control of PPHG and can be used within
10 to 20 minutes of eating, unlike RHI.

Insulin glulisine, a newer rapid-acting insulin analogue,
was developed to provide a more physiologic prandial
insulin replacement compared with RHI. In a study of 876 pa-
tients with type 2 DM, Dailey et al®® found that NPH plus
insulin glulisine reduced PPHG significantly compared with
NPH plus RHI (P < 0.05). Unlike RHI, insulin glulisine can
be taken with or right after a meal. Its peak effect occurs in
1 hour and its duration of action is 4 hours, leading to supe-
rior PPHG control.%’ Garg et al®® found that insulin glulisine
taken before a meal was more effective at lowering A1C lev-
els than insulin glulisine taken after a meal but that the drug
controlled PPHG when taken at either time.

Inhaled Human Insulin

Exubera® (insulin human [rDNA origin] inhalation pow-
der; Pfizer Inc., New York, New York) is the first approved
inhaled human insulin (IHI). Several studies have demon-
strated its effects on A1C and PPHG levels. Barnett et al®!
studied patients with type 2 DM for 24 weeks who took THI
plus a sulfonylurea or metformin plus a sulfonylurea and
found that those taking IHI experienced a greater reduction
in A1C level compared with the metformin group. The IHI
group experienced more cough and a slight increase in
hypoglycemic events.

Similar results were demonstrated by DeFronzo et al,%?
who studied patients with type 2 DM and an A1C level
between 8% and 11% even after changes in diet and exercise.
Patients were then treated for 3 months with IHI before
meals or rosiglitazone 4 mg twice daily. More patients in the
IHI group achieved an A1C level <8.0% (83% vs 58%) or
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<7.0% (44% vs 18%). IHI is an option for prandial glycemic
control but cannot be used by smokers or certain patients
with decreased forced expiratory volume in 1 second or car-
bon dioxide-diffusing capacity.

Incretin Mimetics

Exenatide is a 39—amino acid peptide incretin mimetic
that exhibits glucoregulatory effects similar to those of
glucagon-like peptide-1 (GLP-1). Administered SC twice a
day, exenatide enhances glucose-dependent insulin secre-
tion, suppresses inappropriately elevated glucagon secre-
tion, slows gastric emptying, and suppresses appetite.®®
Several studies have demonstrated that exenatide reduces
PPHG in healthy individuals and patients with type 2 DM.
In a recent study, Fehse et al® demonstrated that exenatide
augments first- and second-phase insulin secretion in
response to IV glucose in patients with type 2 DM. Longer
term clinical studies (<2 years) showed reductions in A1C
level (1.0%-1.3%) and weight (~3.0 kg) in patients with type
2 DM.% In a study by Ozyazgan et al,*® exenatide improved
vascular tone in streptozotocin/nicotinamide—induced dia-
betic rats. Exenatide is generally well tolerated but may
cause transient nausea in ~20% to 50% of patients.

Dipeptidyl Peptidase-IV Inhibitors

GLP-1 helps regulate postprandial BG levels by enhancing
glucose-dependent insulin secretion, suppressing glucose-
dependent glucagon secretion, and slowing gastric empty-
ing.%” Because GLP-1 is rapidly degraded in the circulation
by the proteolytic activity of DPP-IV inhibitors, DPP-IV inhi-
bition is a potential therapeutic option for glycemic control.

DPP-1V inhibitors are taken PO once or twice daily.
Preliminary results® have demonstrated that they reduce
A1C levels ~1.0% and are well tolerated. The DPP-IV inhibitor
vildagliptin (currently in development and not yet approved
by the US Food and Drug Administration) has been reported
to reduce postprandial, fasting, and 24-hour mean BG levels
and increase basal and postprandial active GLP-1 concentra-
tions.®” The DPP-IV inhibitor sitagliptin improved glycemic
control and B-cell function in patients with diet-controlled
type 2 DM.”? The DPP-1V inhibitors appear to be well toler-
ated, with no effects on weight.

