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Abstract :  Human genome sequencing results revealed an insight into the
role of human genetic variation behind differential susceptibility of human
diseases,  differential  response to pharmacological  agents and presence of
varied phenotypes. This leads to the concept of personalized medicine. In
the present  review we have discussed the object ives  and approaches for
carrying out pharmacogenomics and pharmacogenetics studies.  The review
also incorporates the major findings categorizing the common diseases on
the  bas is  of  genet ic  prof i les  and e thnic  informat ion and in  es tabl ishing
personal ized  d isease  d iagnosis ,  drug responses  and t rea tment  modal i t ies
based on the genetic  determinants .  Overal l  an at tempt has been made to
highlight the importance of studying the genetic profiles of an individual
in  biomedical  and pharmacogenomics  research.
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INTRODUCTION

As soon as the two independent sequence
draf ts  of  the  human genome were surfaced
(1–2), it was clearly established that the two
‘genomes’  tha t  each of  us  car ry ,  inher i ted
from our parents, most often differ from each
other ,  and  f rom the  genomes  of  o ther
humans  (3) .  These  gene t ic  d i f fe rences
interacts  wi th  the  environmental  factors  in
produc ing  var ied  phenotypes ,  induc ing
differential  human susceptibil i ty to diseases
and  lead ing  to  d i f fe ren t ia l  response  to
pharmacological agents (4–5). Thereafter, the
sc ien t i f i c  l i t e ra tu re  go t  f looded  wi th  the

reports of role of genetic variation in disease
susceptibil i ty,  the age of onset,  i ts  severity
and finally,  i ts  t reatment (6–9).

The findings were more important in the
light of the fact that the response of patients
to  d rug  therapy  var ies  wide ly  f rom one
ind iv idua l  to  ano ther  wor ldwide ,  bo th  in
terms of the beneficial effects of the drug as
in  the  occur rence  of  se r ious  and  of ten
unpred ic tab le  s ide-e f fec t s  o r  adverse  d rug
reac t ions .  The  c l in ica l  consequences  o f
adverse  d rug  reac t ions  range  f rom pa t ien t
discomfort to serious illness, which requires
hosp i ta l i za t ion  and  may  even  resu l t  in to
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death. Adverse drug reactions accounted for
2.2 million hospitalizations and over 100, 000
deaths in the USA in 1994, making adverse
drug  reac t ions  the  4 th-6 th  l ead ing  cause
of  dea th  in  the  USA.  In  the  UK,  1  in  5
hospitalizations can be attributed to adverse
drug  reac t ions  (8 ) .  None  of  the  fac tors
including age,  gender,  body weight,  patient
health, disease status, diet, smoking, alcohol,
exercise and drug interactions provided any
guaran tee  tha t  a  g iven  t rea tment  wi l l  be
effective or well tolerated in a given patient.
However ,  the  pro jec t s  o f  human genome
sequencing and human genome diversity and
the  subsequent  repor t s  compel led  the
gent i s t s  and  pharmacolog is t s  a l l  over  the
wor ld  to  be l ieve  tha t  the  major  cause  fo r
var iab i l i ty  in  d rug  responses  l i es  in  a
patient’s genetic make-up (8–13).

The  f ind ings  lead  to  the  emergence  of
the filed of ‘Personalized Medicine’; it simply
means the prescription of specific treatments
and therapeutics best suited for an individual
and avoids  the  t r ia l  and error  approach of
conventional  medicines.  Pharmacogenomics,
Pharmakokine t ics  and  Pharmacopro teomics
are  the  bas ic  founda t ion  of  persona l ized
medicine while molecular  diagnostics being
the major  tool .

1 .1  Pharmacogenet ics  and  pharmacogenomics

The  s tudy  of  gene t ic  var ian t s  o r
polymorphisms that influence drug responses
has  g iven  r i se  to  a  p r inc ipa l  cha l lenge
in  the  ana lys i s  o f  these  da ta  main ly ,
the  d i f f icul ty  in  l inking informat ion  about
the variation in human genes to the variation
in  drug  response  (pharmacogene t ics )
and  to  unders tand  how in te rac t ing  genes
de te rmine  ind iv idua l  d rug  responses

(pharmacogenomics)  (7 ,  13) .  The  jo in t
d i sc ip l ines  o f  pharmacogene t ics  and
pharmacogenomics are interdiscipl inary and
collaborative fields requiring the cooperative
ef for t s  o f  research  and  c l in ica l  sc ien t i s t s
(Fig. 1).

