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Introduction

During the last 30 years, new medications (e.g. more selec-
tively targeted immunosuppressants, angiotensin-converting
enzyme inhibitors) have been introduced to treat major
renal pathologies (e.g. acute and chronic glomerulonephriti-
des) to slow down the progression of chronic kidney diseases
(CKD) and to reduce the development of clinical complica-
tions associated to dialysis (peritoneal and haemodialysis)
and renal transplantation [1-4]. However, the worldwide
extensive use of these agents has been followed by several
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Summary

Although notable progress has been made in the therapeutic management of
patients with chronic kidney disease in both conservative and renal replace-
(dialysis
medication-related problems (lack of efficacy, adverse drug reactions) still

ment treatments and transplantation), the occurrence of
represents a key clinical issue. Recent evidence suggests that adverse drug
reactions are major causes of death and hospital admission in Europe and
the United States. The reasons for these conditions are represented by
environmental/non-genetic and genetic factors responsible for the great
inter-patient variability in drugs metabolism, disposition and therapeutic
targets. Over the years several genetic settings have been linked, using phar-
macogenetic approaches, to the effects and toxicity of many agents used in
clinical nephrology. However, these strategies, analysing single gene or can-
didate pathways, do not represent the gold standard, being the overall phar-
macological effects of medications and not typically monogenic traits.
Therefore, to identify multi-genetic influence on drug response, researchers
and clinicians from different fields of medicine and pharmacology have
started to perform pharmacogenomic studies employing innovative whole
genomic high-throughput technologies. However, to date, only few pharma-
cogenomics reports have been published in nephrology underlying the need
to enhance the number of projects and to increase the research budget for
this important research field. In the future we would expect that, applying
the knowledge about an individual’s inherited response to drugs, nephrolo-
gists will be able to prescribe medications based on each person’s genetic
make-up, to monitor carefully the efficacy/toxicity of a given drug and to
modify the dosage or number of medications to obtain predefined clinical
outcomes.

Keywords: chronic kidney disease, drugs, nephrology, pharmacogenetics,
pharmacogenomics

medication-related problems [e.g. overdose, subtherapeutic
dosage, severe adverse drug reactions (ADRs)] with a large
clinical impact and a consequent enormous cost for the
health system. ADRs have been recognized as one of the most
common causes of death and hospital admissions in the
United States and Europe [5-7].

Recent evidence suggests that the latest methodologies
used to adjust drug dosages (e.g. therapeutic drug monitor-
ing) result most of the time in inadequate, non-reproducible
and poor predictive efficacy/toxicity before drug administra-
tion [8,9]. Because of these limitations, researchers and
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clinicians are searching for new techniques to improve tai-
loring of drug therapy and to predict adverse events before
drug administration.

Additionally, it has been well recognized that, despite the
potential importance of non-genetic (e.g. age, gender, body
mass index) and environmental factors (e.g. hepatic or renal
function, hormonal levels and potential pharmacokinetic
interactions with other co-administered drugs), inherited
differences in drug metabolism and disposition and genetic
variability in therapeutic targets (e.g. receptors) may have a
predominant role in modulating drug effects [10-12].
Indeed, it has been estimated that genetics may account for
20-95% of variability in drug disposition and effect [13].

Despite the large amount of literature reports [10-12]
suggesting a close link between genetic fingerprints and
abnormal response to medications, to date a systematic
approach to define the genetic contribution to different pat-
terns of drug response is still lacking. Even if, for some drugs,
it could be possible to predict their therapeutic effectiveness
and dosage, established on the basis of characterization of
polymorphic drug-related genes, this approach is not appli-
cable for the majority of drugs. To this purpose, innovative
automated genome-based research technologies derived
from recent knowledge of the human genome project may
represent a valuable tool to weight the genetic/genomic
influence on pharmacological outcomes, to assist clinicians
to optimize daily therapeutic strategies (Fig. 1) and to iden-
tify more selective and more appropriate targets for pharma-
cological interventions.

Pharmacogenetics: the first step behind
personalized medicine

Historical overview

For many years, several studies have emerged indicating that
a substantial portion of variability in drug response is deter-
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mined genetically. Approximately 40 years ago, Kalow and
Gunn [14] described, for the first time, that subjects
homozygous for a gene encoding for an atypical form of the
enzyme butyrylcholinesterase (pseudocholinesterase) were
predisposed to develop a delayed recovery from muscular
paralysis and prolonged apnoea after administration of the
neuromuscular blocker succinylcholine. At almost the same
time, it was observed that a common genetic variation in a
phase II pathway of drug metabolism (N-acetylation) could
result in striking differences in the half-life and plasma con-
centrations of drugs metabolized by N-acetyltransferase.
Such drugs included the anti-tuberculosis agent isionazid
[15], the anti-hypertensive agent hydralazine [16] and the
anti-arrhythmic drug procainamide [17]. In all cases these
variations had clinical consequences [18]. These early
examples of potential influence of inheritance on drug
effects, followed by subsequent studies, gave rise to the field
of ‘pharmacogenetics’.

