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Abstract: Although multiple new agents for the management of diabetes have become available in the past decade, less than
50% of diabetics in the United States have Hgb A-1-C levels below 7.0% and far fewer at the newer more stringent targets
0f 6.0% to 6.5%. It has become increasingly clear that the course of Type 2 diabetes is marked by progressive loss of beta-cell
function in the setting of relatively fixed insulin resistance. However, treatment algorithms are based on initial monotherapy,
usually with metformin, and only move to combination or add-on therapy when treatment has failed and disease has pro-
gressed. Few therapeutic agents address both insulin resistance and beta cell function, and no monotherapeutic agent fully
addresses any physiologic defect. Metformin, a well-established therapy for diabetes is effective in reducing hepatic and to
a lesser extent muscle insulin resistance primarily through AMP-kinase activation, but has only modest effects on long-term
beta-cell function. Pioglitazone, an agent in the thiazolidinedione (TZD) class has mechanistically distinct effects on hepatic,
muscle and adipocyte insulin resistance, primarily through PPAR-gamma activation, as well as having somewhat greater
effects on beta-cell function and durability of glycemic control. The combination of the two agents, either as initial therapy,
or as very rapid add-on therapy for the patient who does not achieve target glycemia soon after initiation of metformin is a
mechanistically favorable and useful approach to early and durable glycemic control of many new-onset diabetic patients.
The efficacy of both metformin and pioglitazone as monotherapy has been well-documented in numerous studies, and
combination studies have demonstrated superiority in efficacy of combination therapy over monotherapy with either agent
as well as superiority in durability of response over non-TZD based combinations such as sulfonylurea/metformin. Safety
issues with metformin remain primarily tolerability based on GI side effects with the rare risk of lactic acidosis in patients
with declining renal function. The safety of the TZD class, while well-documented, does carry the risks of volume expan-
sion and resultant CHF, as well as weight gain, which while troublesome, uniquely does not impair glycemic control in
these patients. A more recent concern has been raised regarding fracture risk and decreased bone density, and although the
relative impact appears small it remains relevant. These risks may be somewhat balanced by more recent studies suggesting
a favorable effect of pioglitazone on multiple metabolic risk factors for CVD such as lipids, C-reactive protein, and adipo-
cytokines such as adiponectin. Recent mechanistic and outcome studies such as PROACTIVE and PERISCOPE which
suggest there may also be modest benefit on plaque progression and CVD outcomes. Metformin has beneficial effects on
metabolic CVD risk factors, such as triglycerides, insulin and PAI-1 and there is a persistent signal of favorable CV outcomes
in metformin treated patients. This review will address the safety and efficacy of the agents as monotherapy as well as in
combination, and explain the physiologic rationale for earlier or initial use of pioglitazone/metformin combination therapy
for newly diagnosed diabetes as well as the long term potential benefit for ongoing management of the treated diabetic.
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Introduction

Type 2 diabetes, a chronic progressive disorder of glucose metabolism associated with significantly
increased risk of cardiovascular morbidity and mortality, is rapidly becoming a major health issue globally
with an estimated 5% of the world population affected in 2005. In the United States, 7% of the population
has diabetes, with an equal number diagnosed with impaired glucose tolerance. The most rapid growth in
prevalence is occurring in the 16-45 year age group, paralleling the increase in overweight/obesity.! The
diagnosis of diabetes is preceded by progressive hyperglycemia for up to a decade or longer before clini-
cal diagnosis is made, and both microvascular and macrovascular complications are not uncommon in
this prediabetic or newly diagnosed population,>* suggesting that current guidelines for initiation of treat-
ment may not recognize the physiologic state of the patient at diagnosis.
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Type 2 diabetes is physiologically characterized
by progressive beta-cell dysfunction in the setting
of relatively fixed insulin resistance. 90% of type 2
diabetics are insulin resistant, but the degree of
insulin resistance is nearly maximal by the
time patients reach IGT.* Subtle changes in
adipocyte function may worsen peripheral insulin
resistance modestly causing further deterioration
in glycemic control, but only in the setting of
impaired or deficient beta-cell response. The degree
of relative beta-cell dysfunction in early diabe-
tes has long been appreciated, with absolute
hyperinsulinemia common at diagnosis but still
relative insulin deficiency in that blood glucose
remains elevated. However, data from the UKPDS
and more recently from the San Antonio Metabo-
lism study® have suggested that absolute beta-cell
function has declined 50% in early IGT and that at
diagnosis, as much as 80% of beta-cell function
may have been lost. This suggests a more advanced
disease state than is clinically apparent from
glycemia, making current treatment paradigms
somewhat discordant from disease state. Addition-
ally, UKPDS 16 offered the insight that loss of
beta-cell function is an intrinsic and progressive
part of the disease process of diabetes and was not
therapeutically well-addressed over the course of
the study with monotherapeutic metformin, sulfo-
nylurea or insulin therapy.

Current treatment guidelines reflect the older
understanding of the disease state, initiating disease
management with metformin, an effective, safe and
inexpensive therapy for insulin resistance, but an
agent without significant beta-cell modulating
effects. Drugs such as thiazolidinediones or incretin
based therapies which do have effects on beta-cell
function and a suggestion of durability of effect are
currently relegated to second line or late add-on
therapy. This often occurs after further deterioration
of the beta-cell functionality, minimizing their
clinical effectiveness. Pioglitazone, a thiazolidinedi-
one (TZD) improves insulin sensitivity at liver,
muscleand adipocyte primarily through PPAR-gamma
activation and increased tissue fatty acid oxidation.®
Metformin improves insulin sensitivity though acti-
vation of the AMP-kinase pathway.” Its actions are
primarily at the liver with additional, but lesser
effects on muscle, and with little adipocyte
sensitization. This suggests a potential additive and
synergistic effect on insulin resistance when these
drugs are combined.® Pioglitazone, unlike metformin,
has demonstrated physiologic effects on beta-cell

function and theoretically may conserve beta-cell
mass, resulting in durability of glycemic effect. This
combination of reduced beta-cell work and enhanced
beta-cell function although as yet unproven, is
mechanistically superior to other combinations in
addressing the dual defect present in early and ongo-
ing diabetes. The purpose of this review is to examine
the pharmacology of these two agents singly and in
combination in the context of current understanding
of the diabetic disease state and address the safety,
efficacy and potential long-term benefits of combined
pioglitazone/metformin therapy in treating diabetes
and potentially upon diabetic cardiovascular
complications.

Metformin and Pioglitazone:

Pharmacology and efficacy
Metformin, a biguanide agent acts primarily as an
insulin sensitizer. Its primary clinical site of action
is in the liver, improving hepatic insulin sensitivity
and as a result, decreasing hepatic gluconeogenesis.
Metformin may also increase both hepatic and
splanchnic glucose utilization. Metformin also has
significant effects on peripheral insulin sensitivity,
primarily at muscle and modestly at adipocyte by
phosphorylation and activation of AMP-activated
protein kinase.’ Therefore, reductions in blood
sugar with metformin occur in the setting of reduced
insulin levels and theoretically reduced beta-cell
work. There appears to be little or no direct mech-
anistic effect of the drug, however on beta-cell
function or apoptosis. Metformin is neglibly protein
bound and is primarily renally cleared, proportion-
ate to declines in creatinine clearance. Therefore
dosage reduction or therapeutic restriction may be
required in the aging or renally impaired patient.
Pioglitazone, a member of the thiazolidinedi-
one class, is a potent peroxisome proliferator-
activated receptor (PPAR)-gamma receptor
agonist. PPAR-gamma is a ligand coactivated
transcription factor involved in glucose and lipid
metabolism. Pioglitazone also demonstrates
modest PPAR-alpha activation, a similar tran-
scription factor involved in lipid metabolism and
fat oxidation. PPAR-gamma receptors are also
richly expressed in the vasculature, the adipocyte
and in macrophages and may play an important
role in non-metabolic modulation of inflamma-
tion and atherogenesis.® The result of PPAR
activation by thiazolidinediones is the expression
of over 200 genes, approximately 1/3 of which

290

Clinical Medicine: Therapeutics 2009:1



Safety and efficacy of pioglitazone/metformin combination therapy in treatment of type 2 diabetes

are unique to a given agent. The lipid effects and
cardiovascular and hepatic safety of pioglitazone
appears to be due to its drug specific gene-
activation profile. PPAR activation increases
insulin sensitivity through several mechanisms
distinct from that seen with metformin, although
there is evidence that insulin sensitivity with
pioglitazone may also be partially enhanced by
AMP-kinase activation as well. PPAR active
drugs increase intracellular fatty acid oxidation,
reducing intracellular lipid and diacyl glycerol
levels, improving insulin signaling. This effect
may be enhanced by or due to an increase in
circulating adiponectin, an adipocytokine which
increases peripheral fat oxidation and decreases
vascular inflammatory responses.'? Adiponectin
levels increase by approximately two-fold in
response to PPAR-gamma activation, but it
unclear how much of the improvement in insulin
sensitivity is as a result of adiponectin action in
humans. Pioglitazone significantly reduces
hepatic gluconeogenesis to a degree similar to
metformin, and improves muscle glucose uptake
significantly as well. As myocytes do not express
significant PPAR-gamma receptor activity, is is
suggested that improvement in muscle insulin
sensitivity is mediated by decreased intra-
myocellular lipid, a potential TZD mechanism.
Hepatic insulin sensitivity and lipogenesis may
further result from this improved peripheral
postprandial glucose disposal as well."!

