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Thiazolidinedione and cardiovascular risk

Iin type 2 diabetes mellitus

Yenny*

ABSTRACT

Cardiovascular disorders are the most common complications encountered in
patients with type 2 diabetes mellitus (DM). The relationship is likely to be
multifactorial and may also involve a specific, though ill-defined, diabetic
cardiomyopathy. Patients with heart failure accompanied by DM have a reduced
cardiac output compared with patients without DM. Thiazolidinediones (TZDs)
are agonists of peroxisome proliferator-activated receptor gamma (PPAR&) and
have beneficial effects in the control of blood glucose and cardiovascular parameters,
but the ability of these drugs to induce retention of plasma has to be taken into
consideration in prescribing them for patients with DM at high risk of cardiovascular
disease. The molecular mechanism of fluid retention by TZDs has not been fully
elucidated. Available evidence indicate a possible role of epithelial sodium channels
(ENaC) in causing the side effects of TZDs. This paper will discuss the mechanism
of ENaC in inducing fluid retention and the management to be applied for
anticipating these side effects.
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INTRODUCTION

Epidemiologic studies have shown that
around 10% of patients with type 2 diabetes
mellitus (DM) experience heart failure. This
prevalence rate is 2-4 times higher than that in
patients without DM.®® Furthermore,
approximately 25% of patients in studies of
heart failure suffered from DM,® while only
around 0.5% of the general population suffered
from both diseases.® Patients with heart failure

accompanied by DM have a reduced cardiac
output compared with patients without DM.
The oral antidiabetic agents called
thiazolidinediones (TZDs, or glitazones),
consisting of rosiglitazones (RSG) and
pioglitazones, are agonists of peroxisome
proliferator-activated receptor gamma (PPARE)
that act to increase insulin sensitivity.® In
addition to lowering the blood glucose level,
TZDs also shows beneficial effects on
cardiovascular parameters, such as lipid levels,
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blood pressure, biomarkers of inflammation,
endothelial functions, and fibrinolytic status.®
The beneficial effects of TZDs on blood glucose
and cardiovascular risk factors has resulted in
the extensive use of these drugs in type 2
diabetic patients at high risk of cardiovascular
disease. However, utilization of TZDs is limited
by exacerbation of fluid retention. The
incidence of peripheral edema following use of
TZDs as monotherapy or in combination with
other oral antidiabetic drugs is around 5% and
may be up to 15% if TZDs are used with
insulin.® In extreme cases TZDs can induce
expansion of plasma volume such that it causes
precipitation or exacerbation of pulmonary
edema and congestive heart failure,
complications commonly found in patients with
type 2 diabetes.®

The underlying mechanism for the effect
of TZDs in inducing plasma volume expansion
and edema is still unclear. The molecular targets
of TZDs, namely PPARy, are diffusely
expressed in humans in all organs, including
the kidneys.(” TZDs have a potential effect on
the kidneys that is independent of their effects
on glucose and lipid metabolism. In vitro and
animal studies have demonstrated the agonist
capabilities of PPARY in stimulating sodium
reabsorption in the distal nephrons by
upregulating the expression and translocation
of epithelial sodium channels (ENaC) in the
collecting ducts.®9

Fluid retention induced by TZDs is
frequently resistant to loop diuretics, but may
resolve upon discontinuation of the drug. It
may also be possible to counteract expansion
of plasma volume due to TZDs by using
diuretics that act on the collecting ducts (e.qg.
spironolactone).® A meta-analysis conducted
by Nissen et al.®® and Sing et al.®? showed
that the RSG tend to increase the risk of
myocardial infarction by 42% in patients with
type 2 diabetes. Other meta-analyses have
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confirmed the risk of heart failure on RSG
usage.® In contrast to rosiglitazone,
pioglitazone in the PPOspective Pioglitazone
Clinical Trial in Macro Vascular Events Study
(PROactive Study) was capable of reducing
macrovascular atherosclerotic risk,%
recurrent myocardial infarction,®® and
recurrent stroke.®® The cardiovascular
protective effect of pioglitazone is supported
by a meta-analysis conducted by Lincoff et
al.®" The difference in ischemic risks of the
two drugs is caused by the contrasting effects
of these TZDs on lipid profile; pioglitazone
causes a reduction in low density lipoprotein
(LDL) whereas rosiglitazone raises the LDL
concentration.(®