However, the molecular genetic basis for such inherited
traits began to be elucidated only in the late 1980s, with the
initial cloning and characterization of polymorphic human
genes encoding for drug-metabolizing enzymes [19,20].

Pharmacogenetics of drugs used commonly in clinical
nephrology and transplantation

The use of different combinations of powerful drugs [e.g.
calcineurin inhibitors, mammalian target of rapamycin
(mTOR) inhibitors, corticosteroids] leads to a significant
improvement in the treatment of several renal disorders and
in the short- and long-term pharmacological management
of renal transplantation recipients [1,21]. However, these
drugs are hampered frequently by a narrow therapeutic
index. Moreover, these agents are characterized by a high
variability in pharmacokinetic behaviour and by a poor cor-
relation between drug concentrations and pharmocody-
namic effects [22—24]. ‘Tailoring’ the dose of such drugs to
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the specific requirements of the individual patient to mini-
mize toxicity while maintaining efficacy is therefore a chal-
lenging goal in clinical nephrology. To achieve this objective,
several research programmes have been undertaken analys-
ing the genetic influence on the patient’s response to these
conventional treatments.

Azathioprine

Considerable evidence in the literature has reported that
genetic polymorphisms have a major impact on the metabo-
lism of azathioprine (AZA), a purine anti-metabolite used
widely in nephrology [25-27]. This drug is catabolized
mainly by the cytosolic enzyme thiopurine S-
methyltransferase. This enzyme is encoded by the thiopurine
S-methyltransferase coding gene (TPMT gene). The TPMT
locus is subjected to several polymorphisms, with heterozy-
gous individuals (6%-11% of Caucasian individuals) having
intermediate TPMT activity and homozygous mutant indi-
viduals (0-2%—-0-6% of Caucasian individuals) having very
low TPMT activity. To date, 20 variant alleles (TPMT*2-*18)
have been identified, which are associated with decreased
activity compared with the TPMT*1 wild-type allele [28].
More than 95% of defective TPMT activity can be explained
by the most frequent mutant alleles TPMT*2 and TPMT*3.
The impaired or absent ability to metabolize AZA leads to
high blood levels and an increased risk of developing severe
and potentially life-threatening myelotoxicity when no dose
reductions are performed [29,30]. Dervieux ef al. [31], mea-
suring the TPMT activity in red blood cells of paediatric
patients after renal transplantation, demonstrated that
elevated TPMT activity was associated with an increased risk
of acute rejection. Genotyping for TPMT polymorphisms,
before initiation of AZA therapy, may be a useful future tool to
reduce clinical complications in patients undergoing this
treatment.

Calcineurin inhibitors (CNIs)

For cyclosporine (CsA) and tacrolimus (TAC), potent agents
used widely to treat a variety of autoimmune renal disorders
and to prevent acute rejection after renal transplantation, the
impact of genetic variability has not yet been defined
completely. As shown in Table 1, for phase I metabolism it
has already been demonstrated that expression of the multi-
drug resistance 1 (MDR-1) gene that encodes for an efflux
pomp which removes lipophilic drugs may influence signifi-
cantly the pharmacokinetics and pharmacodynamics of both
CsA and TAC. Regarding phase II metabolism, the relation-
ship between polymorphisms in the P450 cytochrome
system, an intracellular transporter system that is capable of
carrying a variety of endogenous and exogenous compounds
out of the cell, and pharmacological and clinical outcomes
associated with CNI administration has been evaluated in
several reports (Table 1). In particular, it has been reported
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that patients carrying CYP3A5*3, an allelic variant of the
CYP3A5 gene that results in lack of enzyme expression,
reaching high dose-adjusted levels, need lower dosages of
CNIs compared to those with the wild-type genotype
(CYP3A5*1/1) [32,35,37,41-43,46,47,49,54,55]. However,
the contribution of additional polymorphisms needs to be
evaluated more clearly and addressed in future pharmacoge-
netic studies.

Mycophenolic acid (MPA)