Unique to the TZD class in the treatment of
diabetes is the impact on adipocyte insulin
sensitivity.'> PPAR-gamma activation is an impor-
tant modulator of fat cell function, and appears to
have a direct impact on improving both visceral
and subcutaneous fat cell insulin sensitivity.
Effects on visceral fat may be mediated both by
direct cellular PPAR effects, but also by PPAR
induced reductions in macrophage-mediated
inflammation, an essential modulator of visceral
adipocyte function and sensitivity."? It has been
proposed that sensitization of the subcutaneous
adipocyte results in increased uptake of circulating
free fatty acids and potential improvement in
peripheral insulin sensitivity.'* Enhanced visceral
adipocyte insulin sensitivity also results in reduc-
tion of lipolysis and free fatty acid flux to liver
potentially improving hepatic insulin sensitivity
as well.

However while this decrease in circulating ffa
may play a role, the reduction in intramyocellular

and intra-hepatic fat seen with TZD therapy may
have a more significant impact on both hypergly-
cemia and hyperlipidemia.'

The attractiveness of combined or early aggres-
sive use of oral therapy for type 2 diabetes rests on
the presumed impact of treatment on beta-cell
function. Terms such as beta-cell function, protec-
tion and preservation are used freely with varying
definitions used by investigators. In this discussion
it is important to remember several factors. Mod-
els such as HOMA and QUICKI that examine beta
cell function based on insulin and glucose measure-
ments measure the functioning of beta cells, but
offer no insights as to the intrinsic “wellness” or
longevity of beta cells. Sulfonylureas for example
show improvements in HOMA-B beta cell func-
tion, but clinically lose effectiveness over time.
Atemporal component is needed to make modeled
effects on function relevant for chronic disease
management.

Function may be better assessed not by insulin
output but by measures of beta-cell health, such as
restoration of first phase insulin secretion, decreases
in proinsulin/insulin ratios and restoration of
normal oscillatory secretory patterns. These mark-
ers however do not provide any insights into beta
cell longevity or clinical therapeutic efficacy. In
the ADOPT trial, rosiglitazone showed greater
durability of glycemic response than metformin
yet did show an ongoing decline in beta cell func-
tion(2% vs. 3%).'° The most important issue to
consider in any discussion of beta-cell effects on
therapy is that no human data exists and all ana-
tomic correlates on beta-cell anatomy, mass and
potential regeneration/decrease in apoptosis come
from rodent models and therefore cannot be
directly extrapolated to human physiology and
more importantly therapeutics.

The attractiveness of pioglitazone therapeuti-
cally rests not only with its insulin sensitizing
properties, but its apparent impact on beta cell
function. Human studies have demonstrated favor-
able mechanistic effects of TZD therapy on restor-
ing physiologic insulin secretory oscillations,'”’
near-normalization of proinsulin/insulin secretion,'®
and restoration of first phase insulin secretion.'” In
rodents, pioglitazone has been shown to enhance
islet cell mass and restore normal organelle struc-
ture and function.”” The mechanism of potential
beta-cell modulation is unclear but is likely
substantially due to direct PPAR activation at the
beta cell.?!*? The reduction of intra-beta cell lipid
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(i.e. lipotoxicity) plays an important role in
enhanced beta-cell function and survival and is
mediated by PPAR activation, although increased
adiponectin may play a role as well. TNF-alpha
and IL-6 also play a role in decreasing insulin
autoregulation of the beta cell,”** thereby poten-
tially decreasing beta cell function although the
relative clinical contribution of this pathway is
unknown.

Based on these mechanisms of drug action,
there is little overlap between metformin and pio-
glitazone. the combination of the two drugs should
demonstrate more potent insulin sensitization than
either drug alone, with the additional benefit of
beta cell “protection” and enhanced durability of
drug effect. Most studies, however have examined
pioglitazone added to existing metformin therapy,
and little data exists on the therapeutic response
when the two drugs are initiated simultaneously.
Although standard clinical practice has remained
step care with add-on therapy, there is a suggestion
that there is a greater therapeutic response to pio-
glitazone when initiated with, not subsequent to
metformin in naive to treatment patients.*

Homeostasis Model Assessment (HOMA) mod-
eling validates the individual and combined actions
of the two drugs on insulin resistance and beta cell
function, though it better reflects changes in beta-
cell performance than restoration of intrinsic nor-
mal function. The literature regarding HOMA-IR
and HOMA-B for metformin and pioglitazone
individually and in combination is best looked at
in aggregate, as individual studies using HOMA
modeling have shown widely disparate and con-
tradictory effects on insulin sensitivity and beta
cell function. For example, Pavo®® failed to dem-
onstrate any improvement in HOMA-IR with
metformin in newly diagnosed diabetic patients
despite similar glycemic efficacy to pioglitazone,
a mechanistically inconsistent observation.
However, in each study of combined therapy a
consistent improvement in both HOMA-IR and
HOMA-B were demonstrated when the two drugs
were combined. Einhorn®’ and colleagues showed
a 16% reduction in insulin resistance when pio-
glitazone was added to existing metformin therapy
over a 16 week trial, compared to a 17% increase
with placebo. Hanefeld et al*® studied combined
pioglitazone/metformin therapy v pioglitazone/
glibenclamide over a much longer duration of
3.5 years. The pio/metformin group had an initial
increase in insulin sensitivity of 42% which was

sustained throughout the study, whereas the
metformin/SU group had a 32% decline over time
and the difference was significant 6 months after
initiation of therapy. This would suggest that this
combination may afford durable effects on
glycemic control through a sustained reduction in
beta cell workload. Although improvements in beta
cell function are consistent, this does not reflect
long-term changes in beta cell health, plasticity
and turnover, and studies directly addressing the
physiologic status of the beta cell with pioglitazone/
metformin combination therapy are lacking.

The therapeutic efficacy of pioglitazone as add-
on therapy to metformin in patients with inade-
quately controlled diabetes has been evaluated for
periods up to 3.5 years. (Table 1) However, there
is little data comparing the initiation of the com-
bined drugs as initial therapy for newly diagnosed
disease to sequential implementation after thera-
peutic inadequacy with metformin monotherapy,
and the two conditions may reflect somewhat
different states of beta-cell sufficiency and respon-
siveness to treatment. Einhorn and colleagues
studied 328 patients with HgbA 1c of greater than
8.0% to receive either 30 mg of pioglitazone or
placebo added to their existing metformin therapy.
Dose titration to 45 mg was permitted if glycemic
control was unacceptable. At study end the differ-
ence between study groups was —0.83%. the open
label phase extended 72 weeks with a sustained
reduction of HgbAlc of —1.36%.

The effectiveness of combination therapy may
be more clinically significant for long term
management of diabetes when pioglitazone/
metformin is compared to sulfonylurea/metformin
combinations.”” Charbonnel et al** compared the
addition of pioglitazone vs. glimepiride to patients
failing metformin therapy. After 2 years, the Alc
lowering was —0.89% in the pioglitazone group and
—0.77% in the SU group, not statistically significant.
However, among patients who completed 18 months
of therapy, reduction of Alc from baseline was
significantly lower in the pioglitazone/metformin
group —1.07% vs. —076% in the sulfonylurea group,
reflecting in some fashion the gradual rise in blood
glucose seen in UKPDS after 12—18 months on
sulfonylurea monotherapy.’' Further evidence that
pioglitazone may confer enhanced durability of
glycemic control when added to metformin comes
from 2 prospective long-term trials. Spannheimer*>
et al demonstrated that at 3 years Alc lowering with
pioglitazone/metformin was —2.3% when compared
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to —1.8% in the glibenclamide/metformin group.
Oerter®® showed a non-significant difference
in Alc of —0.79% in the pioglitazone treated
group vs. —0.61% in the glibenclamide group, but
among patients who responded to combination
therapy who required no additional treatment for
glycemic control, the difference was significant at
96 weeks —0.85% vs. —0.61%.