In connection with the potential risk of
rosiglitazone in causing myocardial infarction
and the risk of fluid retention that may
precipitate heart failure when using TZDs
drugs, the Food and Drug Administration (FDA)
has added a ‘black box warning’ in the
information on prescribing of TZDs.®9

This paper will discuss the mechanism of
TZDs in inducing fluid retention in connection
with epithelial sodium channels (ENaC), and
the management to be applied for anticipating
these side effects.

INSULIN RESISTANCE AND ROLE OF
PPARY

Insulin resistance develops long before the
onset of clinical diabetes. The onset of insulin
resistance is frequently accompanied by
obesity, particularly visceral obesity. Adipose
dysfunction leads to the development of
resistance to the anti-lipolytic effects of insulin,
causing an increased level of plasma free fatty
acids (FFA). The latter will induce insulin
resistance in the liver and skeletal muscle,
resulting in decreased glucose uptake by the
tissues and increased gluconeogenesis. Adipose
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dysfunction also leads to production of
proinflammatory cytokines (e.g. tumor necrosis
factor-o (TNF-a), interleukin (IL)-6, and
resistin in excessive amounts, which will
increase the chances of insulin resistance,
inflammation, atherosclerosis, and decrease
secretion of insulin-sensitive cytokines, such as
adiponectin, produced by adipose tissue.?%
PPARY receptors are members of the
nuclear receptor family that play a role in
regulating transcription factors for genes
involved in uptake and storage of fatty acids,
inflammation, and glucose hemostasis.??
PPARY has an important role in the normal
differentiation and proliferation of adipocytes,
as well as in FFA uptake and storage. Various
adipokines, such as adiponectin, TNFo. and
resistin, are egulated by PPARYy agonists.
Adiponectin is an adipocytokine that is
produced exclusively by adipose tissue and
enhances insulin sensitivity and anti-
atherogenic effects of insulin, whereas TNFo
and resistin induce insulin resistance.
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Adiponectin levels are low in obese individuals
and in those with type 2 DM.@Y

There are several mechanisms of PPARy
agonists in reducing insulin resistance.
Activation of PPARy receptors by their agonists
can accelerate adipocyte differentiation and
FFA uptake from visceral fat, followed by their
storage in subcutaneous adipose tissue. This
phenomenon results in reduced FFA levels
resulting in decreased insulin resistance.
Furthermore, activation of PPARy by their
agonists is thought to enhance expression and
translocation of the glucose transporters (GLU),
GLUT1 dan GLUT4 to the cell surface, thus
increasing glucose uptake by the liver and
skeletal muscle and decreasing plasma glucose
levels. Another mechanism of PPARY agonists
in reducing insulin resistance is by reducing
proinflammatory cytokines (TNFo, IL-1,
resistin)@?? and increasing expression of
adiponectin by adipose tissue.?® The
mechanisms of PPARy agonists in improving
insulin sensitivity are shown in Figure 1.

Thiazolidinedione

Liver

Activation
of PPARY

(Diirect activation
of PPARY?)

+ Lipolysis
+ Free fatty acids

Modification of gene
expressiondtranscription

MMuscle

-

(Direct activation
of PPARY?I®

L THNF-ot
& Leptin
+Adiponectin

Improved insulin sensitivity

Figure 1. Mechanisms of PPARYy agonists in improving insulin resistance
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PATHOGENESIS OF EDEMA ON TZD
USAGE

The mechanisms underlying the ability of
TZDs in inducing expansion of plasma volume
and edema are still unclear. The role of renal
mechanisms in causing induction of edema by
TZDs was first demonstrated by the study of
Song et al.@® Their study reported that
administration of rosiglitazone for 3 days to
Sprangue Dawley rats significantly reduced
urinary volume (up to 33%) and sodium
excretion (up to 44%).

