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Pharmacogenomics and pharmacogenetics
of thiazolidinediones: role in diabetes and
cardiovascular risk factors

The most important goal in the treatment of patients with diabetes is to prevent
the risk of cardiovascular disease (CVD), the first cause of mortality in these subjects.
Thiazolidinediones (TZDs), a class of antidiabetic drugs, act as insulin sensitizers
increasing insulin-dependent glucose disposal and reducing hepatic glucose output.
TZDs including pioglitazone, rosiglitazone and troglitazone, by activating PPAR-y have
shown pleiotropiceffectsin reducingvascular risk factors and atherosclerosis. However,
troglitazone was removed from the market due to its hepatoxicity, and rosiglitazone
and pioglitazone both have particular warnings due to being associated with heart
diseases. Specific genetic variations in genes involved in the pathways regulated by
TDZs have demonstrated to modify the variability in treatment with these drugs,
especially in their side effects. Therefore, pharmacogenomics and pharmacogenetics
are an important tool in further understand intersubject variability per se but also
to assess the therapeutic potential of such variability in drug individualization and

therapeutic optimization.
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Rosiglitazone, pioglitazone &
troglitazone

Diabetes is a pandemic disease particularly in
the industrialized countries. The major cause
of death in these patients (>65%) are related
to cardiovascular disease (CVD). Therefore,
given the significance of morbidity and mor-
tality associated with diabetes, and its com-
plications, identification and optimization
of an appropriate treatment of the patho-
logical condition is crucial. Over the last few
decades, there have been a significant num-
ber of new agents developed for the treatment
of Type 2 diabetes (T2D) with the final goal
to regulate the blood level of glucose and
therefore to prevent the risk for CVD. These
drugs include sulfonylureas, biguanides,
o-glucosidase inhibitors and dipeptidyl pep-
tidase IV inhibitors (DPP-IV) (1. Among
those, thiazolidinediones (TZDs) are a class
of antidiabetic drugs that act as insulin sen-
sitizers increasing insulin-dependent glucose

disposal, and reducing hepatic glucose out-
put. Importantly, TZDs have been demon-
strated to reduce insulin resistance not only
in a state of T2D but also in nondiabetic
conditions such as obesity, which is another
important risk factor for CVD [23]. Further,
it has been demonstrated that TZDs have a
capacity to lower glycated hemoglobin (Alc)
by approximately 0.5-1.4% [4]. Since their
ability in decreasing hyperglycemia and their
pleiotropic effects in preventing vascular dis-
eases is substantial, the TZDs have received
particular attention of the scientific commu-
nity and are discussed below in the present
review.

To prepare the present manuscript, three
investigators sequentially selected the arti-
cles and evaluated study quality indepen-
dently. Selected articles were searched on the
PubMed, and Cochrane electronic databases.
The search was limited to studies published in
English. The principal key words used for the
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research were: pharmacogenetics, pharmacogenomics,
genetics, single nucleotide polymorphisms, genetics, dia-
betes, metabolic syndrome, cardiovascular disease, thia-
zolidinediones (rosiglitazone, pioglitazone and trogli-
tazone), side effects, vascular risk factors, atherosclerosis,
human studies, animal studies and obesity, in combina-
tion between them. We excluded abstracts presented to
conferences, case reports and case series articles.

As seen with the majority of other drugs, interindivid-
ual variability in response to the treatment with TZDs
has been reported to be pronounced. The observed
variability defines the importance of investigating the
impact of individual genetic makeup on the pharmaco-
logical response to these drugs, especially to their side
effects [5]. The three drugs in this hypoglycemic class
introduced in the market are rosiglitazone, pioglitazone
and troglitazone. Troglitazone was removed from the
US market in 2000 due to its hepatoxicity. However,
besides troglitazone also rosiglitazone and pioglitazone
both have particular warnings due to being associated
with congestive heart failure [¢]. Recently, rosiglitazone
is being withdrawn in Europe and in New Zealand due
to the increase of myocardial infarction (7] and bone
fractures incidence (8], while it still used in US together
with metformin. However, according to the American
Heart Association/American Diabetes Association con-
sensus statement on TZDs use, their beneficial effects
on vascular risk factors support their prescription to
diabetic subjects at high risk for CVD [g].

Unfortunately, it remains unclear whether side effects
such as hepatotoxicity, myocardial infarct and heart
failure are related to the characteristic of these drugs as
the unique tocopherol side chain of troglitazone, or are
related with other unknown mechanisms [10]. There-
fore, the argument has been debated in scientific com-
munity. Several clinical trials such as the PROactive
Study (11}, and further meta-analyses [12] clearly estab-
lished that therapy with TZDs reduces mortality for
cardiovascular events, especially myocardial infarction
and stroke. However, although these studies highlighted
the positive effects of TZDs against both hyperglyce-
mia and CVD, other recent studies raised concerns on
possible augmented incidence of important diseases
such as bladder tumors after long use of these drugs,
especially in certain individuals [13]. For this reason, the
field of pharmacogenetics and pharmacogenomics may
improve the understanding in the beneficial properties
of TZDs, and the management of CVD risk prevention
in diabetic patients.