The dosages of these agents singly is slightly
different from the fixed-dose combinations cur-
rently available in the United States. Pioglitazone
as monotherapy may be titrated to a maximum dose
of 45 mg. Although there is a statistically signifi-
cant incremental improvement in glycemic control,
the incidence of side effects, primarily weight and
edema increases at this dose and should be used
only after patients are close to but not yet at thera-
peutic target. The therapeutic dose of metformin
ranges from 1000 to 2500 mg, with only modest
improvements in efficacy at doses greater than
1700. The fixed dose combinations available in the
United States reflect those observations with tablets
containing 15 mg of pioglitazone combined with
either 500 or 850 mg of metformin. Combinations
of pioglitazone with higher doses of sustained
release metformin remain in development.

Safety of Metformin/Pioglitazone
The safety of both metformin and pioglitazone have
been exhaustively studied in the past decade, driven
primarily by significant adverse events reported
with troglitazone and to a less well documented
extent with pioglitazone. The primary safety con-
cern with metformin remains the rare occurrence
of lactic acidosis in patients with renal or hepatic
dysfunction and caution has been advised in patients
with congestive heart failure. However Masoudi**
et al have noted improved clinical outcomes in
patients with CHF treated with metformin suggest-
ing that the benefits of insulin sensitization out-
weigh the rare risk of lactic acidosis in this
population. Tolerability of metformin is a greater
issue than safety with up to 10% of patients expe-
riencing gastrointestinal side effects sufficient to
modify adherence with the medication.

The safety issues with pioglitazone are complex
and in some cases poorly defined and even less well
mechanistically understood. The fundamental issue
in examining safety with TZD therapy is discerning
class effect versus drug specific effect given the lack
of complete overlap in gene activation between the

four TZD drugs that have been well characterized.*
The safety issues can be categorized as hepatic,
volume overload (edema, CHF), cardiovascular and
bone. Although the weight gain seen with TZD
therapy has been listed as a safety/side effect issue,
it reflects PPAR-gamma improvement in adipocyte
function and lipogenesis, as well as potential fat
redistribution subcutaneously.*® Unlike weight gain
seen with other diabetic therapies, this fat accrual is
not associated with a decline in glycemic control.
Additionally, weight gain often parallels the
glycemic response, likely reflecting the degree of
PPAR activation.'® Both Charbonnel’” and Kawai*®
have noted that the addition of metformin to
pioglitazone attenuates the weight gain seen with
pioglitazone alone, likely due to satiety and caloric
intake effects, and the initiation of the two drugs
simultaneously in combination may reduce clinical
weight concerns. Volume expansion can be a cause
of weight gain in some patients due to PPAR effects
on sodium reabsorption and the development of
edema. These studies suggest that rapid weight gain
on the combination may therefore reflect significant
volume expansion not fat accrual, and those patients
need to be evaluated for that safety concern.

Volume expansion is a class effect of TZD
therapy, mechanistically reflected by a combination
of vasodilatation but a more significant sodium reten-
tion at the renal tubule induced by PPAR-gamma
mediated insulin sensitization. This anti-natriuresis
results from activation of Na+/K+ pump in the distal
collecting tubule, and is enhanced in the presence of
hyperinsulinemia due to exogenous insulin therapy
and drugs such as non-steroidals that decrease natri-
uresis. The edema seen with TZD therapy reflects
both this volume expansion and calcium channel
blocker like vasodilatation, but is most commonly
seen in patients with lower creatinine clearance and
may reflect advanced endothelial dysfunction and
extravascular extravasation of fluid. The incidence
of edema ranges from 3% overall to 20% in insulin
treated patients.”” This edema, while effectively
treated by drugs that block Na+/K+ exchange such
as amiloride or spironolactone, responds less well to
loop diuretics or hydrochlorothiazide.*’ The volume
expansion linked to CHF, however, is responsive to
these agents suggesting a somewhat different mech-
anism for edema and CHF. The CHF safety concerns
will be reviewed later in this monograph.

Hepatic safety was a significant concern with
troglitazone, prompting its removal from the
market. Extensive post-marketing surveillance of
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hepatic safety with pioglitazone has showed no
increase in hepatotoxicity,*' and the use of pio-
glitazone in the treatment of NASH is currently
under study with preliminary reports suggesting
benefit. However, while the use of metformin in
NASH would be safe, the use of combined
pioglitazone/metformin in patients with relatively
advanced hepatic dysfunction of any cause would
be contraindicated. Hepatic function should be
monitored once after initiation of therapy and then
as clinically indicated, but no increased risk of
hepatotoxicty has been observed with statin use.
As pioglitazone is metabolized via CYP2C8/9
and CYP3A4, coadministration of drugs that
inhibit these pathways such as gemfibrozil, a
common hypolipidemic treatment should be
minimized due to an increase in pioglitazone
levels.

A more recent and potentially troubling long-
term safety issue are recent reports of increased
fracture risk and decreased bone density with both
TZD drugs.* The ADOPT trial with rosiglitazone
demonstrated a small but significant increase in
leg and forearm fractures.* Pioglitazone post
marketing analysis has also confirmed an increase
in distal fractures in women of the hand, foot and
humerus, somewhat different than the usual sites
for post-menopausal or glucocortcoid induced
fractures and sites high in cortical, not trabecular
bone. Data from the ADOPT trial and subsequent
metanalyses suggest an increase in relative
fracture risk of 1.2—1.8. The effect on fracture is
predominantly in women and appears to be asso-
ciated with a rather rapid loss of bone density in
the first 12 months of therapy, with a slower
annual loss observed therafter.** Mechanisms for
the decreased bone density are based on a decrease
in bone formation but apparently no effects on
bone resorption. PPAR-gamma stimulation of
marrow mesenchymal cells into adipocytes rather
than osteoblasts is a proposed mechanism for
decreased bone density,* as increased marrow fat
is observed in TZD treated patients, much as is
seen in older adults.*® However, additional stud-
ies have demonstrated decreased bone density on
DEXA bone densitometry although the increased
adiposity of marrow may falsely decrease DEXA
readings. However, given the increased fracture
rate seen, women at high risk for fracture or
osteopenia should be treated with these drugs only
when clinically preferable, and vitamin D status
and calcium intake assessment should be an

essential part of diabetes management when on
pioglitazone treatment.

Cardiovascular Effects of Metformin

and Pioglitazone

The cardiovascular (CV) effects of metformin and
pioglitazone can be examined in four areas:
impact on dyslipidemia, impact on atherosclerotic
risk factors and plaque formation, impact on CV
clinical outcomes and issues of cardiovascular
safety. The bulk of the literature studies the CV
effects of each drug individually, and few studies
examine the additive effects of the two drugs
when used in combination. The lipid and
CV effects of metformin and pioglitazone
monotherapy have been extensively discussed
elsewhere*” and this section will focus on poten-
tial synergistic impact of combined therapy.
Metformin has been shown to have a modest but
important impact on dyslipidemia. Mechanisti-
cally metformin reduces circulating free fatty
acids (ffas) by 10%—-20% and lowers triglycerides
by 10%—-15% (Kirpichnikov). The reduction in
VLDL is due to decreased hepatic VLDL synthe-
sis and a very small reduction in LDL cholesterol
and a clinically insignificant increase in HDL is
also seen. Of potential mechanistic import is the
effect of metformin on reducing oxidative stress
within the arterial wall.*® This reduction in lipo-
oxidation reduces oxidized LDL concentrations
within plaque and may contribute to an enhanced
beneficial CV effect.