In addition the study also reported an
increase in concentrations of Na-K-ATPase, Na-
K-2CI cotransporters (NKCC2), sodium
hydrogen exchangers (NHE3), aquaporin 2
(AQP2), and aquaporin 3 (AQP3). These
findings suggested the occurrence of sodium
transport in the proximal tubule and the thick
ascending limb.

Other evidence indicating that fluid
retention induced by TZDs is based on the
activation of sodium transport in the distal
nephron is presented here. Firstly, in the
kidneys PPARY is expressed at substantial
concentrations in the collecting duct, and at
lower concentrations in the glomerulus,
proximal tubule, and the microvasculature.
Secondly, in tissue culture of a human cortical
collecting duct cell line, PPARY agonists
increased oENaC concentrations on the cell
surface. This increase in oENaC occurs in
parallel with increased mRNA for serum and
glucocorticoid regulated kinase 1 (SGK1),
which could be abolished by administration of
PPARy antagonists before the intervention. This
effect is presumably due to binding of PPARY
to specific response elements in the promoter
region of SGK1.® Thirdly, in vivo studies
indicate that G1262570 (farglizar), a potent
PPARy agonist, can stimulate water and sodium
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reabsorption from the distal nephron of
Sprangue Dawley rats by stimulating ENaC and
Na-K-ATPase.® Forthly, a study conducted on
the collecting duct of PPARY knockout mice
showed the development of resistance to
increases in body weight and plasma volume
expansion induced by rosiglitazone, as
compared with rats expressing PPARY in their
collecting ducts.®®

MECHANISM OF SODIUM
REABSORPTION IN THE DISTAL
NEPHRON

The main site of sodium reabsorption in
the renal tubule is the proximal tubule (>85%),
but the distal nephron (particularly the
aldosterone sensitive distal nephron) (ASDN),
where <10% of sodium reabsorption takes
place, plays an important role in the regulation
of plasma volume.® ASDN is located at the
end of the distal tubule, including the
connecting segment, and the cortical and
medullary collecting duct (Figure 2). Sodium
reabsorption in the ASDN takes place through
the epithelial sodium channel (ENaC). Sodium
reabsorption along the whole length of the
nephron is controlled by basolateral Na*-K*-
ATPase activity, resulting in decreased
intracellular sodium concentrations and
intracellular electronegativity. Both conditions
lead to an electrochemical difference for sodium
influx through the apical membrane.

Sodium transport from the tubular lumen
through the apical membrane of epithelial cells
is mediated in the proximal tubule up to the
thick ascending loop of Henle by the sodium/
proton exchanger 3 (NHE3), in the distal tubule
and connecting segment by the sodium-chloride
cotransporter (NCCT), and in the cortical and
medullary collecting duct by the epithelial
sodium channel (ENaC).
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Figure 2. Expression of sodium transporter is specific for the renal segment and SGK15)

The Na*-K*-ATPase pump transports
sodium through the basolateral membrane into
the blood. The expression of the aldosterone
sensitive distal nephron (ASDN) occurs mainly
at the site of ENaC expression. Serum and
glucocorticoid regulated kinase 1 (SGK1) is
expressed along the whole length of the
nephron, and aldosteron potently induces SGK1
activation in the ASDN.

ASDN regulates sodium and water
hemostasis through its action on ENaC, a
protein with an important role in regulating
sodium reabsorption. ENaC consists of three
subunits a, B, dan y (Figure 3), where ENaCo

Figure 3. Serum and glucocorticoid regulated
kinase 1 (SGK1) as regulator of sodium
reabsorption in the kidney®®

acts a a functional subunit whose activity is
regulated by ENaCo and ENaCp.?” Sodium
reabsorption in the ASDN occurs through
expression of ENaC on the apical surface of the
renal tubule and is associated with the role of
the serum and glucocorticoid regulated kinases
(SGK). SGK are a family of protein kinases B
(also known as PKB/Akt), that play an
important role in survival. Currently there are
3 isoforms of SGK that have been identified as
SGK1, SGK2, dan SGK3, whose functions are
still not fully understood. These three kinases
are said to be potent regulators of ion channel
activity, transport, and the transcription
process. "