The metabolism of MPA, a selective inhibitor of the de novo
purine synthesis via inosine monophosphate deydrogenase
(IMPDH) enzyme inhibition, is also influenced largely
by several genetic polymorphisms (Table1). Uridine
diphosphate-glucuronosyltransferases (UGTs) 1A8, 1A9 and
1A10 are the main enzymes responsible for the glucuronida-
tion of MPA to its inactive metabolite 7-O-glucuronide
(MPAG). UGT1A9 is the primary enzyme and is expressed
predominantly in liver and kidneys and, to a lesser extent, in
the gastrointestinal tract. UGT1A8 and 1A10 are expressed
throughout the gastrointestinal tract [69]. In vitro studies
have shown that polymorphisms in the UGT1A9 gene result
in significant alteration of the UGT enzymatic activity. Two
polymorphisms, both in the promoter region of the
UGTI1A9 gene (C-275T>A) and (C-2152C>T), result in
higher MPA glucuronidation rates [70], whereas the
UGT1A9*3 (P 33M>T) polymorphism results in decreased
enzyme activity and lower glucuronidation rate of MPA
compared to the wild-type [71]. Clinical investigation of the
effects of the UGT1A9-275T>A and -2152C>T polymor-
phisms in kidney transplant recipients has demonstrated
that carriers of either or both polymorphisms had lower
MPA area under the curve (AUC) and trough concentrations
[59,60,62]. Polymorphisms have been also identified in the
UGT1A8 gene. It has been reported that UGT1A8*3 (P
277C>Y) polymorphism results in an approximately 30-fold
reduction in MPAG formation. This reduction has been
attributed to the mutation effects on substrate affinity and
the rate of MPAG formation [72]. Additionally, in a prospec-
tive study Sombogaard et al. [56] have recently measured
the target enzyme IMPDH activity, MPA plasma concentra-
tions and eight polymorphisms of inosine IMPDH type II
in de novo kidney transplant recipients 6 days post-
transplantation while on mycophenolate mofetil (MMF)
treatment. Ten of 101 patients (10%) were heterozygous and
two of 101 patients (2%) homozygous for IMPDH type II
3757T>C. The allele frequency was 6-9%. The IMPDH activ-
ity over 12h AUC was 49% higher for patients with an
IMPDH type II 3757C variant. The IMPDH activity mea-
sured before transplantation was not significantly different
between IMPDH type II 3757TT wild-type and variant
carrier patients. However, additional in vivo studies need to
be performed to assess the potential clinical utility of these
findings.

© 2009 The Author(s)
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Table 1. Relevant pharmacogenetic studies in nephrology

Pharmacogenomics and nephrology

Drug Gene Variant Patients Results Ref.
AZA TPMT, ITPA TPMT*2, *3A,*3B, and 157 renal TX Mean white blood cell and platelet count were lower in [25]
*3C; ITPA (94C>A and carriers of variant TPMT alleles compared to patients
IVS2 + 21A>C) with TPMT wild-type genotype. ITPA genotype did not
influence AZA dose, haematological parameters or
leucopenia risk
AZA TPMT TPMT*2, *3A, and *3C 112 renal TX Frequency of leucopenia episodes were significantly higher [26]
in heterozygous TPMT patients compared with those
with TPMT wild-type genotype
AZA+CsA  TPMT TPMT*2, *3A, *3B and 122 renal TX TPMT*3C heterozygosity was associated with significant [27]
*3C reductions in haematological indices and a significant
decrease in CsA plasma concentrations in the first year
after renal transplantation
CsA CYP3A4, CYP3A4*18B; CYP3A5*3; 103 renal TX Patients with a CYP3A4*1/*1 genotype had higher CsA [32]
CYP3A5, MDRI1 (C1236T, dose-adjusted concentration compared with those with
MDR-1 G2677T/A and C3435T) CYP3A4*18B/*18B. The dose-adjusted trough levels in
patients with the CYP3A5*3/*3 genotype was higher
than those with the wild-type genotype. The
dose-adjusted trough levels were higher in patients with
MDR-1 1236CC compared with those with 1236TT
CsA CYP3A4, CYP3A4*1B and *3; 151 renal and Patients carrying a CYP3A4*1B variant allele have a [33]
CYP3A5, CYP3A5%3 and *6; heart TX significantly higher oral CsA clearance compared with
MDR-1 MDR-1 C3435T patients homozygous for CYP3A4*1. None of the other
SNPs studied influenced any of the pharmacokinetic
parameters significantly
CsA CYP3A4, CYP3A4-V and MDR-1 124 renal TX CYP3A4-V and MDR-1 C3435T allele had no effect on [34]
MDR-1 C3435T CsA blood levels and dosage
CsA CYP3A4, CYP3A4*18A, CYP3A5%3 106 renal TX CsA dose-adjusted trough levels were higher in [35]
CYP3AS5, and MDR-1 C3435T CYP3A5%3/*3 than CYP3A5%1/*3 and CYP3A5*1/*1
MDR-1 genotype. Wild-type homozygotes for MDR-1 C3435T
had a lower dose-adjusted trough levels compared with
heterozygotes
CsA CYP3A5 CYP3A5%1 399 renal TX CYP3A5*1 allele had no effect on CsA blood levels and [36]
dosage
CsA CYP3A5, CYP3A5%3 and 67 renal TX Patients with *1*1*1*1 CYP3A5- and CYP3AP1-linked [37]
CYP3AP1 CYP3AP1*3 genotypes needed higher dose of CsA compared to
patients with *1*3*1*3 and *3*3*3*3 linked genotypes
CsA CYP3A5, CYP3A5%1/*3, MDR-1 106 renal TX None of the CsA pharmacokinetic parameters were [38]
MDR-1 (T-129C, C1236T, G2677 associated with the CYP3A5 genetic polymorphism.
(T, A), C3435T) Patients with the wild-type genotype in MDR-1 C1236T
had significantly lower dose-adjusted peak drug
concentrations and dose-adjusted AUC values over the
first 4 h compared with mutated allele carriers.
Haplotype analysis including MDR-1 C1236T,
G2677(T,A) and C3435T SNPs showed no significant
association between haplotypes and CsA
pharmacokinetics or systemic exposure
CsA MDR-1 MDR-1 (C3435T, 69 renal TX AUC (0—4)/mg dose CsA/kg was significantly higher in [39]
G2677T) (C/C)3435 individuals than in C/T and T/T patients on
postoperative day 3. MDR-1 G2677T variants were not
correlated significantly with CsA absorption
© 2009 The Author(s) 271
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Table 1. Continued

Drug

Gene

Variant

Patients

Results

Ref.