The favorable lipid effects with pioglitazone are
unique to this TZD and are not shared by rosigli-
tazone. Differential adipocyte gene activation by
pioglitazone compared to rosiglitazone at the adi-
pocyte might account for some of the observed
effect.* A meta-analysis by van Wijk™ as well as
a randomized prospective trial (GLAI) by
Goldberg® and colleagues have documented a
rather substantial differential lipid impact between
the two TZD drugs. Ginsberg postulates an increase
in VLDL clearance with pioglitazone as a potential
mechanism for the lipid lowering rather than a
differential effect on lipid synthesis.’> However,
Al Majali*® describes a primary impact of piogli-
tazone on hepatic lipase activity rather than on
lipoprotein lipase, and differential effects of hepatic
lipase could explain differences between rosigli-
tazone and pioglitazone on particle size and LDL
particle number.
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Pioglitazone is associated with a significant
reduction in circulating ffa’s and a reduction in tri-
glycerides of 15%—-20%. HDL increases are consis-
tent but variable and are dependent upon baselines,
with very modest increases in HDL when baseline
is 40%—-50% mg/dl but more robust increases of
10%—-30% as levels decline below 35 mg/dl. LDL
levels increase with both TZD agents, but the
increased LDL seen with pioglitazone treatment is
associated with an increase in LDL particle size and
therefore a decrease in small dense LDL, a more
atherogenic form of LDL. A decrease in LDL par-
ticle number and apoB is seen as well.*”

There are a number of studies looking at the addi-
tive effects of the two drugs when used in combina-
tion and few looking at lipid impact when the drugs
are initiated jointly.>* Charbonnel et al** compared
the lipid effects of add on therapy of pioglitazone to
either metformin or gliclazide and found both further
reductions in triglycerides and ffas when pioglitazone
was added to metformin and superiority of the
pioglitazone/metformin combination to the gliclazide
combination when the atherogenic index of plasma
(AIP) was compared as well. Combination piogli-
tazone/metformin therapy should be expected to
lower triglycerides approximately 10% more and
increase HDL 5%—10% more than either agent alone.
The magnitude of overall drug effect on lipids
remains modest however when compared to glucose
lowering and cannot readily explain any significant
favorable effect in CV outcomes.

The effect of metformin and pioglitazone on
vascular biology and adipocytokines is potentially
far more relevant, but still remains only modestly
evaluated at the clinical outcome level. Metformin
significantly reduces levels of PAI-1, a cytokine
associated with both hypercoagulability and plaque
destabilization.> Levels of PAI-1 are significantly
increased within the diabetic plaque and are
increased by hyperinsulinemia, hyperglycemia and
hypertriglyceridemia. It is not clear however that
circulating levels of PAI-1 correlate with plaque
PAI-1. Pioglitazone also reduces PAI-1 through
similar effects on metabolic parameters, but also
reduces PAI-1 by direct PPAR-gamma stimulation
of both adipocyte and macrophage, primary
sources of PAI-1 secretion. Combination therapy
of pioglitazone/metformin is likely to have syner-
gistic effects on hypercoagulability and plaque
destabilization in vivo.

Although there is some anti-atherogenic
overlap between metformin and pioglitazone,

especially through impacts on P13-kinase mediated
mechanisms, the overall effects of pioglitazone
on other components of plaque physiology are
much greater than and mechanistically distinct
from what is seen with metformin. PPAR-gamma
activation of the adipocyte is associated with a
reduction in proatherogenic and inflammatory
cytokines TNF-alpha, IL-6 and resistin." It was
initially felt that TZD related declines in
these cytokines may mediate the reduction in
atherogenesis seen in multiple mechanistic animal
models. However, circulating levels of these
cytokines do not correlate well with clinical find-
ings and it is becoming increasingly clear that local
macrophage induced secretion of these cytokines
as well as plaque destabilizing MMP-9 may actu-
ally better reflect event risk. Increased ffas appear
to activate macrophages both at visceral fat and
in the arterial wall,’® increasing the local
inflammatory response and increasing visceral fat
cell insulin resistance. The combination of
pioglitazone/metformin may therefore have addi-
tive effects at the plaque level in reducing inflam-
mation, both by additive reduction in circulating
ffa’s, but also by direct PPAR-gamma reduction
in macrophage activation.’’

The vasculoprotective cytokine adiponectin
plays an important role in mediating vascular
repair. However it has been shown that metformin
has little effect on this cytokine'® and levels are
not substantially changed with combination ther-
apy compared to pioglitazone alone.

It has been suggested in outcome studies that the
beneficial CV outcomes seen with metformin and
pioglitazone are merely reflective of improvements
in glycemic and metabolic control, and do not relate
to impact on vascular biology. However in non-
diabetic animal models, pioglitazone has been
shown to significant retard the development of
plaque induced by hyperlipidemia and in an intrigu-
ing study by Collins et al significantly reduces
angiotensin induced plaque, suggesting the impor-
tance of these non-metabolic effects of these
drugs.>® Recent unpublished data (APPROACH
Trial) suggesting that rosiglitazone, which has
somewhat unfavorable lipid impact, may demon-
strate similar plaque effects as pioglitazone suggest
that indeed a non-metabolic direct effect in plaque
biology is likely. Additionally, a reduction in micro-
albumin, a marker of cardiac event risk is consis-
tently seen with pioglitazone and is significantly
greater than metformin monotherapy despite
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equivalent effects on glycemia further suggesting
a direct vascular effect.”’

Cardiovascular Outcomes

It is difficult to definitively discuss CV outcomes
from diabetes agents as the studies as currently
published are not designed to examine the mecha-
nistic impact of these drugs on vascular biology.
Event driven trials or incident rates of events reflect
plaque destabilization and atherothrombosis rather
than atherogenesis, the primary CV target for met-
formin and pioglitazone. Outcome studies that do
not run 5—-10 years are therefore less likely to define
benefit than shorter term studies. Additionally, the
impact of PPAR-gamma activation on plaque
integrity and stability and therefore event occur-
rence appears to differ between agents in the TZD
class, as PPAR-gamma has both pro and anti ath-
erogenic properties and differential gene activation
may lead to a drug specific impact on both plaque
and event rates. Metformin has long believed to
have favorable CV effects, but this is primarily
based on a very small non-randomized subset of
obese diabetics in the UKPDS study.®® This modest
benefit disappeared when sulfonylureas are added.
Selvin et al®! conducted a meta-analysis of metfor-
min therapy which suggested that a modest
residual CV benefit occurs when metformin is used
in diabetes. Inzucchi® has demonstrated that
metformin may indeed confer modest benefit in
the setting of acute MI as well.

There are few studies that directly clinically assess
the anti-atherogenic properties of pioglitazone. One
of thee first randomized trials was a study by
Mazzone et al*® which suggested a modest decrease/
stabilization of CIMT with pioglitazone compared
to glimepiride over an 18 month period. While short
in duration and small in number, there was a trend
towards fewer CV events in this study. This study
was mechanistically supported by the PERISCOPE
trial by Nissen® which through intra-coronary IVUS
technique demonstrated stabilization of plaque pro-
gression with pioglitazone when compared to
glimepiride over 18 months. This study did not
demonstrate short-term reduction in events although
lack of progression of plaque has been correlated
with a reduced long-term CVevent rate.®®

The PROACTIVE trial by Dormandy et al*® was
designed to address the efficacy and safety of
pioglitazone in patients with pre-existing CV disease
and to date remains the only large long-term

cardiovascular efficacy and safety trial with any TZD
therapy. PROACTIVE failed to meet its primary
endpoints but did document a 16% reduction
in secondary endpoints of acute myocardial infarc-
tion, stroke and death. In a smaller subset of over
2400 patients who entered the trial with prior acute
myocardial infarction, there was a non-statistically
significant 28% reduction in recurrent MI and a 19%
reduction in overall CV events.”® The CV benefit
seen was independent of any concomitant statin or
angiotensin blocking therapy. In retrospect, this study
had design flaws which impaired its ability to fully
address any potential CV benefits of pioglitazone
therapy. The study group was overly heterogeneous,
with CV associated but mechanistically disparate
diagnoses at entry, and by its event driven design
ended prematurely at 36 months, far too short to
address any anti-atherogenic effect of the drug. Statin
drugs, a far more potent plaque-modifying class have
shown in prior CV outcome trials either modest or
no benefit at 36 months with significant effects often
only demonstrated at 5 years.®”¢®

The controversial meta-analysis by Nissen
suggested that rosiglitazone may carry differential
risk of increased CV event rate and led to an exhaus-
tive analysis of TZD cardiovascular safety. The
modest CV benefit and non-CHF CV safety profile
of pioglitazone was confirmed by several meta-
nalyses and retrospective analyses of prior piogli-
tazone treated patients. A meta-analysis by Lincoff
et al’’ demonstrated a safety profile somewhat dis-
similar from rosiglitazone and muraglitazar, but a
trend towards fewer CV events overall in each
study, again somewhat dissimilar from rosiglitazone
and muraglitazar. Subsequent data from the large
ACCORD, ADVANCE and VADT trials, all of
which were rosiglitazone enriched or exclusively
rosiglitazone treated patient populations demon-
strated no increased ischemic CV risk with rosi-
glitazone therapy, but unlike PROACTIVE showed
no evidence of any trend towards a reduction in
events.”" "

The utility and safety of pioglitazone and met-
formin in the patient at risk for and with CHF has
been well-studied and again clinically misinter-
preted. CHF is a concern with TZD therapy with
a consistent increase in both systolic and diastolic
heart failure being reported (RR 1.7-2.5).”* In
contrast, the Kaiser Permanente database showed
no increase in hospitalizations for CHF among
TZD users.” In a study of elderly Medicare users
with class I and class II CHF, Masoudi** reported a
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decreased one year adjusted mortality rate after
hospitalization when compared to a non-insulin
sensitizing use group, although readmission for
CHF was higher among TZD users.