DISCUSSION AND CONCLUSIONS

The prevalence of DM is reaching epidemic proportions
worldwide.! Hyperglycemia is the hallmark of DM as a
result of B-cell dysfunction and insulin resistance. Glycemic
control has been shown to reduce the incidence of microvas-
cular and macrovascular complications in patients with
either type 1 or type 2 DM.?!-22 Traditionally, clinicians have
targeted FPG level as reflecting glycemic control. More clini-
cians now realize the importance of glycemic control
throughout the day and, in particular, the importance of con-
trolling PPHG.” PPHG has been shown to increase CVD risk,
promote oxidative stress, worsen postprandial hypertri-
glyceridemia, exacerbate microvascular disease, and cause
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alterations in the coagulation cascade that promote a
prothrombotic state. The evidence strongly supports treat-
ing PPHG, especially in patients whose A1C level is not at

goal.
Troditionq”y, clinicians have targeted FPG level as
reflecting glycemic control. More clinicians now realize
the importance of glycemic control throughout the day and,
in particular, the importance of controlling PPHG.

Different organizations have now published postprandial
BG goals. Traditional OADs such as metformin, sulfonylureas,
and thiazolidinediones have a substantial effect on PPHG in
patients with type 2 DM. However, as patients’ 3-cell function
deteriorates and first- and second-phase insulin responses to
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glucose challenge diminish, these traditional OADs may fail to
adequately reduce PPHG. Several therapies that specifically
target PPHG have been found to improve overall glycemic
control and reduce CVD risk.

Although the level of hyperglycemia that leads to
microvascular and macrovascular complications in patients
with DM remains to be elucidated, it appears prudent to
address prandial hyperglycemia, especially PPHG, rather
than focus solely on fasting glucose levels. Clinicians should
consider incorporating agents that lower PPHG in their
treatment of patients with DM.

ACKNOWLEDGMENTS

Dr. Davis receives research funding from Bayer HealthCare
(Tarrytown, New York), Eli Lilly and Company (Indianapolis,
Indiana), sanofi-aventis (Bridgewater, New Jersey), and
King Pharmaceuticals, Inc. (Bristol, Tennessee).

. Jackson CA, Yudkin JS, Forrest RD. A comparison of the relation-
ships of the glucose tolerance test and the glycated haemoglo-
bin assay with diabetic vascular disease in the community. The
Islington Diabetes Survey. Diabetes Res Clin Pract. 1992;17:111-
123.

. Meigs JB, Nathan DM, D’Agostino RB Sr, Wilson PW, for the

Framingham Offspring Study. Fasting and postchallenge

glycemia and cardiovascular disease risk: The Framingham

Offspring Study. Diabetes Care. 2002;25:1845-1850.

Hanefeld M, Fischer S, Julius U, et al. Risk factors for myocardial

infarction and death in newly detected NIDDM: The Diabetes

Intervention Study, 11-year follow-up. Diabetologia. 1996;39:

1577-1583.

. Shichiri M, Kishikawa H, Ohkubo Y, Wake N. Long-term results
of the Kumamoto Study on optimal diabetes control in type 2
diabetic patients. Diabetes Care. 2000;23(Suppl 2):B21-B29.

. Monnier L, Lapinski H, Colette C. Contributions of fasting and
postprandial plasma glucose increments to the overall diurnal
hyperglycemia of type 2 diabetic patients: Variations with increas-
ing levels of HbA(1c). Diabetes Care. 2003;26:881-885.

. The Diabetes Epidemiology: Collaborative analysis Of Diagnostic
criteria in Europe (DECODE) Study Group and the European
Diabetes Epidemiology Group. Glucose folerance and mortality:
Comparison of WHO and American Diabetes Association diag-
nostic criteria. Lancet. 1999;354:617-621.

. Avignon A, Radauceanu A, Monnier L. Nonfasting plasma glu-
cose is a better marker of diabetic control than fasting plasma glu-
cose in type 2 diabetes. Diabetes Care. 1997,;20:1822-1826.

. Feinglos MN, Thacker CH, English J, et al. Modification of post-
prandial hyperglycemia with insulin lispro improves glucose
control in patients with type 2 diabetes. Diabetes Care. 1997;
20:1539-1542.