Pharmacogenetics is defined as the study
of  var iab i l i ty  in  d rug  responses  due  to
hered i ty .  Pharmacogenomics  examines  the
ro le  of  the  en t i re  genome in  bo th  d i sease
suscep t ib i l i ty  and  drug  response ,  in  an
at tempt  to  ident i fy  speci f ic  genes  tha t  a re
assoc ia ted  wi th  spec i f ic  d i seases  and  tha t
may be  the  ta rge t s  fo r  new drugs  (10) .
Pharmacogenetic variations can be classified
in to  th ree  main  types  accord ing  to
the i r  mechanism of  ac t ion .  The  f i r s t  i s
pharmacokinet ic ,  in  which genet ic  var iants
a re  assoc ia ted  wi th  d rug  t ranspor te r s  and
metabol iz ing  enzymes ,  and  lead  to
a l te ra t ions  in  the  up take ,  d i s t r ibu t ion
and  e l imina t ion  of  d rugs .  The  second  i s
pharmacodynamic, in which genetic variation
occurs in the drug target or a component of
the  target  pathway leading to  a l tered  drug
ef f icacy .  Pharmacodynamic  ta rge ts  inc lude
receptors, ion channels, enzymes, transducer
and  regula tory  pro te ins ,  and  immune
molecu les .  A th i rd  mechanism i s
id iosyncra t ic ,  in  which  gene t ic  var ian t s
result in unintended actions of a drug outside
its  therapeutic indication (11–13).

The  ro le  o f  gene t ic  var ia t ion  in  d rug
response  or  adverse  reac t ion  def ines  the
sc ience  of  Phamacogene t ics  (13) ,  and  i t
actually started in 1950s with the emergence
of  human b iochemica l  gene t ics .  The  bes t
c i t ed  example  i s  occur rence  of  hemoly t ic
anemia due to G6PD deficiency.  Way back
in 1957, Motulsky published a report  about
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drug  reac t ions ,  enzymes  and  b iochemica l
genet ics .  The term ‘pharmacogenet ics’  was
bas ica l ly  co ined  by  Fr iedr ich  Vogel  o f
Heidelberg,  Germany in  1959 (14) .  In  la te
1960s,  Vesell  showed remarkable similari ty
of disposal for several drugs in monozygotic
twins  who share  100% of  the i r  genes  as
contrasted to dizygotic twins who share only
50% (15). The term ‘pharmacogenomics’ was
re-introduced in 1990s with emergence of the
Human Genome Project and the development
of  the human genome sciences .

La tes t  h igh  th roughput  t echnology  has

added  newer  d imens ion  to  the  search  of
multiple genes and their expression affecting
drug  responses .  Recen t  deve lopments  in
technology  have  revea led  la rge  number  of
new muta t ions  even  for  d i seases  l ike
hemoly t ic  anemia .  A 24  bp  de le t ion  of
nucleotide 953–976 in the exon 9 of the G6PD
gene  causes  the  G6PD def ic iency .  The
parents  were  found to  be  heterozygous for
this  mutat ion and appropria te ly  advised on
the condit ion and the importance of  taking
fo l ic  ac id  regu la r ly  (16) .  Search  for
charac te r i s t i c  ce l lu la r  DNA abnormal i t i es
in  d i sease  i s  now beg inn ing  to  gu ide

Fig . 1 : In te rd i sc ip l ina ry  na tu re  o f  pharmacogene t i c s  and  Pharmacogenomics .
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construct ion of  therapeutic  drugs act ing on
disease  spec i f ic  DNA muta t ions  (17) .  A
somat ic  muta t ion  in  chron ic  myelocy t ic
leukemia  responds  to  the  drug  Gleevec  in
almost 100% of cases (18).

S imi la r ly ,  Long-QT syndrome i s  a
c l in ica l ly  and  gene t ica l ly  he te rogeneous
syndrome charac te r ized  by  leng then ing  of
the QT interval  and increased dispersion of
the  ven t r icu la r  repo la r iza t ion  on  sur face
e lec t rocard iogram and  a  p ropens i ty  to
mal ignan t  ven t r icu la r  a r rhy thmias ,  to r sade
de pointes and ventricular fibrillation, which
may lead to sudden cardiac death. Long-QT
syndrome mos t ly  a f fec t s  ado lescen ts  and
young  adu l t s  wi th  s t ruc tura l ly  and
functionally normal hearts and is caused by
aber ra t ions  in  po tass ium and  sod ium ion
channels  (19) .  Standard therapies  for  long-
QT syndrome inc lude  cor rec t ion  of  the
under ly ing  cause ,  a l l ev ia t ion  of  the
prec ip i ta t ing  fac tors ,  magnes ium su l fa te ,
isoproterenol ,  ant iadrenergic  therapy (beta-
adrenerg ic  recep tor  b lockers ,  l e f t
ce rv ico thorac ic  sympathec tomy) ,  ca rd iac
pac ing ,  and  implan tab le  ca rd iover te r
defibrillator.  The potential therapies include
sodium channe l  b lockers  (mexi le t ine ,
flecainide, lidocaine, pentisomide, phenytoin),
po tass ium,  po tass ium channe l  ac t iva tors
(n icorandi l ,  p inac id i l ,  c romakal im) ,  a lpha-
adrenerg ic  recep tor  b lockers ,  ca lc ium
channe l  b lockers ,  a t rop ine ,  and  pro te in
k inase  inh ib i to rs .  There  i s  ind iv idua l
var ia t ion  and d i f ferent  therapies  are  be ing
t r ied  in  response  to  the  persona l  gene t ic
variation (19).