The mechanism for development of CHF remains
acute volume expansion in the setting of compro-
mised LV function as these drugs confer no adverse
and mechanistically potential favorable effects on
the dysfunctional myocardium.’®”” For this reason,
the safety of these drugs have not been studied in
patients with class Il and class IV CHF and should
not be used. Safety in class I and class II CHF has
been evaluated and pioglitazone may be used in
these patients when clinically necessary with appro-
priate monitoring. In the PROactive trial, an older
patient cohort at significant risk for the development
of CHF, the incidence of moderate to severe CHF
was increased from a baseline 4% to 6%. The one
year follow-up showed no increase in death or
myocardial infarction despite continuation of the
drug in a majority of patients, again suggesting a
reversible volume-driven causality. The study design
also increased the risk of CHF, as 90% of patients
were rapidly titrated to 45 mg of pioglitazone within
1-3 months with one-third of treated patients on con-
comitant insulin therapy, a potent volume expanding
scenario. The combination of pioglitazone/
metformin offers a unique mechanistic and clinical
opportunity to both capture potential benefits of
insulin sensitizing therapy in these high risk patients
while minimizing CHF. If indeed the data that com-
bined pioglitazone/metformin therapy is associated
with little or no weight gain, then the patient on this
regimen who is accruing weight at a rapid or pro-
gressive rate must be evaluated for volume expan-
sion. This is directly in contrast with the clinical
assumptions that weight gain is lifestyle driven fat
accrual and adjustment of the TZD dosage needs to
be considered. The volume expansion is far greater
with 45 mg than lower doses, and unless clinically
warranted should not be considered in patients with
potential LV compromise.

Discussion

A review of pioglitazone/metformin as therapy in
2009 does not pose the question of the use as a
therapeutic combination in a step-wise approach, as
this has been well validated in the step care algo-
rithms put forth on 2 occasions by the ADA/
EASD.”® With the availability of combination
tablets of pioglitazone/metformin, the clinical

question is should this combined agent be used as
initial therapy or as a single agent add-on to existing
sulfonylurea or incretin based therapy at step 2,
rather than as two single agents. The pathogenesis
of Type 2 diabetes requires the presence of both
significant insulin resistance as well as even greater
beta-cell dysfunction, with both UKPDS as well as
the San Antonio Metabolism study suggesting a loss
of 50%—80% of beta-cell function at diagnosis. No
single therapeutic agent effectively treats either or
both mechanistic defects fully and therefore com-
binations of agents are required in the vast majority
of patients over time. The initial ADA/EASD algo-
rithm, built along a step-care approach failed to
recognize that step care models are effective in
intrinsically static diseases that may worsen, but not
intrinsically progress such as hypertension or
asthma. These models are less successful in disease
states that demonstrate progressive dysfunction such
as diabetes where the need for next step therapy may
reflect either a poor mechanistic intervention in an
individual patient or may simply reflect progressive
beta cell dysfunction. Bagust and Beale® argue that
current models of diabetes progression do not
adequately predict therapeutic effectiveness as they
are based on present assumptions that rates of beta
cell dysfunction are linear and occur in an essentially
homogenous patient population. Instead their
models suggest the rate of beta-cell loss is highly
heterogeneous and that the degree of beta cell func-
tion at diagnosis may be higher in some patients
than others. Given the lack of effective clinical
markers other than early therapeutic success and
absence of signs of long-term complications at
diagnosis, initiation of combination therapy as either
initial treatment or rapid add-on may more effec-
tively address the heterogeneity of the patient
population at diagnosis. The ADOPT trial was ini-
tially interpreted to show significant superiority of
rosiglitazone vs. metformin and glyburide over
5 years of monotherapy. Careful reinterpretation of
these results actually argues against monotherapy
as treatment despite greater beta-cell impact of the
TZD. The study definition of therapeutic failure as
a fasting blood glucose of 180 mg/dl would never
be used in the clinical setting, and therefore the
number of patients at glycemic target even at shorter-
term assessment is not likely to be satisfactory.
Additionally, even with rosiglitazone, modeled beta
cell function still declined at a significant rate, albeit
less so. Although not part of this study, the ongoing
loss of beta-cell function would suggest further
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slowing of rate might have been more possible had
rosiglitazone and metformin been combined. Even
if combination TZD/metformin had no additional
direct beta cell impact, the further reduction of
insulin resistance with these 2 drugs could enhance
durability of glycemic control in the setting of
slowed beta-cell loss and additional improvement
in insulin resistance. Future studies comparing
incretin/metformin to thiazolidinedione/metformin
combinations may help elucidate the relative impact
of beta cell focused vs. insulin sensitizing therapy
on disease progression.

In the second iteration of the ADA/EASD guide-
lines, combinations were broken down into well-
validated therapies vs. less well-validated therapies,
with the combination of pioglitazone/metformin
considered less-well validated, despite numerous
studies suggesting superior efficacy and durability
to the “well-validated” metformin-sulfonylurea
therapy.®” Rather than relying on consensus
opinion, combination therapy should be looked at
as well-validated mechanisms of disease vs.
less-well validated mechanisms. Multiple combi-
nation agents are available for treatment of diabetes
in the United States, but most studies looking at
glycemic efficacy of combined therapy are based
upon sequential use of the combined drugs rather
than initial combination therapy in drug naive
patients. (Table 2) Consideration should be clini-
cally and mechanistically driven with combination
therapy chosen based on individual need for more
aggressive treatment of insulin resistance vs. need
for more aggressive beta-cell and postprandial
effect. Chalmers® has demonstrated that when
started within 3 months of diagnosis, pioglitazone/
metformin was associated with a rise in A-1-C of
0.1% per year over 3 years compared to 0.5%/yr
in the gliclazide/repaglinide group. The Texas
diabetes board which oversees the care of a heav-
ily ethnic and more rapidly disease progressive
population has mandated initiation of combination
therapy for all patients with a Hgb-A-1-C of greater
than 6.5, recognizing the need for aggressive and
early control in a more difficult patient population
and the need for rapid stabilization of the disease.
These guidelines await outcome validation but
offer a strong rationale for combination therapy in
a high risk population.

The cost effectiveness of pioglitazone/metformin
therapy has always been an issue in the United
States, although generically available pioglitazone
will be available in 2011—12. Neeser™ examined the

cost effectiveness of combination of pioglitazone/
metformin therapy and found a modest increase in
modeled life expectancy and an incremental cost-
effectiveness ratio of 47636 euro per life year
gained vs. sulfonylurea/metformin. Coyle®*
reported in a Canadian cohort an incremental cost
per life year gained of 42000 CD of pioglitazone
vs. sulfonylureas though no combination data was
available. Conversely Watkins®® showed significant
cost superiority of exenatide vs. pioglitazone. In
aggregate the data suggest only modest cost effec-
tiveness of pioglitazone/metformin based regi-
mens, unless subsequent study substantiates a
lower rate of disease progression or more favorable
long—term CV outcomes with these agents.

Pioglitazone/metformin combination therapy
should continue to be looked at as two drugs from
a safety perspective. Therapeutically the combina-
tion should be viewed as a single agent that sig-
nificantly reduces both hepatic and peripheral
insulin resistance through additive mechanisms
and brings the enhanced beta-cell functionality of
thiazolidinediones to the modest beta cell effects
of metformin. The favorable impacts of this drug
on dyslipidemia as well as the mechanistically
attractive and potentially clinically favorable CV
effects of both drugs may over the long-term pro-
vide additional benefits to the diabetic patient as
well. Safety issues of CHF and decreased bone
density should be monitored and assessed indi-
vidually in the patient at risk for these complica-
tions. With the earlier age of diabetes onset and the
needed push for earlier and more aggressive treat-
ment of all diabetic patients, more long-term
observations will be of great importance.