Mechanism of action: role of PPARs &
PPAR-y

TZDs act mainly through the PPAR-y [3.14]. The
PPAR-y is a member of the PPAR nuclear receptor

superfamily of ligand-inducible transcription fac-
tors. In mammals, there are three PPARs: PPARa,
PPARB/6 and PPAR-y [5]. By binding to PPAR
responsive regulatory elements of a target gene (PPRE,
a direct repeat of AGGTCA’ gapped by a nucleotide)
as obligate heterodimers with RXR, activated by the
endogenous agonist 9-cis retinoic acid, the PPARs con-
trol the expression of genetic networks involved in adi-
pogenesis, lipid metabolism, inflammation, and main-
tenance of metabolic homeostasis [15]. Ligand binding
as TZDs induces a conformational change in the recep-
tor that allows for differential recruitment of cofactors
and subsequent modulation of PPAR-y activity [15]. In
absence of a ligand, the PPAR-y:RXR complex can
recruit corepressor complexes and bind to PPRE, sup-
pressing the transcription of target genes [15]. Adipose
tissue is the major mediator of PPAR-y action on insu-
lin sensitivity. PPAR-y activation in mature adipocytes
induces the expression of a number of genes involved
in the insulin signaling cascade such as GLUT4 and
CAP, thereby improving insulin sensitivity in patients
with T2D [16]. Although no complete PPRE has been
found in the GLUT4 promoter, PPAR-y and its hetero-
dimers partner RXR have been found to bind and
repress the promoter activity of GLUT4. The repres-
sion is augmented in the presence of the natural ligand,
15D-prostaglandin J2, but completely alleviated by
rosiglitazone [17). This may be a novel mechanism by
which a PPAR-y ligand exerts antidiabetic effect by
detaching the PPAR-y transcription complex from the
promoter, thereby increasing the expression of target
genes. PPAR-y agonists potentiate insulin signaling
and improve insulin sensitivity at various cellular steps
(18], mainly by activation of PI3K, PIP3, and serine/
threonine kinases, including Akt (Akel and 2) pathway
(18]. In Figure 1 is schematically reported the mechanism
by which TZDs induce insulin sensitivity. Treatment
with troglitazone increases insulin-stimulated IRS-
l-associated PI3K and Ake activity in skeletal muscle
biopsies from T2D patients, and enhanced Akt phos-
phorylation in skeletal muscle from glucose-tolerant,
insulin-resistant, first-degree relatives of T2D patients
(19]. Moreover, PPAR-y activation controls the expres-
sion of numerous factors secreted from adipose tissue
that greatly influence insulin sensitivity: levels of cir-
culating adipocytokines or adipokines, TNF-a, leptin,
resistin, 11 beta-hydroxysteroid dehydrogenase 1 and
adiponectin [2.19].

Pleiotropic beneficial effects of TZDs as PPAR-y
agonists have been also demonstrated in the vascu-
lature and against vascular risk factors [15]. PPAR-y
agonists have been shown to lower blood pressure
(BP) in animals and humans by suppressing the renin-
angiotensin (Ang)-aldosterone system (RAAS) includ-
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Figure 1. Schematic representation of thiazolidinediones mechanism of action. TZDs acting mainly through PPAR-y by binding to PPRE
as obligate heterodimers with RXR, control the expression of several genetic networks. In particular, TZDs increase insulin-stimulated
IRS-1/2-associated PI3K and Akt activity in skeletal muscle and adipose tissue, enhancing Akt phosphorylation and subsequently

GLUTA4 translocation.

FFA: Free fatty acids; Ins: Insulin; pTyr: phospho tyrosine; TZD: Thiazolidinedione.

ing the inhibition of ATIR expression, Ang-II-medi-
ated signaling pathways and Ang-Il-induced adrenal
aldosterone synthesis/secretion [20]. PPAR-y agonists
also inhibit the progression of atherosclerosis in ani-
mals through a pathway involving the suppression of
RAAS and the thromboxane A2 system [20]. Interest-
ingly, TZDs treatment, dose-dependently decrease
the expression of AT1R gene [21]. Recently, it was also
shown that PPAR-y agonists exert an inhibitory effect
on Ang-Il-induced aldosterone synthase expression
and aldosterone secretion [22]. Moreover, pharmaco-
logical activation of PPAR-y receptors is noted to
suppress the activity of TXS and its receptor TXR
expression. These biochemical changes are noted to be
involved in the development of atherosclerosis [23.24].
TZDs positively affect the vasculature by decreasing
the intimal medial thickness (IMT) and inhibiting

the transendothelial migration of monocytes in the
vascular smooth muscle cells (VSMC) [25]. Figure 2
represents the protective mechanisms of TZDs against
increase of IMT and vascular atherosclerosis.

Another mechanism linking TZDs with preven-
tion of atherosclerosis is their ability, as PPAR-y ago-
nists, to decrease serum levels of oxLDL-cholesterol
and triglycerides and increased serum levels of HDL-
cholesterol, especially in T2D [2¢]. Increase in oxLDL
has been identified as one of the main risk factor for
atherosclerosis and CVD [27]. Specifically, among the
TZDs, the most powerful in controlling the blood
lipid profile has been shown to be pioglitazone, which
compared with rosiglitazone strongly reduce the level
of oxLDL [26]. Supporting these findings, an iz vitro
study conducted in human umbilical vein endothelial
cells demonstrated as pioglitazone inhibited inflam-
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Figure 2. Thiazolidinediones action on vasculature. TZDs positively affect the vasculature by decreasing the intimal medial thickness
and development of atherosclerosis in the vascular smooth muscle cells. TZDs exert their protective role by inhibiting the gene
expression of AT1R, TXS and TXR, involved in mechanism linked with intimal medial thickness and atherosclerosis.

TZD: Thiazolidinedione; VSMC: Vascular smooth muscle cell.

matory response which inducing atherosclerosis by the
increase of oxLDL [28].

In fact, TZDs prevent atherosclerosis also by decreas-
ing oxidative stress and inflammation [29], which are
under control of previously discussed pathways. After
an acute insult like ischemia, administration of TZDs
significantly increases the production of antioxidant
enzymes such as catalase and SOD, increasing free rad-
ical scavenging in the periinfarct area [30]. Pretreatment
of rats with pioglitazone for 7 days prior to coronary
ligation significantly decreased the expression levels of
inflammatory markers and the number of infiltrating
macrophages in the ischemic region [31].