CsA

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC

TAC
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MDR-1

CYP3A4,
CYP3A5

CYP3A4,
CYP3AS5,
MDR-1

CYP3A5

CYP3A5

CYP3A5

CYP3A5

CYP3A5

CYP3A5

CYP3A5

MDR-1

MDR-1

MDR-1

CYP3AP1

MDR-1 (C3435T)

CYP3A4*1B and
CYP3A5*3

CYP3A4*1B, CYP3A5*3,
MDR-1 (C1236T,
G2677T, A, C3435CT)

CYP3A5*3

CYP3A5*3

CYP3A5*3

CYP3A5*3

CYP3A5*3

CYP3A5*3

CYP3A5%3

MDR-1 C3435T

MDR-1 (C1236T,
G2677T/A, C3435T)

MDR-1 (G2677T,A,
T-129C, C1236T,
C3435T)

CYP3AP1*3

10 renal TX

95 renal TX

832 renal TX

136 renal TX

154 renal TX

118 renal TX

167 renal TX

180 renal TX

73 renal TX

80 renal TX

66 renal TX

206 renal TX

81 renal TX

178 renal TX

Oral CsA clearance was significantly higher in subjects who
carried at least one MDR-1 3435T allele compared to
homozygous wild-type individuals. MDR-1 3435T allele
carriers have enhanced oral clearance compared to
individuals with the CC genotype

Dose-corrected TAC levels were higher in patients with the
CYP3A4*1/CYP3A5*3 genotype compared to wild-type

Homozygotes for the CYP3A4*1B, CYP3A5*3 haplotype
achieved earlier therapeutic concentrations of TAC and a
higher concentration to dose ratio at week 1
post-transplantation. MDR-1 haplotypes did not
influence pharmacokinetic parameters

Post-transplantation TAC daily dose was lower in patients
with CYP3A5*3/*3 compared to CYP3A5*1/*1 genotype

TAC dose/trough concentration ratios were lower in
patients with CYP3A5%3/*3 compared to both
CYP3A5*1/*3 and CYP3A5*1/*1 genotype

TAC dose-adjusted concentration was significantly higher
in CYP3A5%3/*3 compared to CYP3A5*1/*3 and
CYP3A5%1/*1 patients

TAC dose-adjusted trough levels were higher in the group
of CYP3A5*3/*3 than in the group of CYP3A5*1 allele

carriers.

Patients with CYP3A5*3/*3 homozygotes achieved TAC
dose-adjusted levels compared to those with at least one
CYP3A5*1 allele.

There was no difference in TAC dose-adjusted trough
levels for individuals with the CYP3AP1*1/*3 genotype
compared to CYP3A5%3/*3.

The mean TAC doses required to obtain the targeted
concentration-to-dose ratio were significantly lower in
patients with the CYP3A5%1/*1 genotype

The CC patients displayed a lower TAC level per dose than
CT/TT patients

Lower dose-normalized blood TAC levels were achieved for
MDR-1 2677-GG genotype patients, compared to
2677-TT, and for 3435-CC patients as compared to
3435-TT patients. There was a small, but significant,
difference in dose requirements between haplotypes
C-G-C and T-T T patients, which was not significant
when patients were subclassified as producers and
non-producers of cytochrome P450 3A5 (CYP3A5)

The mean TAC dose required to obtain the target trough
concentration was significantly higher in patients with
the wild-type genotype than in those with one or two
mutant alleles for the SNP G2677T,A. TAC dose
requirements were not significantly different for the
other SNPs

Patients with CYP3AP1*1/*3 or *1/*1 had lower mean
TAC concentrations, with significant delay in achieving
target concentrations

(40]

(41]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

© 2009 The Author(s)
Journal compilation © 2009 British Society for Immunology, Clinical and Experimental Immunology, 159: 268-280
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Pharmacogenomics and nephrology