SGK1 has been successfully identified as
the key mediator in sodium reabsorption by the
renal tubular epithelium. Transcription of SGK1
is stimulated among others by stress or cell
shrinkage (in renal epithelium by swelling of the
cell), hormones (including mineralocorticoids,
glucocorticoids), PPARY, high glucose levels,
and oxidative stress, and is inhibited by
heparin.?? SGK1 is expressed at the site of
expression of ENaC and mineralocorticoid
receptors (MR) (Figure 4). The selective
occupation of MR by aldosterone induces
expression of SGK1 mRNA. In addition to these
mechanisms, activity of SGK1 as well as that of
the other members of the PKB/Akt family occurs
through activation of the pathways for
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phosphoinositol 3-kinase (PI3K) signaling and
phosphoinositide-dependent protein kinase
(PDK1). Insulin itself is also an activator of the
PI3K pathway. In synergy with aldosterone, both
pathways enhance SGK1 phosphorylation
(Figure 3).

SGK1 subsequently integrates the PI3K
signaling and mineralocorticoid pathways,
leading to expression of ENaC on the ASDN.
In addition to aldosterone dan insulin, PPAR-y
activation by its agonist may also stimulate
transcription and activation of SGK1, which
causes an increased expression of ENaC on the
surface of the apical membrane of renal
tubules.@627

Activation of ENaC may occur through
aldosterone or insulin, and may also be induced
by PPARg agonists, such as rosiglitazone,
through the role of serum and glucocorticoid
regulated kinase 1 (SGK1) which induces
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ENaCa mRNA expression, causing increased
translocation of ENaC to the apical membrane.
Activation of SGK1 prevents degradation of
ENaC by inactivating the ubiquitin ligase neural
precursor cell expressed, developmentally
down-regulated 4-2 (Nedd4-2). Nedd4-2
interacts with the PY motif in ENaC, causing
endocytosis and channel degradation (Figure 4).
The ability of SGK1 in inducing ENaC
expression is mediated by Nedd4-2, which is
closely related to E3 ubiquitin ligase.
Interaction between ENaC and Nedd4-2 causes
inactivation of ENaC through ubiquitinylation
and/ or endocytosis, followed by degradation
by lysozyme. SGK1 itself causes

phosphorylation of Nedd4-2, which impairs the
ability of Nedd4-2 to interact with ENaC. This
causes an increased accumulation of ENaC on
the plasma membrane leading to increased
sodium transport.(@627
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Figure 4. Aldosterone and insulin both stimulate sodium transport in the collecting duct.@®

IRS: insulin receptor substrate; PI3K: phosphoinositol 3 kinase; PIP2: phosphoinositol bisphosphate; PIP3:

phosphoinositol triphosphate.
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Figure 5. Algorithm for management of type 2 DM®3)

The permeability of the cell membrane to
water is regulated by water channel proteins
aquaporins (AQPs). At present 10 species of
AQP have been identified.?® The main
aquaporin found in the kidney is AQP1-4. AQP1
and AQP2 function on the apical membrane,
while AQP3 dan AQP4 function on the
basolateral membrane.® Collectively these
AQPs provide a transcellular pathway for
movement of water from the lumen of the
collecting duct into the interstitium.G®

CLINICAL APPLICATIONS

An update of the consensus statement
issued by the American Heart Association and
European Association for the Study of Diabetes
(2008)¢% currently recommends TZDs as a
second line drug in the algorithm for

management of diabetes that cannot be
successfully controlled by diet and life style
modification or by metformin, as an alternative
to insulin (the most effective) and sulfonylureas
(the least expensive) for controlling blood
glucose in patients with type 2 DM (Figure 5).