Animal models have clearly demonstrated that TZD
by PPAR-y activation improve insulin release by pre-
serving pancreatic f8-cell function, and reduce vascular
risk factors [32]. However, these findings have not been

clearly established in humans [2]. Confirming these

findings, by using a quantitative real-time polymerase
chain reaction (r-PCR) Wang et a/. [33] evaluated gene
expression profiling to assess cardiorenal safety in the
heart and kidney tissue samples in adult male myo-
cardial infarction-induced heart failure and Zucker
diabetic fatty rats treated with rosiglitazone. Although
variations in the expression of some genes such as ACE,
PPAR-y, IL-6 and TNF-o. were observed, authors
themselves address serious doubts about the transfer-
ability of these results obtained in animal models to
clinical settings [34].

Pharmacogenomics & pharmacogenetics of
rosiglitazone in diabetes

The antidiabetic effect of rosiglitazone ((RS)-5-[4-(2-
[methyl (pyridin-2-yl) amino] ethoxy) benzyl] thiazoli-
dine-2, 4-dione) is associated with reduction in blood
glucose level mainly by its pleiotropic effects in adipose
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tissue [35]. It is also noted to modulate adipogenesis and
affect regulation of the expression of adipocyte factors:
TNF-a, IL-6, adiponectin and resistin [36]. Reports on
such adipocyte factor genes have revealed that SNPs in
such genetic elements are principally responsible for the
interindividual and interethnic variability of the hypo-
glycemic efficacy of rosiglitazone (37]. The relevance
of the genetic background is also amply demonstrated
by studies in animal models. Using new mouse mod-
els of T2D, Pan et al. [3839], demonstrated that the
genetic background can affect adverse hepatic and car-
diac response to rosiglitazone. Differential pharmaco-
genetics responses in the same new experimental model
were identified by Leiter ef al. [40]. Genetic variation
in drug-metabolizing protein (CYP) genes: CYP2C8
(CYP2C8*3) and CYP2C9 (CYP2C9*3), is demon-
strated to substantially contribute towards intersubject
heterogeneity in terms of the pharmacokinetic behav-
ior of rosiglitazone [41,42]. Clinical data from the Chi-
nese diabetic population has shown that the glucose-
lowering effects of rosiglitazone vary in subpopulations
representing different ADIPOQ gene polymorphisms
(43]. Among T2D patients treated with rosiglitazone,
subjects possessing the SNP-11377 CC in the ADIPOQ
responded with a greater reduction in fasting plasma
glucose levels in comparison to the CG and GG geno-
types [43]. Reports have shown that alleles of leptin
G-2548A and TNF-o. G-308A, important adipocyto-
kines involved in mediating insulin sensitivity and glu-
cose homeostasis, are linked with higher levels of insulin
resistance in Chinese and Caucasian subjects suffering
from T2D, respectively [4445]. Liu et al. [37) observed
that rosiglitazone showed a markedly increased effect
in patients with the AA genotype of leptin G-2548A
in terms of fasting serum insulin and postprandial
serum insulin compared with the GG+GA genotype.
Furthermore, they have shown a reduced efficacy in
patients on rosiglitazone with GA+AA genotype of
T'NF-o. G-308A when compared with its GG in terms
of fasting serum insulin. Gene expression background-
specific effects on lipid deposition and insulin sensitiv-
ity of rosiglitazone administration has also been dem-
onstrated by studies in rodents [46]. Furthermore, Yu
et al. [47] have shown that SNPs in KCNQI are asso-
ciated with the therapeutic response of rosiglitazone.
Kang et al. [48,49] have shown that genetic variants in
adiponectin are intrinsically associated with the modu-
lation of pharmacodynamics of rosiglitazone in diabetic
subjects from different populations. Besides evincing
their hypoglycemic effects, TDZs also favorably modu-
late the lipid profile of blood, thus leading to a reduc-
tion in the progression of atherosclerosis and associated
cardiovascular risk factors among diabetic patients
(711]. Rosiglitazone treatment in populations represent-

Pharmacogenomics & pharmacogenetics of thiazolidinediones

ing UCP2-866G/A and ADRB3 Trp64Arg genotypes
substantially inhibit triglyceride, LDL-cholesterol and
adiponectin levels in the blood [s0]. Several other vari-
ants have been reported. Genetic variants of adipocyto-
kines modulate the therapeutic efficacy of rosiglitazone
in T2D patients [51]. In an earlier study Chen et al. [52]
evaluated the glucose lowering effect of rosiglitazone in
newly diagnosed Chinese T2D patients. They observed
that rosiglitazone treated group with rs6467136
GA+AA variant of PAX4 gene showed greater glucose
lowering effects compared with GG homozygotes sug-
gesting that rosiglitazone is more likely to achieve target
fasting as well as 2-h glucose levels in GA+AA carriers
compared with GG homozygotes. On the other hand
another study investigating the effect of rosiglitazone
in newly diagnosed T2D, observed that R219K variant
of ABCAI gene had poor rosiglitazone response com-
pared with RR homozygotes [s3]. They also reported
that neither M883I nor R1587K variant of the ABCAI
gene had any effect of rosiglitazone response. Further-
more, the UCP2 -866G/A genotype is known to regu-
late rosiglitazone-based control of glucose homeostasis
(50], and the G allele of UCP2-866G/A gene is noted
to enhance the risk of obesity among diabetic individu-
als 54]. The ADRB3 Trp64Arg genotype is associated
with rosiglitazone-related modulation of blood lipid
profile s0]. Zhang et al. [55] observed that Thr394Thr
and Gly482Ser SNPs in PGC-Io genes alter the rosigl-
itazone-induced beneficial effect on plasma lipid profile
in T2D subjects. Rosiglitazone also inhibits the patho-
genesis of obesity by modulating mitochondrial remod-
eling s6]. In addition, rosiglitazone markedly amelio-
rates endothelial dysfunction associated with T2D [s7].
However, investigations are required to validate the
relevance of existing forms of genetic polymorphisms
associated with rosiglitazone-induced glucose control
in terms of quantifying its effect on diabetes-associated
cardiovascular complications.