Drug Gene Variant Patients Results Ref.
CsA and CYP3A4, CYP3A4*1B and 297 renal TX For both CsA and TAC, dose-corrected trough levels were [54]
TAC CYP3A5 CYP3A5*3 higher in CYP3A5*3/*3 than in CYP3A5*1/*3 and
CYP3A5*1/*1 patients. No influence of CYP3A4*1B on
CsA/TAC pharmacokinetics was observed
CsA and CYP3AS5, CYP3A5*3 and *6, 100 renal TX CsA and TAC dose-adjusted trough concentrations were [55]
TAC MDR-1 MDR-1 (C1236T, higher in CYP3A5*3/*3 patients than in CYP3A5%1/*3
G2677T/A, C3435T) and CYP3A5*1/*1 patients. For both drugs, no
association was found between trough blood
concentrations or dose requirement and MDR-1
genotype
MPA IMPDH 11 IMPDH 1I 3757T>C 101 renal TX the IMPDH type II 3757T>C polymorphism was [56]
associated with an increased IMPDH activity in
MMF-treated renal transplant patients
MPA and UGT1A7, UGT1A7%3, UGT1A9 80 renal TX UGT1A7 and UGT1A9 1399 polymorphisms do not [57]
TAC UGT1A9 1399C/C contribute to interindividual differences in MPA
pharmacokinetics
MPA UGT1A8 UGT1A8-999C>T; 74 renal TX Adverse events were observed more frequently among [58]
255A>G; individuals receiving MMF who carryied the variant
UGT1A8-277G>A UGT1A8 codon 277A, the haplotype UGT1A8H5
(=999C/codon 55A/codon 277A) and the diplotype
UGT1A8H2/H5 (—999CC/codon 255AA/codon 277GA)
MPA and UGT1A9 UGT1A9-275T>A; 338 renal TX TAC-treated patients who were UGT1A9 —275T>A and/or [59]
TAC UGT1A9-2152C>T —2152C>T carriers displayed a 20% lower
MPA AUC (0-12). UGT1A9*3 carriers displayed a
49% higher MPA AUC (0-12) when treated with
TAC
MPA, CsA UGT1AS, UGT1A8*2, 93 renal TX, MPA dose-corrected trough concentrations were 60% [60]
and TAC UGT1A9 UGT1A9-275T>A; 11 pancreas higher in subjects heterozygous or homozygous for
UGT1A9-2152C>T TX, 13 UGT1A8*2 than in those with the wild-type. When
simultaneous subjects were stratified by calcineurin inhibitor status,
kidney and the UGT1A8*2 effect was apparent only in the TAC
pancreas group. MPA dose-corrected trough concentrations were
70% lower in carriers of the UGT1A9
—275T>A/-2152C>T polymorphism who received CsA.
There was no effect of the UGT1A9
—275T>A/-2152C>T polymorphism in the TAC group
MPA and UGT1AS, UGT1A8*2, UGT2B7*2 72 renal TX UGT1A8 and UGT2B7 allelic variants did not affected [61]
TAC UGT2B7 MPA concentrations
MPA UGT1A9 UGTI1A9-275T>A; 95 Renal TX The T-275A and C-2152T SNPs of the UGT1A9 gene [62]
UGT1A9-2152C>T promoter were associated with significantly lower MPA
exposure in renal recipients treated with 2 g MMF daily,
and part of this effect is caused by interruption of
enterohepatic recirculation of MPA
MPA UGT1AS, UGT1A8%3, 46 renal TX The enterohepatic recirculation of MPA in the patients was [63]
UGT1A9, UGT1A9-118(dT)(9)/(10), more extensive in UGT1A9-118(dT)(10) allele carriers,
ABCC2, UGT1A9 T-440C/C-331T, and the exposure of acyl glucuronide (AcMPAG) was
UGT2B7 UGT2B7 G211T, higher in patients carrying the ABCC2 G1249A
UGT2B7 C802T, ABCC2 genotype than those with the wild-type genotype. The
C-24T, ABCC2 G1249A other SNPs that were genotyped did not cause any
significant variation in MPA and MPAG
pharmacokinetic parameters
© 2009 The Author(s) 273
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Table 1. Continued

Drug Gene Variant

Patients

Results Ref.

MPA and MRP2 MRP2-C-24T;
TAC MRP-C-3972T

SRL CYP3A5 CYP3A5*3

SRL CYP3A5 CYP3A5*3

SRL CYP3A5 CYP3A5*3

SRL CYP3A4,
CYP3AS5,
MDR-1

CYP3A4*1B, CYP3A5*3,
MDR-1 (T-129C; CI236T;
C3435T)

95 renal TX

50 renal TX

47 renal TX

22 renal TX

149 renal TX

The MRP2 C-24T and C-3972T polymorphisms protect [64]
renal transplant recipients from a decrease in MPA
exposure associated with mild liver dysfunction. MRP2
C-24T SNP was associated with a lower oral clearance of
MPA in steady-state conditions

The SRL concentration/dose ratio (C/D) in patients with [65]
CYP3A5*3/*3 were significantly higher than that of
those with *1 allele

Significantly lower AUC/dose, C(max)/dose, and C(0)/dose [66]
values were found at steady state in individuals carrying
at least 1 CYP3A5%1 allele than in *3/*3 patients.
Patients with the CYP3A5%1/*1 and *1/*3 genotypes
required a significantly higher sirolimus daily dose to
achieve the same blood concentration at steady state as
*3/*3 patients
Patients with the CYP3A5*1/*1 and *1/*3 genotypes had [67]
higher oral clearance compared to CYP3A5*3
genotype
Patients carrying the CYP3A4*1B or the CYP3A5*1 [68]
alleles required significantly more SRL to achieve
adequate blood trough concentrations. None of the
MDRI1 SNPs was associated with the SRL
concentration/dose ratio