20. Stratton IM, Adler Al, Neil HA, et al. Association of glycaemia

with macrovascular and microvascular complications of type 2

diabetes (UKPDS 35): Prospective observational study. BMJ.

2000;321:405-412.



Volume 2, Number 2

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

The Diabetes Control and Complications Trial Research Group.
The effect of intensive treatment of diabetes on the development
and progression of long-term complications in insulin-dependent
diabetes mellitus. N Engl J Med. 1993;329:977-986.

Nathan DM, Cleary PA, Backlund JY, et al, for the Diabetes Control
and Complications Trial/Epidemiology of Diabetes Interventions and
Complications (DCCT/EDIC) Study Research Group. Intensive dio-
befes freatment and cardiovascular disease in patients with type 1
diabetes. N Engl J Med. 2005;353:2643-2653.

Heitzer T, Schlinzig T, Krohn K, et al. Endothelial dysfunction,
oxidative stress, and risk of cardiovascular events in patients with
coronary artery disease [published correction appears in
Circulation. 2003;108:500]. Circulation. 2001;104:2673-2678.
Ceriello A, Quagliaro L, D'Amico M, et al. Acute hyperglycemia
induces nitrotyrosine formation and apoptosis in perfused heart
from rat. Diabetes. 2002;51:1076-1082.

West IC. Radicals and oxidative stress in diabetes. Diabet Med.
2000;17:171-180.

Gerich JE. Clinical significance, pathogenesis, and management of
postprandial hyperglycemia. Arch Intern Med. 2003;163:1306~
1316.

Ceriello A, Bortolotti N, Motz E, et al. Meal-induced oxidative
stress and low-density lipoprotein oxidation in diabetes: The pos-
sible role of hyperglycemia. Metabolism. 1999;48:1503-1508.
Ceriello A. New insights on oxidative stress and diabetic com-

|u

plications may lead to a “causal” antioxidant therapy. Diabefes
Care. 2003;26:1589-1596.

Ceriello A. Oxidative stress and diabetes-associated complica-
tions. Endocr Pract. 2006;12(Suppl 1):60-62.

UK Prospective Diabetes Study (UKPDS) Group. Infensive blood-
glucose control with sulphonylureas or insulin compared with
conventional treatment and risk of complications in patients with
type 2 diabetes (UKPDS 33) [published correction appears in
Lancet. 1999;354:602]. Lancet. 1998;352:837-853.

Klein R. Hyperglycemia and microvascular and macrovascular
disease in diabetes. Diabetes Care.1995;18:258-268.
Ohkubo Y, Kishikawa H, Araki E, et al. Intensive insulin therapy
prevents the progression of diabetic microvascular complica-
tions in Japanese patients with non-insulin-dependent diabetes
mellitus: A randomized prospective 6-year study. Diabetes Res
Clin Pract. 1995;28:103-117.

Jones RL, Peterson CM. Reduced fibrinogen survival in diabetes mel-
litus. A reversible phenomenon. J Clin Invest. 1979,63:485-493.
Ceriello A, Giugliano D, Quatraro A, et al. Hyperglycemia may
determine fibrinopeptide A plasma level increase in humans.
Metabolism. 1989:;38:1162-1163.

Ceriello A, Giugliano D, Quatraro A, et al. Blood glucose may
condition factor VIl levels in diabetic and normal subjects.
Diabetologia. 1988;31:889-891.

Ceriello A, Giacomello R, Stel G, et al. Hyperglycemia-induced
thrombin formation in diabetes. The possible role of oxidative
stress. Diabetes. 1995;44:924-928.

Ceriello A, Falleti E, Bortolotti N, et al. Increased circulating
intercellular adhesion molecule-1 levels in type Il diabetic patients:
The possible role of metabolic control and oxidative stress.
Metabolism. 1996;45:498-501.

—59—

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

J.M. Perkins and S.N. Davis

. Mero N, Syvanne M, Taskinen MR. Postprandial lipid metabo-

lism in diabetes. Atherosclerosis. 1998;141(Suppl 1):553-S55.
Heine RJ, Dekker JM. Beyond postprandial hyperglycaemia:
Metabolic factors associated with cardiovascular disease.
Diabetologia. 2002;45:461-475.