Pharmacogenomics & pharmacogenetics of
pioglitazone in diabetes

Pioglitazone ((RS)-5-(4-[2-(5-ethylpyridin-2-yl) eth-
oxy] benzyl) thiazolidine-2, 4-dione) is one of the most
widely used drugs for the treatment of T2D, and is the
only TZDs available in the market in several countries
(s8]. However, a critical understanding of the clinical
outcome associated with pioglitazone-based treatment
of T2D and related cardiovascular complications has
revealed that variability among subjects, rooted in
environmental and physiological factors, is an impor-
tant reason for the submaximal success of this drug [s9].
Pharmacogenomics promises to delineate the mecha-
nistic basis of the variability in pioglitazone efficacy.
The principal biotransformation products of piogli-
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tazone produced in various phases of drug metabolism
are M-I, M-I, M-III, M-1V, M-V and M-VI [60]. M-III
and M-IV are two metabolites documented to exert
a rather sustained hypoglycemic effect and are thus
accentuate the overall efficacy of pioglitazone per se
(60]. CYP2C8 and CYP3A4 are the principal cyto-
chrome P450 enzymes responsible for the breakdown
of pioglitazone in the body into the above-mentioned
metabolites [61]. Clinical data have shown that genetic
polymorphisms associated with CYP2C8:*1 homo-
zygotes and the *3 variant allele carriers, are respon-
sible for variability in bioavailability of pioglitazone
among various treatment populations [62.63]. Kadam
et al. [64) have recently reported that oral clearance of
pioglitazone is substantially higher in CYP2C8*3 car-
riers and is one of the main factors for the observed
variability in pharmacokinetic efficacy of pioglitazone.
Moreover, pharmacological inhibition of CYP2C8
enhances bioavailability of pioglitazone in CYP2C8*3
and CYP2C8*1 carriers, thus underlining the clini-
cal significance of pharmacogenomics in pioglitazone
pharmacotherapy of diabetes [62.63].

Polymorphism in PPAR-y encoding gene PPARG
p.Prol2Ala (rs1801282) is an important genetic poly-
morphism established to play a critical role in mediating
glucose metabolism [65]. [n vitro experiments demon-
strated that P12A mutation in PPAR-y2 gene is respon-
sible for the variation in pioglitazone-induced attenua-
tion of transcriptional activation of a reporter gene in a
construct containing the PPRE [¢6]. This study also indi-
cated that P12A mutation might also be linked to adipo-
genesis [66]. Furthermore, various research groups have
shown that biological variability linked with the glucose-
lowering effect of pioglitazone is also partly ascribed to
the polymorphism associated with PPARG gene [67-69].
The PTPRD SNP 1517584499, located in intron 10,
has been identified in Chinese populations as another
important factor leading to pharmacodynamic variabil-
ity in the glucose-lowering effect of pioglitazone [69]. A
substantial alteration of pioglitazone-induced reduc-
tion in HbAlc was observed in ADIPOQ C-11377G
genotype and ADIPOR2 G795A genotype in Chinese
and Iranian T2D populations [43,70]. Retn expression is
induced by adipocyte differentiation and is inhibited
by PPAR-y agonists in isolated 3T3-L1 cell cultures [71).
In vivo studies demonstrated that systemic release of retn
from adipocytes is substantially enhanced during diabe-
tes in obese mice. PPAR-y agonists like TZDs attenuate
this increase in serum retn levels in laboratory animals as
well as in clinical subjects. Mice overexpressing the retn
in the liver have greater serum retn and insulin resistance,
whereas ren™” mice have reduced fasting blood glucose
[72.73]. Therefore, it can be concluded that elevated serum
retn levels cause insulin resistance in rodents. A study

in a Japanese population revealed that retn C-420G
(rs1862513) polymorphism in the GG genotype, an adi-
pokines known to antagonize insulin, is linked with a
stronger glucose-lowering effect of pioglitazone [74].

In addition to the glucose-lowering effect, recent
clinical studies report that pioglitazone prevent dys-
lipidemia-based progression of atherosclerotic macro-
vascular changes in the carotid and coronary arteries
of diabetic subjects [711,75]. Certain animal studies
have shown that pioglitazone attenuates myocardial
ischemia/reperfusion injury in rodents via endothelial
NOS-, COX-2- and ERK-1/2-dependent pathways
[43.76-78]. A genetic study by Saitou et 4/. [79) has shown
that the ameliorative potential of pioglitazone on dia-
betic aggravation of atherosclerosis is independent
of the tested genotypes. Polymorphism (S447X) in
the LPL gene influences the beneficial effects of pio-
glitazone on cardiovascular complications of diabetes
mellitus [80]. Such SNP mediates pioglitazone-linked
increase in the synthesis and secretion of LPL in mul-
tiple types of parenchymal cells (81.82]. Studies have
further shown that the S447X variant is intrinsically
associated with the pathogenesis of dyslipoproteinemia
and coronary artery disease and thus markedly reduces
the efficacy of pioglitazone in the LPL S447X geno-
type when compared with subjects with the S$447S
genotype [82].