The other question that must be addressed is if
these combined drugs behave differently when
initiated simultaneously in newly diagnosed dis-
ease rather than in the common setting of thera-
peutic failure which is usually driven by a further
decline in beta-cell function and plasticity. One
caution in therapeutics for diabetes is extrapolation
of physiologic mechanisms and effects into clinical
outcomes. Despite well validated mechanistic
effects of rosiglitazone on atherogenesis, the
anticipated short-term CV outcome benefit has
never been demonstrated. Despite numerous mod-
els of in vivo and in vitro beta-cell effects of pio-
glitazone, as well as diabetes prevention trials such
as PIPOD® and ACT NOW (De Fronzo), potential
disease modifying effects remain based on at best
2-5 year studies, and no long term data exists to

Clinical Medicine: Therapeutics 2009:1

299



Stolar

Ayajes wuey-buo| umouun
1800 4HO/ewsp3 duaq AD ¢

sjoaye pidi
(I190-e399 UnBIOUl/||90-B}8q AZL ¢ ssjoed 1a1 1 (Juswdojensp uj)
‘Buizyisuss TaH | undibdoly
ulnsuj)sioaye oibojoisAyd ajdu apuaoA|buL 1 0 auozeyboid
(yawnuer)
Ayeyes wisy-Buo Bw 0001/00S
UMOUUN 1SOD S}08Y8 [|190-B}ag ¢, 1aH F (uoneuiquoo) ulwIonsN
uopoe jo wsiueyoaw [eng Ayjiqelnp ¢, apLdAIBLL 1 0 %6} — %V L— Bw g undi|beys
180D sl ainjoel}
pasealou| 4HD/ewapa JO %Sy 9zIS a1 | (3ow snid sojovy)
lysusqg AD SpJemo) pusal] sjosye JequinN 8joied 1a 1 Bw 058/00S
pidi| 8|qelone 1oays ||9o-ejeg ¢ 1aH | (uoneuiquiod) ulwiopsiy
uonezpisuas ulnsul leng Ayjigeing opLdAIBLL 11 0 %V L — %60~ Bw g| suozey|boid
)SII ainjoel) (jowepueay)
pasealou] 1s0D 4HD/ewsps JO 3siy 1an | Bw 0001/008
JsualBuUsq AQ¢ 1088 [|90-eleg ¢ OaH | (uoneulqwod) %e Z- ulwlopsN bw 47z
uoneznisuas ulnsul [eng Aljigeing apuaoA|buy 1 0 (uo-ppe) %9°0— auozeyl|bisoy
1alF (Jowipueid)
1aH F Bw 00g ulwiopay
alL ééé @dueldwod Ayjigelnp ¢, apuadAibul 1 + (Slewy uo-ppe) %e"L- Bw z/| apiulbedey
Jaquinu epoied 7a7 1
3SII ainjoeld 4HD/ewap] uieb az|s spoied 11 |, (yoe30NQ)
JuBiapn J0aya NS 0} anp Ajjiqednps, 1aH | NS Jano Bw y/z epuidewio
|0J1u09 |eipueld-1sod peoueyug sopuadA|buL ++ %9 L — %E"L— Bw og auozey|boid
Jaquinu sjoed 1a7 |,
)SII ainjoel4 JHD/ewap] uieb az|s ojoied 1Q7 |, (1A1epueny) bw /g
B 10948 NS 0} dnp Ajjiqelnp ¢, TaH | NS Jano apuidawio bw /g
[0Jjuo9 [elpueld-}sod paoueyu] sopuadA|bu] F ++ %9°L — %6°0— auoze}l|Bisoy
9A1}0BY8-}S0D 1alF (dii6ejay)
elwaoA|6odAH 1aH F (Bnup Bw 00g ulwIonaN
Ayjigeanp ¢, apuLLoAIBUL 1 ++ UONEBUIqUIOD) %€’ |- bw 6/5°Z apizidi|9
BAI}08Y9-1S0D) 1an+ (90UBAOON|D)
elwaoA|bodAH TaH F Bnip Bw 00G ulwIonsN
Ayngelnp ¢, apuadAiBuL 1 +HH uoneuIquiod) %g z— Bw g/5°Z apungh|o
sabejuenpesip/sabejueApy s)oaya pidi elwasA|fodAH Koeoiye oIy asop uone|nw.io

(S7N) weweabeuew sa)agelp 1o} UONEBUIGUWOD 9SOp paxid "Z dlqeL

Clinical Medicine: Therapeutics 2009:1

300



Safety and efficacy of pioglitazone/metformin combination therapy in treatment of type 2 diabetes

document additive benefits of combination
pioglitazone/metformin therapy on therapeutic
durability. De Winter and colleagues®’ have devel-
oped pharmacodynamic models that avoid single
point assessments of physiologic and therapeutic
response and may become valuable in assessing
potential long-term efficacy of combination ther-
apy without lengthy clinical outcome trials.
Nevertheless, with appropriate safety assessment
the use of combination pioglitazone and metformin
should be considered as a potential initial or early
add-on therapy for management of diabetes, espe-
cially in the highly insulin-resistant patient or those
newly diagnosed patients who are at higher risk
for more rapidly progressive disease.

Conflicts of Interest Statement

Dr. Stolar has received speakers honorarium from
Takeda, Amylin, Lilly and Novo-Nordisk and has
served as an advisory board member for Takeda
and Lilly.

References

1. Cowie CC, Rust KF, Byrd-Holt DD, et al. Prevalence of diabetes and
impaired fasting glucose in adults in the U.S. population. NHANES
1999-2002. Diabetes Care. 2006;29(6):1263—68.

2. Barr EL, Wong TY, Tapp RJ, et al. Is peripheral neuropathy associated with
retinopathy and albuminuria in individuals with impaired glucose metab-
olism? The 1999-2000 Aus Diab. Diabetes Care. 2006;29:1114-6.

3. Tapp RIJ, Tikellis G, Wong TY. Longitudinal association of glucose
metabolism with retinopathy: results from the Australian diabetes
obesity lifestyle study group. Diabetes Care. 2008;31(7):1349-54.

4. UKPDS study group. U.K. Prospective Study Group V. Characteristics
of newly presenting type 2 diabetic patients: Estimated insulin sensitiv-
ity and islet cell function. Diabet Med. 1988;5:444-8.

5. Gastaldelli A, Ferranini E, Miyazaki Y, et al. Beta cell dysfunction and
glucose intolerance: Results from the San Antonio Metabolic study
(SAM). Diabetologia. 2004;47:31-9.

6. Waugh J, Keating GM, Plosker GL. Pioglitazone: A review of its use
in type 2 diabetes mellitus. Drugs. 2006;66(1):85-109.

7. Hundal RS, Inzucchi SE. Metformin: New understandings, new
mechanisms. Drugs. 2003;66(1):85-109.

8. Tan MH, Glazer NB, Johns D, et al. Pioglitazone as monotherapy or in
combination with sulfonylurea or metformin enhances insulin sensitivity
(HOMA_S or QUICKI) in patients with type 2 diabetes. Curr Med Res
Opin. 2004;20(5):723-28.

9. Kirpichnikov D, McFarlane SI, Sowers J. Metformin: An update.
Annals Int Med. 2002;137(1):25-33.

10. Phillips SA, Ciaraldi TP, Kong AP, et al. Modulation of circulating and
adipose tissue adiponectin by antidiabetic therapy. Diabetes.
2003;52:667-74.

11. Mayerson AB, Hundal RS, Dufour J, et al. The effects of rosiglitazone
on insulin sensitivity, lipolysis and hepatic skel, et al. muscle triglyceride
content in patients with type 2 diabetes. Diabetes. 2002;(51):797-802.

12. Virtanen KA, Hallsten K, Pekkola R. Differential effects of rosiglitazone
and metformin on adipose tissue distribution and glucose uptake in
type 2 diabetic subjects. Diabetes. 2003;52:283-90.

13. Suganami T, Nishida J, Ogawa Y. A paracrine loop between adipocytes
and macrophages aggravates inflammatory changes: role of free fatty acids
and TNF-alpha. Arteriosclerosis Thromb Vasc Biol. 2005;(10):2062—68.

14. Miyazaki Y, Mahankali A, Matsuda M, et al. Effect of pioglitazone on
abdominal fat distribution and insulin sensitivity in type 2 diabetes
patients. JCEM. 2002;87:2784-91.

15. Bays H, Mandarino L, Defronzo R. Role of the adipocyte, free fatty acids
and ectopic fat in pathogenesis of type 2 diabetes mellitus. PPAR agonists
provide a rational therapeutic approach. JCEM. 2004;89:463-78.

16. Kahn SE, Haffner SM, Heise MA, et al. The ADOPT Study group:
Glycemic durability of rosiglitazoe, metformin, or glyburide. N Engl
J Med. 2006;355:2427-43.

17. Cavaghan MK, Ehrmann DA, Byrne MM, et al. Treatment with the
oral antidiabetic agent troglitazone improves beta cell responses to
glucose in subjects with impaired glucose tolerance. J Clin Invest.
1997;100:530-37.