In connection with the potential
cardiovasculer risks (myocardiual infarction,
heart failure) that may develop on TZDs usage,
there are three fundamental concepts that need
to be kept in mind by the clinician in prescribing
TZDs for patients with type 2 DM.G% First, the
high risk of heart failure in patients with DM,
because there are multiple cardiovascular risk
factors accompanying patients with DM.
Second, the difference between true heart
failure and heart failure induced by TZDs; and
third, the high long-term mortality in patients
with DM.
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Consideration of TZD therapy

+

Histary and physical axaminalion o astablish
presence and sevenly of cardiec dseasa

1

| TLD therapy appropriale |

| Dedama GoLurs of iIncfaases compared Lo haselm|

¥

Drugs (MSAIDS, CCBs) |

Idenlify palenlial non-TZD causes
and aliminala i appropriate

)
# Venous insulficiency

! Mephmatic syndromas

Evaluale for symplomalsigns of CHF |

| Conlirue TZD trealmend |

—|-| May « TZD dose if cedema not loleraled |

—|'| Ademinislar Surelics il cedema nol tolerated ]

¥

| Symptoms andior signs ol CHF |

i

Dizeonlirue TZD — choase allematve hypoghycermc dougs
Motformin contraindcated in patieris with CHF requiring drug therapy

¥

Obtain non- invasive cardiac lasting
CXR, ECG, BNP,

F
[ Contirwed observation far increasing cedama on TZDs I

l Raarvaluade il cardac diaasa inarvends (noy M, olc) |

ECHD, o radionuchde assassrment of LV funclion,
P5trese parfusion myocandial inmgeng

IEF 2 40% Il EF =400 'i;.

| Suspect 1" digsloke dys.l'unchqn | Suspect 1° sysiobc ag.rsfumllu:-n

Figure 6. Recommendations in connection with usage of thiazolidinedione and heart failure
according to the AHA and ADA.®

In connection with an association between
TZDs and risk of heart failure, it is essential
to have a potential strategy for minimizing the
risk of edema and/or heart failure in patients
with type 2 DM on TZDs. Therefore, the
concensus of the American Heart Association
(AHA) dan American Diabetic Association
(ADA)®® may be used as a reference in
administering TZDs to patients with diabetes.
The concensus recommends that before
starting TZDs therapy, a complete evaluation
should be performed of risk factors underlying
episodes of heart failure, drugs currently
taken, and evidence of pre-existing edema or
heart failure. The recommendations for TZDs
usage in connection with heart failure may be
seen in Figure 6.
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The recommendation also states that the
presence of edema originating from noncardiac
causes should not prevent use of TZDs. In
addition, there should be adequate monitoring
for the presence of edema or heart failure, and
the dosage used should be adjusted gradually
to attain the hemoglobin Alc (HbAlc) target.
Patients experiencing edema when using TZDs
should be screened for other causes of edema,
including nephrotic syndrome, venous
insufficiency, and use of other drugs, such as
nonsteroidal anti-inflammatory drugs as well as
calcium channel blockers (inhibitors).

In diabetic patients without heart failure
TZDs should be prescribed according to the
published guidelines. These guidelines do not
prohibit use of TZDs in patients with class I/11
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functional heart failure according to the New
York Heart Association (NYHA), with a lower
initial dose than usual for each drug (e.g.
rosiglitazone 2 mg/day or pioglitazone 15 mg/
day), with the proviso that close monitoring
should be performed for fluid retention and that
use of TZDs in patients with NYHA class 111/
IV functional heart failure should be avoided.®>

POTENTIAL THERAPY

Use of diuretics in the management of fluid
retention induced by TZDs has been evaluated
by a number of investigators in case reports,©®)
and by controlled clinical trials.® Most of the
case reports state that edema is commonly
refractory to loop diuretics (furosemide) and
that the symptoms generally resolve when use
of TZDs is discontinued.