AZA, azathioprine; AUC, area under the curve; CsA, cyclosporine; IMPDH, inosine monophosphate deydrogenase; ITPA, inosine triphosphatase;

TAC, tacrolimus; MDR-1, multi-drug resistance 1; MPA, mycophenolic acid; MMF, mycophenolate mofetil; SRL, sirolimus; SNP, single nucleotide

polymorphism; TMPT, thiopurine S-methyltransferase coding gene; TX, transplantation; Ref, reference.

mTOR inhibitors

Recent data indicate that genetic mutations may influence
the sensitivity of mTOR inhibitors (Table 1). This represents
a relatively new family of anti-cancer and immunosuppres-
sive agents, currently including sirolimus and its derivates,
CCI-779 and RADO001 (everolimus). These drugs form com-
plexes with an intracellular immunophillin (FKBP) which
bind to the kinase mTOR. This kinase controls the phospho-
rylation of proteins that regulate the translation of mRNAs
encoding regulators of the cell cycle, such as p70S6 kinase.
Thus, inhibition of this pathway arrests the cellular cycle to
Gl phase [2]. Huang and Houghton [73] have recently
reviewed the current knowledge of intrinsic mTOR resis-
tance mechanism. This phenomenon could involve muta-
tions of FKBP12 or mTOR as well as mutations or defects of
mTOR-regulated proteins, including S6K1-, 4E-BP1- and
PP2A-related phosphatases and p27 that can render mTOR
inhibitors insensitive [74]. Furthermore, these drugs are
metabolized by CYP3A4/CYP3A5 and transported by the
MDR-1 P-gp system. Le Muer etal. [66] and Anglicheau
et al. [68], in two different studies, reported an association
between CYP3A and MDRI genetic polymorphisms and
sirolimus pharmacokinetics, demonstrating that patients
expressing CYP3A5 (CYP3A5*1 carriers) required higher
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dosages of this drug to reach target through levels compared
to CYP3A5%3/*3 carriers. Therefore, although clinical data
are lacking, the possibility that pharmacogenetic consider-
ations presented for calcineurin inhibitors may be applied to
mTOR inhibitors exists.

Glucocorticoids

Although few reports have indicated a genetic contribution
on therapeutic efficacy/toxicity of glucocorticoids, powerful
anti-inflammatory drugs used to treat glomerulonephritides
and as primary agents for induction and maintenance
immunonosupressive treatment, additional studies are
needed [2]. They act by binding to a glucocorticoid receptor;
the complex translocates to the nucleus and regulates gene
expression decreasing transcription of various proinflam-
matory proteins and increasing transcription of anti-
inflammatory genes. A subset of patients is resistant to
glucocorticoids and they show overexpression of the gluco-
corticoid receptor [75] and changes in the activity of proin-
flammatory transcription factors AP-1 and nuclear factor
kappa B (NF-xB) [76]. Recently, Miura et al. [77] have indi-
cated that nuclear receptor subfamily 1, group I, member 2
(NR1I2, A7635G), rather than CYP3A5 or MRP1 allelic vari-
ants, affected patient variability of plasma prednisolone con-
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centrations in renal transplant recipients on maintenance
immunosuppressive treatment. Recipients carrying the
NRI1127635G allele seemed to possess higher metabolic
activity for prednisolone in the intestine, greatly reducing its
maximal plasma concentration. Therefore, in the future glu-
cocorticoid pharmocogenetics may represent an interesting
field of nephrology research [78,79].

Renin—angiotensin—aldosterone system (RAAS)
blockers

CKD constitutes a highly prevalent health problem world-
wide [80,81] and is associated with a high risk of protein—
energy malnutrition and adverse cardiovascular outcomes
[82]. In the past two decades, considerable gains in retarding
progression of CKD by enhancing clinical surveillance have
been made, ameliorating patients’ lifestyles (dietary intake,
physical activity) and introducing, at an early stage, more
effective drugs [83,84]. In particular, the effective blockade
of the RAAS by angiotensin-converting enzyme inhibitors
(ACE-I) and angiotensin II receptor blockers (ARB) has
been recognized as one of the more effective targets for the
treatment of CKD [85,86]. Although the use of these agents
is generally safe and not followed by severe adverse events,
their efficacy is largely variable and poorly predictive. The
genetic contribution to such variability and the concordance
between genotype/phenotype of the ACE, the key enzyme in
the RAAS system, has been addressed in many studies
[87,88]. ACE catalyzes the conversion of angiotensin I to
angiotensin II and inactivation of the vasodilatory peptide
bradykinin. The ACE gene has an insertion/deletion (I/D)
polymorphism, which is due to the presence or absence of a
287 base pairs (bp) fragment inside intron 16. The D allele is
associated with higher circulating and tissue ACE levels and
low response to ACE-I and ARB medications [89,90]. These
findings, however, appeared inconsistent, and the studies
have been criticized because the effect on some outcomes has
been modest in larger studies, suggesting a significant pub-
lication bias [91]. In addition, recent evidence suggests that
the DD genotype is associated with a lower erythropoietin
requirement in continuous ambulatory dialysis patients
[92]. Thus, because the ACE I/D polymorphism may be a
reliable and cost-effective tool to identify patients at risk and
those who may benefit from these therapies, and to design
clinical trials in progressive nephropathies, the necessity to
design additional research projects to evaluate these impor-
tant issues more effectively seems unquestionable [93,94].