18. Kubo K. Effect of pioglitazone on blood proinsulin levels in patients
with type 2 diabetes. Endocr J. 2002;49(3):323-8.

19. LiJ, Tian H, Ren Y, et al. Effect of pioglitazone on first phase insulin
secretion in type 2 diabetes mellitus and impaired glucose tolerance.
Diabetes. 2003 (Abstract no 1212-P);52 Suppl 1:A281.

20. Diani AR, Sawada G, Wyse B. Pioglitazone preserves pancreatic islet
structure and insulin secretory function in three murine models of type
2 diabetes. Am J Physiol Endo Metab. 2003;286:E116-E122.

21. Rasouli N, Kern PA, Reece EA, et al. Effects of pioglitazone and met-
formin on Beta cell function in non-diabetic subjects at high risk for
type 2 diabetes. Am J Physiol Endocrine Metab. 2007;292:359-65.

22. Kawasaki F, Matsuda M, Kanda Y. Structural and functional analysis
of pancreatic islets preserved by pioglitazone in db/db mice. Am J
Physiol Endo Metab. 2005;288:E510-E518.

23. Zhang S, Kim KH. Tumor necrosis factor- alpha inhibits glucose
stimulated insulin secretion in a pancreatic insulin cell line (INS-1).
FEBS let. 1995;377(2):237-9.

24. Kwong, Xu G, Marshall CA, et al. TNF-alpha induced pancreatic beta-
cell insulin resistance is mediated by nitric oxide and prevented by
15-doxydelta 12,14 prostaglandin J2 and aminoguanidine. A role for
PPAR gamma activation and iNOS expression. Journ Biol Chem.
1999;274(26):18702-8.

25. Rendell MS, Glazer NB, Ye Z. Combination therapy with pioglitazone
and metformin or sulfonylurea in patients with type 2 diabetes: Influence
of prior anti-diabetic drug regimen. Jour of Diabetes and its
Complications. 2003;17(4):211-7.

26. Pavol, Dermendy G, Varkonyi T. Effect of pioglitazone compared with
metformin on glycemic control and indicators of insulin sensitivity in
recently diagnosed patients with type 2 diabetes. JCEM. 2003;
88(4):163745.

27. Einhorn D, Rendell M, Rosenzweig J, et al. Pioglitazone HCL in com-
bination with metformin in the treatment of type 2 diabetes mellitus.
A randomized placebo-controlled study. Clin Ther. 2000;22:
1395-409.

28. Hanefeld M, Pfutzner A, Forst T. Glycemic control and treatment
failures with pioglitazone vs. glibenclamide in type 2 diabetes mellitus.
A 42 month open-label observational primary care study. Curr Res Med
Opin. 2006;22(6):1211-5.

29. Deeks Ed, Scott LJ. Pioglitazone/metformin. Drugs. 2006;66(14):
1863-77.

30. Charbonnel BH, Matthews DR, Schenthaner G, et al. The Quartet Study
Group. A long—term comparison of pioglitazone and gliclazide in
patients with type 2 diabetes: A randomized double-blind, parallel group
comparison trial. Diab Med. 2005;22:399—-405.

31. UKPDS study group: Overview of 6 years therapy of Type 2 diabetes:
a progressive disease: (UKPDS 16). Diabetes. 1995;44:1249-58.

32. Spanheimer R, Kupfer S, Perez A, et al. The effects of pioglitazone vs.
glyburide on glycemic control in patients with type 2 diabetes in a
3 year randomized double-blind trial. 66th annual scientific sessions of
the American Diabetes Association. 2006 Jun 9-13 Washington DC.

33. Oerter E, Lippmann-Gob, Luebben G. Pioglitazone vs. glibenclamide:
focus on metabolic control and health economic impact: Abstract 539-
P 66th Annual Scientific Sessions of the American Diabetes association.
2006 Jun 9-13 Washington DC.

Clinical Medicine: Therapeutics 2009:1

301



Stolar

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

Masoudi FA, Inzucchi SE, Wang Y, et al. Thiazolidinediones, metformin
and outcomes in olderpatients with diabetes and heart failure. An
observational study. Circulation. 2005;11:583-90.

Camp HS, Wise SC, Hong YH, et al. Differential activation of
peroxisome-activated receptor gamma by troglitazone and rosiglitazone.
Diabetes. 2000;49(4):539-47.

Smith RS, de Jonge L, Volaufova J, et al. Effect of pioglitazone on body
composition and energy expenditure. A randomized controlled trial.
Metabolism. 2005;54:24-32.

Charbonnel BH, SchernthanerG, Brunetti P, et al. Long-term efficacy
and tolerability of add-on pioglitazone therapy to failing monotherapy
compared with addition of gliclazide or metformin in patients with
type 2 diabetes. Diabetologia. 2005;48:1093—104.

Kawai T, Funae O, Shimada A. Effects of pretreatment with low dose
metformin on metabolic parameters and weight gain by pioglitazone
in Japanese patients with type 2 diabetes. Internal Med. 2008;(47):
1181-8.

Berlie HD, Kalus JS, Jaber LA. Thiazolidinediones and the risk of
edema. A meta-analysis. Diab Res and Clin Practice. 2007;76:279-89.
Karralliede J, Buckingham R, Starkie M, et al. Effect of various diuretic
treatments on rosiglitazone-induced fluid retention. Jour Amer Soc
Nephrology. 2006;17:3482-90.

Kawamori R, Kadowaki T, Onji M, et al. Hepatic safety profile and
glycemic control of pioglitazone in more than 20,000 patients with
type 2 diabetes mellitus. Postmarketing surveillance in Japan. Diab Res
and Clin Practice. 2007;76(2):229-35.

Grey A Skel, et al. Consequences of thiazolidinedione therapy.
Osteoporosis Int. 2008;19(2):129-37.

Kahn SE, Zinman B, Lachin JM, et al. Rosiglitazone associated fractures
in type 2 diabetes: An analysis from a diabetes outcome progression
trial (ADOPT). Diabetes Care. 2008;31(5):845-51.

Schwartz AV, Sellmeyer DE. Effects of thiazolidinediones on skeletal
health in women with type 2 diabetes: Expert Opin Drug Safety. 2008
Jun;7(1) 69-78.

Jackson SM, Demer LL. Peroxisome proliferators receptor activators
modulate the osteoblastic maturation of MC3T3-E1 preosteoblasts.
FEBS Letters. 2000;471(1):119-24.

Lazarenko OP, Rzonca SO, Hogue WR, et al. Rosiglitazone induces
decreases in bone mass and strength that are reminiscent of aged bone.
Endocrinology. 2007;148(6):2669-80.

Seufert J, Luebben G, Dietrich K, et al. A comparison of the effects of
thiazolidinediones and metformin on metabolic control in patients with
type 2 diabetes mellitus. Clin Ther. 2004 Jun;26(6):805—11.

Rosen P, Wiernsperger NF. Metformin delays the manifestation of dia-
betes and vascular dysfunction in Goto-Kakizaki rats by reduction of
mitochondrial oxidative stress. Diab/Metab Res Rev. 2006;22:323-30.
Hsiao A, Worrall DS, Olefsky JM, et al. Variance modeled posterior
inference of microarray data detecting gene expression changes in
3T3-L1 adipocytes. Bioinformatics. 2004;20:3108-27.

Van Wijk JP, Eelco JP, Martens EP. Thiazolidinediones and blood lipids
in type 2 diabetes: Arteriosclerosis. Thrombosis and Vasc Biol.
2003;23:1744-9.

Goldberg RB, Kendall DM, Deegma A. A comparison of lipid and
glycemic effects of pioglitazone and rosiglitazone in patients with type 2
diabetes. Diabetes Care. 2005;28:1547-54.

Nagashima K. Lopez C, Donovan D, et al. Effects of the PPAR-gamma
agonist pioglitazone on lipoprotein metabolism in patients with type 2
diabetes. J Clin Invest. 2005;115(5):1323-32.

AlMajali K, Cooper MB, Staels B, et al. The effect of sensitization to
insulin with pioglitazone on fasting and postprandial lipid metabolism,
lipoprotein modification by lipases, and lipid transfer activities in type 2
diabetic patients. Diabetologia. 2006;49:527-37.

Derosa G, Deangelo A. Metformin-pioglitazone and metformin rosi-
glitazone. Effects on non-conventional cardiovascular risk factor plasma
levels in type 2 diabetes patients with metabolic syndrome. Journal
Clin Pharm Ther. 2006;31:375-83.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Nagi DK, Yudkin JS. Effects of metformin on insulin resistance, risk
factors for cardiovascular disease, and plasminogen activator inhibitor
in NIDDM subjects. A study of two ethnic groups. Diabetes Care.
1993;16:621-9.