The clinical trial aiming to determine the
efficacy of diuretics in the management of fluid
retention induced by RSG was a multicenter
parallel group open label randomized study of
381 patients with type 2 DM.®9 The trial used
three kinds of diuretics with different
mechanisms of action, namely (i) furosemide,
which inhibits the Na-K-CI cotransporter in the
thick segment of the ascending limb of Henle,
(i1) hydrochlorothiazide (HCT), which inhibits
the Na-ClI cotransporter in the distal tubule, and
(iii) spironolactone, which is an ENaC inhibitor
in the collecting duct. The results of the study
showed that spironolactone is equally effective
as hydrochlorothiazide in reducing fluid
retention, while furosemide did not exhibit any
significant effect. The effectiveness of
spironolactone in reducing fluid retention may
be related to the ability of this diuretic to impair
the effects of fluid retention by PPARY in the
collecting duct. HCT also significantly reduced
fluid retention due to rosiglitazone. The site of
action of the thiazide diuretics is in the proximal
part of the distal tubule, with inhibition of the
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Na*/Cl- cotransporter as mechanism of action,
but this diuretic also inhibits the reabsorption
of water and salt in the collecting tubule,®”
where PPARY is expressed in the nephron.® It
is also conceivable that the thiazide diuretics
may also antagonize the action of PPARY
agonists at this site. This is in contrast to the
loop diuretics, which do not show a significant
effect in reducing fluid retention, presumably
because their action is exclusivley in the thick
segment segmen of the ascending limb of Henle
by inhibiting the Na*-K* Cl-cotransporter, as this
segment does not contain PPARY.G® In addition
to the ability of spironolactone in antagonizing
PPARy in the collecting duct, another
characteristic of spironolactone is the beneficial
effect in ameliorating the left ventricular
function and volume.®9

CONCLUSIONS

TZDs comprising rosiglitazone and
pioglitazone are agonists of peroxisome
proliferator-activated receptor gamma (PPARY)
and have beneficial effects in controlling blood
glucose and cardiovascular parameters. In
addition to the beneficial effects, the ability of
this drug to induce plasma volume expansion
should be considered in prescribing TZDs for
patients with type 2 DM who also have a high
cardiovascular risk. TZDs should not be used
in patients newly diagnosed as suffering from
type 2 DM. In view of the risk of fluid retention
when using TZDs, it is imperative to consider
the potential strategies for minimizing the risk
of edema and/or heart failure in patients with
type 2 DM who are receiving TZDs therapy. The
presence of edema due to other causes unrelated
to heart failure should not prevent use of TZDs.
Adequate monitoring is necessary for signs of
edema or heart failure, and increased dosage
should be adjusted gradually to attain the
expected HbAlc target.

191



Yenny

REF

10.

11.

12.

192

ERENCES

Nichols GA, Gullion CM, Koro CE, Ephross SA,
Brown JB. The incidence of congestive heart failure
in type 2 diabetes: an update. Diabetes Care 2004;
27: 1897-84.

Bell DS. Heart failure: the frequent, forgotten, and
often fatal complication of diabetes. Diabetes Care
2003; 26: 2433-41.

Thrainsdottir 1S, Aspelund T, Thorgeirsson G,
Gudnason V, Hardarson T, Malmberg K. The
association between glucose abnormalities and heart
failure in the population based Reykjavik study.
Diabetes Care 2005; 28: 612-6.

Yki-Jarvinen H. Thiazolidinediones. N Engl J Med
2004; 351: 1106-18.

Parulkar AA, Pendergrass ML, Granda Ayala R, Lee
TR, Fonseca VA. Nonhypoglycemic effects of
thiazolidinediones. Ann Intern Med 2001; 134: 61-
71. [erratum in Ann Intern Med 2001;135: 307].
Mudaliar S, Chang AR, Henry RR.
Thiazolidinediones, peripheral edema, and type 2
diabetes: incidence, pathophysiology, and clinical
implications. Endocr Pract 2003; 9: 406-16.
GuanY, Zhang Y, Davis L, Breyer MD. Expression
of peroxisome proliferator-activated receptors in
urinary tract of rabbits and humans. Am J Physiol
1997; 273: F1013-22.