Pharmacogenomics: a new strategy to study the
polygenic influence of drug effects and toxicity

Although pharmacogenetic approaches, involving a single
gene or a specific pathway, had reasonable success in identi-
fying genetic variants linked to specific pharmacological phe-
notypes (e.g. drug metabolism, the mechanisms of action of
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drugs, adverse drug effects), they do not represent the gold
standard, being the overall pharmacological effects of medi-
cations,and not typically monogenic traits [12]. Thus, instead
of searching for a ‘dramatic genetic effect’ produced by one
gene, it is more realistic to consider a group of genetic vari-
ants, each with a moderate effect, which together result in
an overall genetic effect in drug efficacy or toxicity.
Such polygenic traits are more difficult to elucidate in
clinical studies, especially when a medication’s metabolic fate
and mechanisms of action are defined poorly. The comple-
tion of the Human Genome Project [95,96] and the develop-
ment of innovative high-throughput screening technologies
[including massive parallel gene analysis, DNA sequencing
and synthesis and single nucleotide polymorphism (SNP)
genotyping] have provided powerful tools to evaluate the
multi-genetic influence to a specific drug therapy [21-23].
Several commercial techniques are currently available and
researchers may choose the most appropriate platform to use
in their projects. Among them, the DNA microarray (also
referred to as gene or genome chip, DNA chip or biochip)
represents the most utilized technique. This consists of an
arrayed series of thousands of microscopic spots containing
DNA oligonucleotide probes. The probes usually represent a
short sequence of a gene specifically hybridizing a cDNA or
cRNA sample (target) under high-stringency conditions.
Probe-target hybridization is usually detected and quantified
using fluorophore-, silver- or chemiluminescence-labelled
targets to determine the relative abundance of specific nucleic
acid sequences in the target. In standard microarrays, the
probes are attached to a solid surface by a covalent bond to a
chemical matrix (via epoxy-silane, amino-silane, lysine, poly-
acrylamide or others). DNA microarrays can be used to
measure changes in gene expression levels to detect SNPs in
genotyping or in resequencing mutant genomes [97]. The
applicability of microarrays in genomics research has
expanded with the evolution and maturation of the technol-
ogy, but a major issue concerning these methods is still rep-
resented by complex data analysis and bioinformatics [98].
In fact, during the last few years, many bioinformatics
approaches have been developed to identify more clearly the
genetic/genomic bases of complex and polygenic diseases.
Traditionally, this objective has been reached by measuring
expression levels of thousands of genes simultaneously and
identifying, through different statistical algorithms (e.g.
t-tests, non-parametric tests, Bayesian models), those genes
expressed differentially among two or more different pheno-
typic conditions. However, it now well known that results
obtained by these methodologies are, most of the time, over-
optimistic and poorly reproducible. In addition, it has been
demonstrated extensively that pathway analysis rather than
single gene evaluation has many advantages. In arecent paper,
Abatangelo et al. [99] reviewed the main technical aspects of
pathway analysis and provided practical advice to perform
data analysis more efficiently. Therefore, it seems clear that, in
future, researchers involved in pharmacogenomics studies
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should combine all available methods (associative, predic-
tive) to obtain more reliable and reproducible results.
However, considerable effort needs to be made to produce
simple algorithms and statistical methods to identify easily
genes expressed differentially or gene variants relevant to
drug therapies.

Pharmacogenomics and immunosuppressive
drugs used in clinical nephrology and renal
transplantation

Nephrology researchers have begun to employ these innova-
tive high-throughput procedures to identify the whole basal
expression profile of normal or pathological human kidney
[100], to select biomarkers predicting acute and chronic
allograft outcomes [101,102] and to assess more clearly the
intricate molecular pathways associated to the pathogenesis
and onset of several immunological renal diseases [103,104].
On the contrary, only few reports to date have been pub-
lished describing the multi-genetic influence on drug
response in nephrology.

Recently, our group, applying a classical pharmacoge-
nomic approach, has identified a new potential therapeutic
target responsible for MPA anti-fibrotic and anti-proteinuric
effects. Microarray analysis has revealed that neutral
endopeptidase (NEP), a gene encoding for an enzyme
involved primarily in the degradation of angiotensin-II, was
the most significant up-regulated gene in a cohort of stable
renal transplant recipients 3 months after conversion from
AZA to MPA. Then, glomerular and tubular NEP protein
levels, measured on graft biopsies from an independent
group, were significantly higher in patients on CsA + MPA
treatment compared to those on CsA + AZA and CsA alone.
Glomerular NEP levels were correlated inversely with glom-
erulosclerosis and proteinuria measured at the time of
biopsy. Tubular NEP levels were associated inversely with
interstitial fibrosis. Incubation of proximal tubular cells with
MPA led to a dose- and time-dependent increase of NEP
gene expression. For the first time, these data suggested that
MPA treatment may modulate this enzyme directly, contrib-
uting to the slow-down of the chronic glomerular progres-
sion and tubulointerstitial damage [105].