Haversen L, Danielsson KN, Fogelstrand L, Wiklund O. Induction of
pro-inflammatory cytokines by long-chain saturated fatty acids in human
macrophages. Atherosclerosis. 2009;(202):382-93.

Hsueh WA, Law R. The central role of fat and effect of PPAR-gamma
on progression of insulin resistance and cardiovascular disease. Am J
Cardiology. 2003;92(S):3J-91J.

Collins AR, Noh G, Hseuh WA. PPAR-gamma ligands attenuate
angiotensin-II accelerated atherosclerosis in male LDL receptor
deficient(LDRD -/-) mice. Diabetes. 2001;S(2)A:72-3.

Erdmann E. Microalbuminuria as a marker of cardiovascular risk in
patients with type 2 diabetes. Int J Cardiol. 2006;107(2):147-53.
UKPDS Study Group. Effect of intensive blood glucose control with
metformin on complications in overweight patients with type 2 diabetes
(UKPDS 34). Lancet. 1998;352:837-53.

Selvin E, Bolen S, Yeh H. Cardiovascular Outcomes in trials of oral
diabetes medications: A systematic review. Archives Int Med.
2008:27;168(19):2070-80.

Inzucchi SE, Masoudi FA, Wang Y, et al. Insulin-sensitizing antihyper-
glycemic drugsand mortality after acute myocardial infarction. Diabetes
Care. 2005;28:1680-9.

Mazzone T, Meyer PM, Feinstein Sd, et al. Effect of pioglitazone
compared with glimepiride on carotid intimal medial thickness in type 2
diabetes. A randomized trial. JAMA. 2006;296:2572-81.

Nissen SE, Nicholls SJ, Wolski K, et al. Comparison of pioglitazone
versus glimepiride on progression of coronary atherosclerosis in patients
with type 2 diabetes. The PERISCOPE randomized controlled trial.
JAMA. 2008;299:156-73.

vonBirgelen C, Hartmann M, Mintz GS, et al. Relationship between
cardiovascular risk as predicted by established risk scores versus plaque
progression as measured by serial intravascular ultrasound in left main
coronary arteries. Circulation. 2004;110:1579-85.

Dormandy JA, Charbonnel B, Eckland DJ, et al. Secondary prevention
of macrovascular events in patients with type 2 diabetesin the PROactive
study. A randomized controlled trial. Lancet. 2005;366:1279-89.

Sacks FM, Pfeffer MA, Moye LA, et al. The cholesterol and for recur-
rent events trial investigators: The effects of pravastatin on coronary
events after myocardial infarction in patients with average cholesterol
levels. N Eng J Med. 1996;335:1001-9.

Heart Protection Collaborative Study Group. MRC/BHF heart protec-
tion study of cholesterol lowering with simvastatin in 20,536
individuals: a randomized placebo controlled trial. Lancet. 2002;
360(9326):7-22.

Nissen SE, Wolski K. Effect of rosiglitazone on the risk of myocardial
infarction and death from cardiovascular causes. New Eng Journal of
Medicine. 2007;356:2457-71.

Lincoff MA, Wolski K, Nichols SJ, et al. Pioglitazone and risk of
cardiovascular events in patients with type 2 diabetes. A meta-analysis
of randomized trials. JAMA. 2007;298:1180-8.

Gerstein HC, Miller ME, Byington RP, et al. Action to Control Cardio-
vascular Risk in Diabetes Study Group. Effects of intensive glucose
lowering in type 2 diabetes. N Engl J Med. 2008;358:2545-59.
Duckworth W, Abraira C, Moritz T, et al. Intensive glucose control and
vascular complications in veterans with type 2 diabetes. N Engl J Med.
2009;360(2):129-39.

Patel A, MacMahon S, Chalmers J, et al. ADVANCE Collaborative
group. Intensive blood glucose control and vascular outcomes in patients
with type 2 diabetes. N Engl J Med. 2008;358:2560-72.

Hartung DM, Touchette DR, Bultemeier NC, et al. Risk of hospitaliza-
tion for heart failure associated with TZD therapy. A Medicaid claims-
based case-controlled study. Pharmacotherapy. 2005;25:1329-36.
Karter AJ, Ahmed AT, Liu J, et al. Pioglitazone initiation and subsequent
hospitalization for heart failure. Diabetic Medicine. 2005;22(8):986-93.

302

Clinical Medicine: Therapeutics 2009:1



Safety and efficacy of pioglitazone/metformin combination therapy in treatment of type 2 diabetes

76.

71.

78.

79.

80.

81.

82.

83.

Ghazzi MN, Perez JE, Antonucci TK, et al. Cardiac and glycemic
benefits of troglitazone treatment in NIDDM. The troglitazone study
group. Diabetes. 1997;46:433-9.

Sutton MSJ, Rendell M, Dandona P, et al. For the rosiglitazone study
trials group: A comparison of the effects of rosiglitazone and glyburide
on cardiovascular function and glycemic control in patients with type 2
diabetes. Diabetes Care. 2002;25:2058-64.

Erdmann E, Dormandy JA, Charbonnel B, et al. PROactive Investigators:
the effect of pioglitazone on recurrent myocardial infacrction in
2445 patients with type 2 diabetes and recent myocardial infaction.
Results from the PROactive (PROactive5) study. Journal of American
Coll Cardiology. 2007;49:1773-80.

Nathan DM, Buse J, Davidson M, et al. Medical Management of
hyperglycemia in type 2 diabetes. A consensus algorhythm for the
initiation and adjustment of therapy. Diabetes Care. 2006;9:1963-1972,
revised 2008;31(12):1-11.

Nathan DM, Buse JB, Davidson MB, et al. Medical management of
hyperglycemia in type 2 diabetes: a consensus algorithm for the initia-
tion and adjustment of therapy: a consensus statement of the American
Diabetes Association and the European Association for the Study of
Diabetes. Diabetes Care. 2009;32:193-203.

Bagust A, Beale S. Deteriorating beta-cell function in type 2 diabetes:
A long-term model QJM 2003;96:281-88.

Chalmers J, Hunter JE, Robertson SJ, et al. Effects of early use of
pioglitazone in combination with metformin in patients with newly
diagnosed type 2 diabetes. Curr Med Res Opin. 2007;23(8):1775-81.
Neeser K, Lubben G, Siebert U, et al. Cost effectiveness of combination
therapy with pioglitazone for type 2 diabetes mellitus from a
German statutory healthcare perspective. Pharmacoeconomics. 2004;
22(5):321-41.

84.

85.

86.

87.

88.

90.

Coyle D, Palmer AJ, Tam R. Economic evaluation of pioglitazone
hydrochloride in the management of type 2 diabetes in Canada.
Pharmacoeconomics. 2002;20 Suppl 1:31-42.

Watkins JB, Minshall M, Sullivan S. Application of economic analyses
in U.S managed care formulary decisions: A private payer’s experience.
J Manag Care Pharm. 2006;12(9):726-35.

Xiang AH, Peters RK, Kjos SL, et al. Effect of pioglitazone on
pancreatic beta- cell function and diabetes risk in Hispanic women with
prior gestational diabetes. Diabetes. 2006 Feb;55(2):517-22.

De Winter W, DeJongh J, Post T, et al. A mechanism-based disease
progression model for comparison of long-term effects of pioglitazone,
metformin and gliclazide on disease processes underlying type 2
diabetes mellitus. Journ Pharmacokinetics and Pharmacodynamics.
2006;33(3):313-43.

Markolf H, Luebben G, Pfuetzner A, et al. Pioglitazone vs glibenclamide:
significant differences in glycemic control and treatment failure rates
in patients with type 2 diabetes mellitus [abstract no 604-P] 66th Annual
scientific session of the American Diabetes association: 2006 Jun 9-13
washington DC.

. Matthews Dr, Charbonnel B, Hanefeld M, et al. Long-term therapy

with addition of pioglitazone to metformin compared with the addi-
tion of gliclazide to metformin in patients with type 2 diabetes. A ran-
domized comparative study. Diabetes Metab Res Rev. 2005;21(2):
167-74.

Umpierrez G, Issa M, Vlajnic A. Glimepride versus pioglitazone
combination therapy in subjects with type 2 diabetes inadequately
controlled on metformin monotherapy: results of a randomized clinical
trial. Curr Med Res Opin. 2006;22(4):751-9.

Clinical Medicine: Therapeutics 2009:1

303




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