Hong G, Lockhart A, Davis B, Rahmoune H, Baker
S, Ye L, etal. PPARgamma activation enhances cell
surface ENaCalpha via up-regulation of SGK1 in
human collecting duct cell. FASEB J 2003; 17:
1966-8.

Chen L, Yang B, McNulty JA, Clifton LG, Binz
JG, Grimes AM. GI1262570, a peroxisome
proliferator-activated receptor y agonist, changes
electrolytes and water reabsorbtion from the distal
nephron in rats. J Pharmacol Exp Ther 2005; 312:
718-25.

Karalliedde J, Buckingham R, Starkie M, Lorand
D, Stewart M, Viberti G, et al., for the Rosiglitazone
Fluid Retention Study Group. Effect of various
diuretic treatments on rosiglitazone induced fluid
retention. J Am Soc Nephrol 2006; 17: 3482-90.
Nissen SE, Wolski K. Effect of rosiglitazone on the
risk of myocardial infarction and death from
cardiovascular causes. N Engl J Med 2007; 56:
2457-71.

Sing S, Loke YK, Furberg CD. Long-term risk of
cardiovascular events with rosiglitazone: a meta-
analysis. JAMA 2007; 298: 1189-95.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Thiazolidinedione and cardiovascular

Home PD, Pocock SJ, Beck-Nielsen H, Gomis R,
Hanefeld M, Jones NP, et al. RECORD Study Group
Rosiglitazone evaluated for cardiovascular
outcomes: an interim analysis. N Engl J Med 2007;
370: 1129-36.

Dormandy JA, Charbonnel B, Eckland DJ,
Erdmann E, Massi-Benedetti M, Moules IK, et al.
Secondary prevention of macrovascular events in
patients with type 2 diabetes in the PROspective
Pioglitazone Clinical Trial in MacroVascular Events
Study (PROactive Study): a randomized controlled
trial. Lancet 2005; 366: 1279-89.

Erdmann E, Dormandy JA, Charbonnel B, Massi-
Benedetti M, Moules IK, Skene AM, et al. The
effect of pioglitazone on recurrent myocardial
infarction in 2.445 patients with type 2 diabetes and
previous myocardial infarction. Results from the
proactive (proactive 05) study. J Am Coll Cardiol
2007; 17: 1772-80.

Wilcox R, Bousser MG, Betteridge DJ,
Schernthander G, Pirags V, Kupfer S, et al. Effects
of pioglitazone inpatients with type 2 diabetes with
or without previous stroke: results from proactive
pioglitazone clinical trial in macro vascular events.
Stroke 2007; 38: 865-73.

Lincoff AM, Wolski K, Nicholls SJ, Nissen SE.
Pioglitazone and risk of cardiovascular events in
patients with type 2 diabetes mellitus: a meta-
analysis of randomized trials. JAMA 2007; 298:
1180-8.

Deeg MA, Tan MH. Pioglitazone versus
rosiglitazone: effects on lipid, lipoproteins, and
apolipoproteins in head to head randomized clinical
studies. PPAR Res 2008; Article ID 520465, 6
pages.

U.S. Food and Drug Administration: Rosiglitazone
maleate (marketed as Avandia, Avandamet, and
Avandary) information 2007. Available at: http://
www.fda.gov/cder/drug /infopage/rosiglitazone/
default.html. Accessed November 23, 2008.
Steals B, fruchart JC. Therapeutic roles of
peroxisome proliferators activated receptor
agonists. Diabetes 2005; 54: 2460-70.

Weyer C, Funahashi T, Tanaka S.
Hypoadipocectinemia in obesity and type 2
diabetes: close association with insulin resistance
and hyperisulinemia. J Clin Endocrinol Metab 2002;
86: 1930-5.

Cabrero A, Laguna JC, Vazquez M. Peroxisome
proliferators activated receptors and the control of
inflammation. Curr Drug Targets Inflamm Allergy
2002; 1: 143-8.



Univ Med

23.

24.

25.