Teno S, Uto Y, Nagashima H, et al. Association of postprandial
hypeririglyceridemia and carotid infima-media thickness in patients
with type 2 diabetes. Diabefes Care. 2000;23:1401-1406.
American Diabetes Association. Clinical practice recommendo-
tions 1995. Position statement: Standards of medical care for patients
with diabetes mellitus. Diabetes Care. 2005;18(Suppl 1):58-S15.
de Backer G, Ambrosioni E, Borch-Johnsen K, et al. European
Guidelines on Cardiovascular Disease Prevention in the Clinical
Practice. Third work group of the European societies and other
societies on cardiovascular disease prevention in the clinical
practice [in Spanish]. Neurologia. 2004;19:440-450.
American College of Endocrinology. Consensus statement on guide-
lines for glycemic control. Endocr Pract. 2002;8(Suppl 1):55-S11.
Breuer HW. Review of acarbose therapeutic strategies in the
long-term treatment and in the prevention of type 2 diabetes. Int
J Clin Pharmacol Ther. 2003;41:421-440.

Chiasson JL, Josse RG, Gomis R, et al, for the STOP-NIDDM Trial
Research Group. Acarbose treatment and the risk of cardiovas-
cular disease and hypertension in patients with impaired glucose
tolerance: The STOP-NIDDM trial. JAMA. 2003;290:486-494.
Hanefeld M, Chiasson JL, Koehler C, et al. Acarbose slows pro-
gression of intima-media thickness of the carotid arteries in subjects
with impaired glucose tolerance. Stroke. 2004;35:1073-1078.
Laube H. Acarbose: An update of its therapeutic use in diabetes
treatment. Clin Drug Invest. 2002;22:141-156.

Drent ML, Tollefsen AT, van Heusden FH, et al. Dose-dependent effi-
cacy of miglitol, an alpha-glucosidase inhibitor, in type 2 diabetic
patients on diet alone: Results of a 24-week double-blind placebo-
controlled study. Diabetes Nutr Metab. 2002;15:152-159.
Nyholm B, Orskov L, Hove KY, et al. The amylin analogue pram-
lintide improves glycemic control and reduces postprandial
glucagon concentrations in patients with type 1 diabetes melli-
tus. Metabolism. 1999;48:935-941.

Ceriello A, Piconi L, Quagliaro L, et al. Effects of pramlintide on
postprandial glucose excursions and measures of oxidative
stress in patients with type 1 diabetes. Diabetes Care. 2005;28:
632-637.

Nogid A, Pham DQ. Adjunctive therapy with pramlintide in
patients with type 1 or type 2 diabetes mellitus. Pharmacotherapy.
2006;26:1626-1640.

Edelman S, Garg S, Frias J, et al. A double-blind, placebo-
controlled trial assessing pramlintide treatment in the sefting of
intensive insulin therapy in type 1 diabetes. Diabetes Care. 2006;
29:2189-2195.

Fuhlendorff J, Rorsman P, Kofod H, et al. Stimulation of insulin
release by repaglinide and glibenclamide involves both com-
mon and distinct processes. Diabetes. 1998;47:345-351.
Berger S, Strange P, for the Repaglinide Study Group.
Repaglinide, a novel oral hypoglycemic agent in type 2 diabetes:
A randomized, placebo-controlled, double-blind fixed dose study.
Diabetes. 1998;47(Suppl 1):A18.



Insulin

55.

56.

57.

58.

59.

60.

61.

62.

Ceriello A, Cavarape A, Martinelli L, et al. The post-prandial
state in type 2 diabetes and endothelial dysfunction: Effects of
insulin aspart. Diabet Med. 2004;21:171-175.

Ashwell SG, Amiel SA, Bilous RW, et al. Improved glycaemic
control with insulin glargine plus insulin lispro: A multicentre,
randomized, cross-over trial in people with type 1 diabetes.
Diabet Med. 2006;23:285-292.