Pharmacogenomics & pharmacogenetics of
troglitazone in diabetes
((RS)-5-(4-[(6-hydroxy-2,5,7,8-tet-
ramethylchroman-2-yl) methoxy] benzyl) thiazoli-

Troglitazone

dine-2, 4-dione) was introduced for the first time on
the pharmaceutical market in March 1997 as a novel
therapy for the treatment of T2D [83]. After a short
period of surveillance several cases of troglitazone-
induced hepatotoxicity were reported [84]. Therefore,
in 2000 the drug was abruptly removed from the
market (83]. The symptoms observed in patients were
related to an idiosyncratic hepatocellular injury-type
liver toxicity determined by the specific metabolism
of the troglitazone defined as ‘metabolic idiosyncrasy’
85]. After removal of the drug from the market, a few
studies have assessed whether specific genetic variants
could predispose to the hepatotoxicity caused by tro-
glitazone. Watanabe et al. [86], in a study performed
on 25 Japanese T2D patients with abnormal increase
in levels of ALT or AST during troglitazone treatment,
analyzed 51 different genes related to drug metabo-
lism, apoptosis, production and elimination of reac-
tive oxygen species, including signal transduction
pathways of PPAR-y2 and insulin. The genotyping
analysis demonstrated that the presence of the com-
bined GSTT1 and GSTM]I null genotype [87.88] was a
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specific risk factor for the enhanced susceptibility to
transaminase increase associated with troglitazone.
Oniki ez al. [89], in a subsequent study performed on
215 participants from the health screening program,
reviewed the results of previous study suggesting that
the combined GSTMI and GSTTI null genotypes
might also be a risk factor for alcoholic mild liver
dysfunction. Kumashiro ¢z a/. [90], in 2003 exam-
ined retrospectively the polymorphism of CYP450
CYP2D6 and CYP2C19 in eight T2D patients with,
and 31 patients without troglitazone-induced liver
injury. The frequency of CYP2D6 SNP was identical
for both groups while homozygous or compound het-
erozygous polymorphisms of CYP2CI19 (2*/2%, 2*/3%,
3%3* poor metabolizers genotypes) were significantly
more frequent in patients with liver injury (p=0.0401).
In the TRIPOD study [91], performed on 93 His-
panic women with a history of gestational diabetes
treated with troglitazone for 3 months, no correlation
were found between PPARG common polymorphism
P12A (rs1801282) and response to troglitazone, sug-
gesting that PPAR-y is the main target of the TZDs
but its genetic variants may even not modify the
response to the therapy. To clarify this issue, Wol-
ford et al. 192, screened by direct Sanger sequencing
40kb corresponding to all exons, introns and flanking
regions of PPARG in 93 non diabetic women with pre-
vious gestational diabetes who had participated in the
TRIPOD study. Among the 131 identified variants, 8
(not including P12A) were associated with the varia-
tion to troglitazone monotherapy response (p < 0.05).
A screening by Florez et al. (93], performed in a cohort
of 3458 subjects from the DPP study did not find any
association between P12A and troglitazone therapy,
supporting previous findings from TRIPOD study.
In addition the authors genotyped five of the eight
SNPs reported in the Wolford study [92] without find
any significant associations between these genetic loci
and troglitazone ‘responders’ and troglitazone ‘non-
responders.” These controversial results have been
extensively analyzed and some potential explanations
have been found in the differences from the selected
study populations especially in term of race-ethnicity,
and in the different statistical methodologies employed
in these studies. Moreover, it must be considered the
different sensitivity among methods used to evaluate
insulin levels (TRIPOD — direct measurement, DPP
— indirect measurement) [94]. In Table 1 are reported
some of the most important studies in this field.
Franks et al. [95], tested the impact of PPARG Pro-
12Ala SNP on modification in the obesity-related
traits in 3356 subjects included in the DPP study
treated with metformin (n = 989), troglitazone
(n = 363) or lifestyle modification (n = 1004) ver-

Pharmacogenomics & pharmacogenetics of thiazolidinediones

sus placebo (n = 1000). After 1 year of follow-up the
results showed that in the metformin and lifestyle
arms all individuals lost weight, especially those car-
rying the Alal2 allele (p = 0.01), while in troglitazone
arm subjects had trend to gain weight. In particular,
this association between troglitazone and the weight
gain was greater in the Alal2 allele carriers rather
than Prol2 homozygotes. Moree et al. [96] performed a
genetic wide association study in 3548 subjects at high
risk of T2D enrolled in the DPP. One of the aims of
the project was to evaluate the genetic predisposition
in different respond to the troglitazone therapy. The
results showed an improvement in the functionality of
the pancreatic B-cell for patients carrying the protec-
tive genotype at CDKN2A/B SNP rs10811661 at 1 year
of troglitazone treatment (p = 0.01) and lifestyle modi-
fication (p = 0.05). Majithia ez al. [97], genotyped the
missense SNP rs13266634 of the zinc transporter gene
SLC30A8 in 3007 participants from DPP and exam-
ined the association with fasting proinsulin and insulin
at baseline and at 1 year postintervention. The results
showed higher proinsulin levels at baseline for carri-
ers of C allele. After 1 year, proinsulin levels decreased
significantly in all groups receiving active interven-
tion (lifestyle, metformin or troglitazone) compared
with placebo, but no genotype- active intervention
correlations were observed.