26.

27.

28.

29.

30.

31

Maeda N, Takahashi M, Funahashi T, Kihara S,
Nishizawa H, Kishida K, et al. PPAR-gamma
ligands increase expression and plasma
concentration of adiponection, an adipose-derived
protein. Diabetes 2001; 50: 2094-9.

Song J, Knepper MA, Hu X, Verbalis JG, Ecelbarger
CA. Rosiglitazone activated renal sodium and
water-reabsorptive pathways and lowers blood
pressure in normal rats. JPET 2004; 308: 426-33.
Zhang H, Zhang A, Kohan DE, Nelson RD,
Gonzalez FJ, Yang T. Collecting duct-specific
deletion of peroxisome proliferators activated
receptor v blocks thiazolidinedione-induced fluid
retention. Proc Natl Acad Sci USA 2005; 102:
9406-11.

McCormick JA, Bhalla V, Pao AC, Pearce D.
SGK1: A rapid aldosterone-induced regulator of
renal sodium reabsorption. Physiology 2005; 20:
134-9.

Lang F, Bohmer C, Palmada M, Seebohm G, Strutz-
seebohm N, Vallon V. Patho physiological
significance of the serum and glucocorticoid
inducible kinase isoforms. Physiol Rev 2006; 86:
1151-78.

Firsov D, Gautschi I, Merillat AM, Rossier BC,
Schild L. The heterotetrameric architecture of the
epithelial sodium channel (ENaC). EMBO J 1998;
17: 344-52.

Agre P, King LS, Yasui M, Guggino WB, Ottersen
OP, et al. Aquaporin water channels-from atomic
structure to clinical medicine. J Physiol 2002; 542:
3-16.

Knepper MA, Wade JB, Terris J, Ecelbarger CA,
Marples D, Mandon B. Renal aquaporins. Kidney
Int 1996; 49: 1712-7.

de Lemos JA, McGuire DK, Drazner MH. B-type
natriuretic peptide in cardiovascular disease. Lancet
2003; 362: 316-22.

32.

33.

34.

35.

36.

3r.

38.

39.

Vol27 - No.4

Ogawa S, Takeuchi K, 1to S. Plasma BNP levels in
the treatment of type 2 diabetes with pioglitazone.
J Clin Endocrinol Metab 2003; 88: 3993-6.
Nathan DM, Buse JB, Davidson MB, Ferrannini
E, Holman RR, Sherwin R, et al. Management of
hyperglycemia in type 2 diabetes mellitus: a
consensus update regarding the initiation and
adjustment of therapy. Update regarding
thiazolidinediones: a consensus statement from the
American Diabetes Association and the European
Association for the Study of Diabetes. Diabetes Care
2008; 31: 173-5.

Erdmann E, Wilcox RG. Weighing up the
cardiovascular benefits of thiazolidinedione
therapy: the impact of increased risk of heart failure.
Eur Heart J 2008; 29: 12-20.

Nestro RW, Bell D, Bonow RO, Fonseca V, Grundy
SM, Horton ES, et al. Thiazolidinedione use, fluid
retention, and congestive heart failure: a consensus
statement from the American Heart Association and
American Diabetes Association. Circulation 2003;
108; 2941-8.

Hirsch IB, Kelly J, Cooper S. Pulmonary edema
associated with troglitazone therapy. Arch Int Med
1999; 159: 1811.

Wilson DR, Honrath U, Sonnenberg H. Thiazid
diuretic effect on medullary collecting duct function
in the rat. Kidney Int 1983; 23: 711-6.

Shankar SS, Brater C. Loop diuretic: From the Na-
K-2ClI transporter to clinical use. Am J Physiol
Renal Physiol 2003; 284: F11-21.

Cicoira M, Zanolla L, Rossie A, Golia G,
Franceschini L, Brighetti G, et al. Long-term, dose-
dependent effects of spironolacton on left ventrikel
function and exercise tolerance in patients with
chronic renal failure. J Am Coll Cardiol 2002; 40:
304-10.

193