Additionally, a few other studies using in vitro and
animal models have identified, using specifically designed
microarray platforms, some genes with putative relevance to
efficacy and toxicity of immunosuppressive drugs used in
nephrology. However, none of the results obtained by these
studies has been confirmed in a clinical setting.

Pharmacogenomics and immunological tolerance

Interestingly, high-throughput genomic screening technolo-
gies have been used to identify biomarkers associated with
immunological tolerance in renal transplant patients. It is
well known that long-term allograft survival requires life-
long immunosuppression, but recipients rarely display spon-
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taneous ‘operational tolerance’ with stable graft function in
the absence of immunosuppression [106]. The lack of bio-
logical markers of this phenomenon precludes identification
of potentially tolerant patients in which immunosuppres-
sion could be tapered or interrupted early. Therefore, the
objective of all these studies was to identify markers able to
identify a tolerant population clearly. Several genes have
been suggested as potentially useful predictors of tolerance,
including genes involved in immune quiescence, apoptosis
and memory T cell response [107]. However, further valida-
tion and prospective clinical trials using these selective bio-
logical elements are needed.

Pharmacogenomics and CKD

Microarray studies have been performed to identify specific
genomic fingerprints modulated during acute [108] and
chronic [109,110] dialysis therapy. Interestingly, several
genes were de-regulated in CKD patients undergoing these
renal replacement treatments. Among the genes selected
were those encoding for several chemokines with proinflam-
matory and chemotactic activity [e.g. interleukin (IL)-8,
chemokine (C-C motif) receptor 7 (CCR7), tumour necrosis
factor (TNF)-o, chemokine (C-X-C motif) receptor 4
(CXCR4)], key regulators of oxidative stress [e.g. v-rel reticu-
loendotheliosis viral oncogene homologue A (RELA) and
glutathione synthetase (GSS)] and those implicated in the
mitochondrial oxidative phosphorylation system (e.g.
ATP50, COX6C, COX7C, NDUFS5, NDUFA6, UQCRH,
NDUFAI, ATP5], UQCRB, NDUFBI and ATPS5I). These
results may be important in order to understand more
clearly the complex alterations of the biochemical cell
machinery induced by these treatments, but also to recognize
new potential targets for future therapeutic approaches
useful to reduce the development of clinical complications
commonly present in this extensive patient population (e.g.
atherosclerosis, cardiovascular diseases, malnutrition).

Pharmacogenomics and future perspectives

It is well recognized that, in the near future, nephrologists
applying knowledge about an individual’s inherited response
to drugs and replacing the current methods of drug admin-
istration will be able to prescribe medications based on each
person’s genetic make-up [111]. This will maximize the
therapy’s value and decrease the likelihood of adverse drug
effects. Knowing his own genetic background will allow a
patient to make adequate lifestyle and environmental
changes at an early age to avoid or lessen the severity of a
genetic disease. Similarly, advanced knowledge of particular
disease susceptibility will permit careful monitoring and the
introduction of treatments at the most appropriate stage to
maximize their effects.

Additionally, this will facilitate drug discovery by pharma-
ceutical companies and allow drug makers to produce a
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Fig. 2. Future employment of
pharmacogenomics. This figure describes
potential practical applications of data and
results obtained by pharmacogenomic studies.
Data may be utilized easily by physicians to
select appropriate treatments more effectively
based on patient genomic make-up, to help
researchers to identify more appropriate drug
targets for future pharmacological interventions
and to facilitate drug discovery by
pharmaceutical companies.

therapy more targeted to specific renal diseases (Fig. 2). This
accuracy will not only maximize therapeutic effects, but also
decrease damage to nearby healthy cells. Previously failed
drug candidates may be revived as they are matched with the
niche population they may serve. The drug approval process
should be facilitated, as trials would be targeted for specific
genetically defined population groups providing greater
degrees of success. Targeting only those patients able to
respond to a drug will reduce the cost and risk of clinical
trials. Recently, to this purpose the Food and Drug Admin-
istration (FDA) released the ‘Guidance on pharmacoge-
nomic data submissions on drug development, a new
industry guidance addressing the submission of pharmaco-
genomic data [112]. These guidelines are designed to assist
drug companies to adopt pharmacogenomic technology in
clinical development, and cover both targeted and explor-
atory aspects. While targeted pharmacogenomics must be
included as part of any regulatory submission, exploratory
approaches may be submitted voluntarily with assurances
from the FDA that any such submissions will not be used to
make regulatory decisions.

In conclusion, the development of a co-operative frame-
work among researchers, clinicians, industry and technology
experts will be essential to fulfil the revolutionary promise
that pharmacogeneomics hold for drug development, regu-
latory science, medical practice and public health (Fig. 2).
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