Muraglitazar, a nonthiazolidinedione/nonfibrate
PPARo/y dual agonist, has been shown to present
similar side effects of troglitazone. However, even if for
these adverse effects this drug has never been intro-
duced in the market, it could be of particular interest for
future investigation in the field of pharmacogenomics.
Muraglitazar completed different clinical trials where
it significantly reduced serum triglycerides, glucose
and Alc and increased HDL cholesterol levels [9s8-100].
In a further clinical trial conducted in 2005, Nissen
et al. 101 compared muraglitazar based treatment with
placebo or pioglitazone. The former was associated
with an excess incidence of the composite end point of
death, major adverse cardiovascular events and conges-
tive heart failure. Based on these results, they recom-
mended not approving this drug to treat diabetes until
safety was documented trough a trial designed to assess
cardiovascular events. Consequently in 2006 Bristol-
Myers Squibb announced that it had discontinued fur-
ther development. In a subsequent pharmacogenomic
trial performed in 730 patients affected by T2D was
evaluated the interaction between muraglitazar and
213 SNDPs from 63 genes [102]. Results showed that sev-
eral common polymorphism in ren (rs2368564) and
edn-1 (rs5370) genes were associated with reduced risk
of edema, while the -1 adrenergic receptor rs1801253
was associated with increased susceptibility to edema
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(102]. These findings may be indicative of how much
pharmacogenomic studies may help in selection of
therapeutic drugs potentially prone to cause side
effects in certain categories of subjects such as diabetic
patients [103].

Pharmacogenomics & pharmacogenetics of
TZDs in cardiovascular risk factors

T2D is an established independent risk factor for CVD.
As previously reported in the introduction, the Ameri-
can Heart Association/American Diabetes Association
consensus statement on the use of TZDs asserts that a
therapy based on these drugs should be privileged in
patients at high risk for CVD, given that TZDs have
antiinflammatory and antiatherogenic properties [9].
Aimed to investigate the genetic impact in the athero-
protective effects of TZDs, Saitou ez al. [79] analyzed
99 candidate SNPs and their possible associations with
conventional vascular risk factors and the progression or
regression of carotid atherosclerosis in diabetic patients
treated with pioglitazone or only with diet. Among
the analyzed genetic variants, the I/D polymorphism
in the ACE gene and the C677T polymorphism in the
MTHFR gene showed a significant association with
changes in the values of averaged and maximum IMT,
a subclinical markers of atherosclerosis, in both group
of patients. In particular, the group of patients carry-
ing the ACE D-allele and treated with pioglitazone had
lower increase in IMT than the group treated with diet
alone (p = 0.01). In addition, pioglitazone exerts a pro-
tective effect attenuating the increase in IMT (p = 0.03)
in patients carriers the 6777 allele in the MTHFR gene
which is generally associated to higher homocysteine
level and progression of atherosclerosis [79]. These find-
ings strongly suggest as TZDs may have a pleiotropic
effects exerting their action through PPAR-y at differ-
ent molecular levels such as renin-angiotensin modula-
tion. However, their pleiotropic actions could be also
the reason of the side effects characteristic of this class
of drug, such as heart failure and edema. The posi-
tive response of the treatment is based on the presence
mainly of the beneficial effect that can results by a dif-

ferent individual dosage based on EC50 and different
individual genetic profiles. In Table 2 are reported the
specific intracellular targets coupled with the benefical
and side effects associated with TZDs therapy.

Genetic variances of CYP450 enzymes have been
involved in CVD [104,105]. This association is medi-
ated by CYP-catalyzed release of arachidonic acid
metabolites with vasodilatation, antiinflammatory and
antiatherogenic properties, such as epoxyeicosatrienic
acids, and dihydroxyeicosatrienoic acids (DHETs)
(106,107). [n vitro, the TZDs are strong inhibitors of
CYP2C8, a member of CYP with function in the oxi-
dative system [108]. Moreover, in a pharmacokinetics
study, rosiglitazone was found to be a CYP2C8 sub-
strate and its metabolism increased in individuals with
CYP2C8*3 allele [42]. Kichheiner ef a/. [41] analyzed 31
healthy individuals, receiving a daily oral dose of rosi-
glitazone for two weeks, in order to confirm the impact
of CYP2C8 polymorphisms and rosiglitazone effects
on urinary excretion of epoxyeicosatrienic acids and
DHETs. One of the most interesting data showed that
subjects with CYP2C8*3 carriers had greater 14-15
DHET formation rates independently by rosiglitazone
treatment, showing in both cases a direct correlation
between the amount of produced metabolites and the
number of alleles CYP2C8*3 (p < 0.05 and p < 0.01,
respectively). On the contrary, carriers of the slow
metabolizer haplotype C, had a trend to have a lower
DHET excretion. Overall the effect of rosiglitazone in
these subjects was a decrease in DHET excretion by
approximately 10% (p < 0.02) (41]. Therefore, accord-
ing to these findings, understanding the physiological
role of CYP2C8 genetic variants in arachidonic acid
metabolism and their correlation with TZDs could be
pivotal to improve our knowledge in their impact on
cardiovascular physiopathology.

Although TZDs have beneficial effects on cardio-
vascular parameters such as lowering BP and blood lipid
levels, as previously discussed in this review, the treat-
ment plan with the goal to reduce risk for CVD must
be carefully individualized for each patient, since sev-
eral side effects may accompany the use of these drugs

Table 2. Specific intracellular targets coupled with beneficial/side effects associated with thiazolidinediones therapy.

Thiazolidine-
diones

Pioglitazone
Rosiglitazone

Troglitazone

Receptors Intracellular targets

PPAR-y e Glut4, IRS1/2, PI3K, CAP .
® TNF-a, retn .
e ATIR .
e TXS, TXR o
e SOD, catalase .
e PEPCK, CD36, LPL, ACBP, ACS, aP2, GyK e
e CEBPa, STAT1/5A/5B .