Kazda C, Hulstrunk H, Helsberg K, et al. Prandial insulin substi-
tution with insulin lispro or insulin lispro mid mixture vs. basal
therapy with insulin glargine: A randomized controlled frial in pa-
tients with type 2 diabetes beginning insulin therapy. J Diabetes
Complications. 2006,20:145-152.

Dailey G, Rosenstock J, Moses RG, Ways K. Insulin glulisine pro-
vides improved glycemic control in patients with type 2 dia-
betes. Diabetes Care. 2004;27:2363-2368.

Garg SK, Ellis SL, Ulrich H. Insulin glulisine: A new rapid-acting
insulin analogue for the treatment of diabetes. Expert Opin
Pharmacother. 2005;6:643-651.

Garg SK, Rosenstock J, Ways K. Optimized basal-bolus insulin
regimens in type 1 diabetes: Insulin glulisine versus regular
human insulin in combination with basal insulin glargine [pub-
lished correction appears in Endocr Pract. 2005;11:145].
Endocr Pract. 2005;11:11-17.

Barnett AH, Dreyer M, Lange P, Serdarevic-Pehar M. An open,
randomized, parallel-group study to compare the efficacy and
safety profile of inhaled human insulin (Exubera) with metformin
as adjunctive therapy in patients with type 2 diabetes poorly
controlled on a sulfonylurea. Diabetes Care. 2006;29:1282-
1287.

DeFronzo RA, Bergenstal RM, Cefalu WT, et al, for the Exubera
Phase Il Study Group. Efficacy of inhaled insulin in patients with
type 2 diabetes not controlled with diet and exercise: A 12-week,

63.

64.

65.

66.

67.

68.

69.

70.

April 2007

randomized, comparative trial. Diabetes Care. 2005;28:1922-
1928.

Poon T, Nelson P, Shen L, et al. Exenatide improves glycemic con-
trol and reduces body weight in subjects with type 2 diabetes:
A dose-ranging study. Diabetes Technol Ther. 2005;7:467-477 .
Fehse F, Trautmann M, Holst JJ, et al. Exenatide augments first-
and second-phase insulin secretion in response fo intravenous
glucose in subjects with type 2 diabetes. J Clin Endocrinol
Metab. 2005;90:5991-5997.

Blonde L, Klein EJ, Han J, et al. Interim analysis of the effects of
exenatide treatment on A1C, weight and cardiovascular risk
factors over 82 weeks in 314 overweight patients with type 2
diabetes. Diabetes Obes Metab. 2006;8:436-447 .
Ozyazgan S, Kutluata N, Afsar S, et al. Effect of glucagon-
like peptide-1(7-36) and exendin-4 on the vascular reactivity in
streptozotocin/nicotinamide-induced diabetic rats. Pharmacology.
2005;74:119-126.

Zander M, Madsbad S, Madsen JL, Holst JJ. Effect of 6-week
course of glucagon-ike peptide 1 on glycaemic control, insulin
sensitivity, and beta-cell function in type 2 diabetes: A parallel-
group study. Lancet. 2002;359:824-830.

Ahren B, Landin-Olsson M, Jansson PA, et al. Inhibition of dipep-
tidyl peptidase-4 reduces glycemia, sustains insulin levels, and
reduces glucagon levels in type 2 diabetes. J Clin Endocrinol
Metab. 2004,89:2078-2084.

Pratley R, Galbreath E. Twelve-week monotherapy with the DPP-4
inhibitor, LAF237 improves glycemic control in patients with
type 2 diabetes (T2DM). Diabetes. 2004;53:A83.

Pratley RE, JauffretKamel S, Galbreath E, Holmes D. Twelve-
week monotherapy with the DPP-4 inhibitor vildagliptin improves
glycemic control in subjects with type 2 diabetes. Horm Metab
Res. 2006;38:423-428.

Address correspondence to: Stephen N. Davis, MD, FRCP, Division of Diabetes, Endocrinology and Metabolism, Vanderbilt
University Medical Center, 715 Preston Research Building, 2201 Pierce Avenue, Nashville, TN 37232-6303. E-mail:
steve.davis@vanderbilt.edu

—-60-