Benefical effects

Side effects

Improved insulin signaling ¢ Hypoglycemia

Reduced inflammation e Edema

Reduced blood pressure o
Reduced atherosclerosis o
Reduced oxidative stress o
Increased lipid metabolism e
Improved adipogenesis o

Weight gain
Cardiovascular risk

Heart failure

Bone loss in older women
Liver failure
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(Table 2). The main side effects that can worsen the
preexisting pathological situation in a patient with risk
for CVD have been identified in fluid retention, edema
and weight gain. For this reason, both pioglitazone and
rosiglitazone are strongly not recommended in patients
with established heart failure NYHA’s class III or IV
(Prescribing information Actos and Avandia [109]).
However, it needs to be acknowledged that although
both belonging to the same class of drug, their effect
on cardiovascular events may be different. Rosigli-
tazone was associated with a high risk of CVD and all-
cause mortality [7110,111]. Controversially with previous
discusses findings, an overall examination of clinical
trials adopting pioglitazone did not show a clear advan-
tage in terms of reducing cardiovascular related mor-
bidity [112]. Mainly, this compound has often proven to
be significantly protective against plaque progression
and micro- and macrovascular events [11,113]. However,
a more comprehensive evaluation of TZDs cardiovas-
cular effect and safety could be achieved considering
the contribution of SNPs in genes involved in vascular
physiological pathways affecting the etiology of TZDs-
induced side effects. With this objective, Ruafio e al.
(114] performed a retrospective cross sectional study on
87 T2D patients treated with rosiglitazone or piogli-
tazone. Authors used physiogenomics methodology to
test for SNP associations across a PG-Array, consist-
ing of 384 SNPs from 222 candidate genes involved in
cardiovascular and metabolic pathways. They reported
a significant association between body mass index
(BMI) and TZDs therapy with genetic variants in
ADORAI (p < 0.0003), ADIPOR2 (p < 0.007), PKM2
(p < 0.002) and UCP2 (p < 0.008). In contrast, edema
induced by TZDs therapy was associated with SNPs in
genes controlling vascular permeability such as NPY
(p < 0.006) and CCL2 (p < 0.015) [114]. One of the
most interesting finding emerging from this study is
the strong correlation between risk-associated SNPs
and protective SNPs for one or both investigated out-
comes, suggesting the importance of monitoring genes
involved in different but combinated pathways in order
to improve TZDs tolerability and safety.

As we previously mentioned, edema is one of the
most common adverse side effects associated to rosi-
glitazone treatment [115]. Bailey ez a/. [116], in a genetic
study from the multiethnic DREAM trial, tested
32,088 SNDs in 4197 patients treated with rosi-
glitazone. One SNP, rs6123045 in the NFATC2 was
significantly associated with edema (p = 7.68 x 107).
Specifically, European individuals homozygous for the
risk allele (CC) showed higher rate of TZDs-induced
edema compared with the individuals heterozygous
(CT) or homozygous (TT) for the protective allele. In
contrast, the rs6123045 SNP did not show a significant

Pharmacogenomics & pharmacogenetics of thiazolidinediones

association with edema onset in Latin Americans under
similar treatment. However, a haplotype defined by six
SNPs in NFATC2 was associated with edema both in
Europeans and Latin Americans (p = 2.26 x 10° and
p = 1.47 x 107, respectively) [116]. These data further
support a variation in response to therapy and its side
effects across race-ethnicities characterized by different
genetic patterns.

To better understand mechanisms involved in TDZs
therapy related-edema, Chang ez al. [117], genotyped 28
tag SNPs from five candidate genes encoding for water
channel proteins (AQP2), sodium transport proteins
(NHE3, SLCI12A1, SCNNIG) and for the TZDs tar-
get (PPAR-y) in 168 T2D patients receiving TZDs
treatment (rosiglitazone or pioglitazone). They found
association between early edema onset and rs296766 T
allele variant of AQP2 (p = 0.0059), and 1512904216 G
allele variant of the SLCI12A1 (p = 0.049). In regards to
PPAR-y, the Prol2Ala variant, a PPAR-y SNP associ-
ated with induction of fluid retention in T2D Cauca-
sian patients [118], was not evaluated in this study since
its low minor allelic frequency in the analysed Asian
population. However, other 8 PPAR-y SNPs were con-
sidered for haplotype analysis and statistically signifi-
cant association was found between PPAR-y haplotype
and edema induced by TZD after adjusting for sex and
age [117].

Identifying the interaction between genetic factors
controlling fat metabolism and response to TZDs
treatment is pivotal in preventing cardiovascular
accidents. Weight gain emerged as another common
adverse drug reaction after TZDs therapy, especially
in patients with already vascular complications [119].
With the aim to investigate association between adi-
pocytokines involved in regulation of insulin activity
and rosiglitazone response, Liu and colleagues [37],
analysed /Jeptin G-2548A and TNF-o. G-308A SNPs
in 245 T2D patients before and after 12 weeks of rosi-
glitazone treatment. Patients carrier of leptin G allelic
variant had smaller basal values of BMI (p = 0.038)
respect to the one carried AA genotype. After rosi-
glitazone monotherapy, all T2D patients showed a
decrease in fasting and postprandial plasma glucose,
in Alc and leptin levels, and a significant increase in
HDL levels, suggesting that rosiglitazone can reverse
insulin resistance also by decreasing serum leptin level.
Particularly, T2D patients’ carrier leptin AA genotypes
had better response to treatment, showing higher dif-
ferential values of fasting and postprandial serum insu-
lin. Moreover, patients with GA+AA TINF-a genotype
had lower value of fasting serum insulin than those
carrying the GG genotype, indicating that these par-
ticular SNPs may be associated with a better response
to rosiglitazone monotherapy [37].
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Moreover, one of major risk factors for CVD and
stroke is the excess in adiposity localized in the vis-
ceral compartment [120]. PPAR-y Prol2Ala SNP, since
its role in adipocyte differentiation and its significant
association with BMI, has been one of the most studied
genetic variant in association with risk for obesity and
CVD risk [121,122]. Franks ez al. [95], tested the possible
association between the PPAR-y Prol2Ala variant and
the risk for weight gain and change in adipose distri-
bution in 3356 T2D patients participating to the DPP
(Diabetes Prevention Program), in which the effects
of metformin, troglitazone treatment and/or intensive
lifestyle intervention in diabetes were investigated. At
baseline, patients carrying Alal2 allele had larger waist

Pharmacogenomics & pharmacogenetics of thiazolidinediones

circumference (WC) (p < 0.001). After treatment with
troglitazone, the Alal2 allele was associated with a
trend in development greater weight gain respect to the
PPAR-y Prol2 variant [95]. By using the same database,
same authors further demonstrated as adjusting for
age, sex and race-ethnicity, the minor A allele at F70
159939609 SNP showed a significant association with
heavier weight (p = 0.03) and higher BMI (p = 0.003)
at baseline, while after treatment it appeared to be
associated to a greater increase in subcutaneous adipose
tissue in the placebo group with respect to metformin
and intensive lifestyle intervention after 1 year of treat-
ment [123]. Interaction with troglitazone treatment
was analysed only for the allelic variant of INSIG2

Executive summary

troglitazone.

Mechanism of action: role of PPARs & PPAR-y
e TZDs act mainly through the PPAR-y.

suppressing the transcription of target genes.

polymorphisms.

of pioglitazone.

troglitazone.

SNP rs10811661 at 1 year of troglitazone treatment.

variability for risk in cardiovascular disease.

CCL2.

Introduction: rosiglitazone, pioglitazone & troglitazone

¢ Thiazolidinediones (TZDs) are a class of antidiabetic drugs that act as insulin sensitizers increasing
insulin-dependent glucose disposal and reducing hepatic glucose output.

e The three drugs in this hypoglycemic class introduced in the market are rosiglitazone, pioglitazone and

e TZDs have shown pleiotropic effects against vascular risk factors and atherosclerosis.
e Troglitazone was removed from the market due to its hepatoxicity, and rosiglitazone and pioglitazone both
have particular warnings due to being associated with congestive heart failure.

¢ In absence of a ligand, the PPAR-y:RXR complex can recruit corepressor complexes and bind to PPRE,

¢ Among these genes, PPAR-y activation induces the expression of genes involved in the insulin signaling
cascade such as GLUT4 and CAP, thereby improving insulin sensitivity in patients with diabetes.

Pharmacogenomics & pharmacogenetics of rosiglitazone in diabetes

e Genetic variation in drug-metabolizing protein (CYP450) genes: CYP2C8 (CYP2C8*3) and CYP2C9 (CYP2C9*3)
contribute towards intersubject heterogeneity in pharmacokinetic behavior of rosiglitazone.

e Glucose-lowering effects of rosiglitazone vary in subpopulations representing different ADIPOQ gene

e Rosiglitazone shows a markedly increased effect in patients with the AA genotype of leptin G-2548A.

Pharmacogenomics & pharmacogenetics of pioglitazone in diabetes

* SNPs associated with CYP2C8:*1 homozygotes and the *3 variant allele carriers are responsible for variability
in bioavailability of pioglitazone among various study populations.

e Glucose-lowering effect of pioglitazone is partly ascribed to the polymorphisms associated with PPARG gene.

e retn C-420G (rs1862513) polymorphism in the GG genotype is linked with a stronger glucose-lowering effect

Pharmacogenomics & pharmacogenetics of troglitazone in diabetes

e Presence of the combined GSTTT and GSTMT1 null genotype is a specific risk factor for the enhanced
susceptibility to hepatoxicity associated with troglitazone.

e TRIPOD study found no correlation between PPARG common polymorphism P12A and response to

¢ Improvement in the pancreatic B-cell functionality for patients carrying the protective genotype at COKN2A/B

Pharmacogenomics & pharmacogenetics of TZDs in cardiovascular risk factors

e Patients carrying the ACE-D allele or MTHFR 677T allele and treated with pioglitazone have lower risk for
atherosclerosis than the group treated with diet alone.

e CYP2C8 genetic variants in arachidonic acid metabolism and their correlation with TZDs are pivotal in the

e Edema induced by TZDs is associated with SNPs in genes controlling vascular permeability such as NPY and

e Leptin G-2548A and TNF-o. G-308A SNPs are associated with variability in vascular risk.
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157566605 SNP but no significant association was
found with variation in increase of adipose tissue in
T2D patients [123]. In Table 3 are reported some of the
most important studies in this field.

Conclusion & future perspective

Combining the predictive power of SNPs of genes
affecting the etiology of TZDs-induced side effects
could be important in order to improve the ratio-
nal clinical application of these drugs. According to
results from previous discussed studies, a model incor-
porating higher weighted genetic score based on these
genetic variants, combined with specific nongenetic
risk factors, such as female sex and older age, could
help to improving the clinical prediction of TZD-
related side effects in diabetic subjects with high risk
for CVD.

The potential of TZDs as the basis of therapeutic
strategies in treating cardiovascular complications
during diabetes has been affirmed by preclinical data,
which seem to hold promise and therefore should be
used as an adjunct therapy to provide maximal relief
to the cardiovascular system. However, an exhaus-
tive pharmacogenomic assessment of TZDs has
highlighted the significance of studying the impor-
tance of population-specific genetic variability and
the manner in which this variability influences the
therapeutic effect of TZDs. This observation attains a
heightened significance when assessed in the context
of life-threatening acute cardiovascular complications
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