1 .2 How genet ic  var ia t ion  a f fec t s  suscept ib i l i ty
to  a  d i sease  or  drug  ac t ion

Humans  a re  cons iderab ly  more  s imi la r

to each other than other species as any two
randomly chosen humans differ at ~1 in 1000
nuc leo t ide  pa i r s ,  whereas  two random
chimpanzees differ  in ~1 in 500 nucleotide
pairs (20). Nevertheless, there are ~3 billion
nuc leo t ides  on  hap lo id  human genome,
therefore  on an average two humans differ
at ~3 million nucleotides which is ~0.1–0.2%
of the haploid human genome (21). Most of
these variants are neutrals but still  common
variants are present in coding and regulatory
regions  of  genes  that  a l ter  the  amino acid
sequences and gene expression respect ively
(22).

Majority of the polymorphisms observed
are single nucleotide polymorphisms (SNPs),
short Tandem repeat polymorphisms (STRPs)
or insertion-deletion polymorphisms (indels).
I f  these  po lymorphisms  a re  presen t  in  the
coding or  the  regula tory  region of  var ious
genes  whose  produc ts  par t i c ipa tes  in  the
pa tho logy ,  phys io logy  or  t rea tment  o f  a
particular disease, then their presence might
lead  to  ind iv idua l  var ia t ion  bo th  fo r  the
occurrence  of  the  d isease  or  the  ac t ion  of
drug agains t  i t .

An ideal example of such genetic control
i s  ev idenced  by  the  iden t i f i ca t ion  of
polymorphisms in the gene regulatory region
of cytokines, chemokines and growth factors
tha t  cor re la tes  wi th  in t ra  ind iv idua l
var ia t ions  in  actual  cytokine or  chemokine
production (23–25). As these polymorphisms
segregate  independent ly ,  each individual  is
a mosaic of high, moderate and low cytokine
produc ing  phenotype .  Presence  of  such
high ,  modera te  and  low produc ing  SNPs
in the regulatory domain of cytokines leads
to  the i r  d i f fe ren t ia l ,  r esponses  aga ins t
immunosupressors in case of organ and bone
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marrow t ransp lan ta t ions  and  aga ins t  an t i -
inflammatory drugs in various diseases l ike
a s t h m a .

A vast  majori ty  of  such polymorphisms
are  found  in  the  regu la tory  promoter
regions ,  whi le  var ious  o thers  are  found in
the intronic, exonic and untranslated regions.
The  promoter  gene  po lymorphisms  may
dis rup t  o r  abo l i sh  t ranscr ip t ion  regu la to ry
elements  such as  those  involved for  NfKB
and STATS (signal transducers and activators
of transcription) (26–27). All these regulatory
elements regulate RNA polymerase binding,
in f luenc ing  the  ra te  a t  which  gene  i s
t ranscr ibed  in to  mRNA.  In t ron ic  var ia t ion
may a f fec t  enhancer / s i l encer  sequences
and  cer ta in  po lymorphisms  may a l te r
a rch i tec tu ra l  t r anscr ip t ion  fac tor  b ind ing
elements (27).

Furthermore,  the differential  distribution
of  the  gene t ic  var ia t ion  in  d i f fe ren t
popula t ions  owing  to  var ious  fac tors  l ike
muta t ions ,  se lec t ion ,  and genet ic  dr i f t  and
to  some ex ten t  migra t ions  and  mat ing
pa t te rns  a l so  l eads  to  the  d i f fe ren t ia l
suscep t ib i l i ty  to  d i seases  and  d i f fe ren t ia l
responses to  drugs (5–6).  Natural  select ion
is  the result  of  populat ion variat ion among
individual genotypes in their probabilities of
surv iva l  and /or  reproduc t ion .  Ear l i es t
evidences include selection of Heterozygotes
of hemoglobin A/S polymorphism for having
grea te r  res i s tance  to  mala r ia .  S imi la r ly ,
FOXP2 gene  has  shown a  two amino  ac id
d i f fe rence  in  human and  ch impanzees
suggesting the role of this gene in evolution
of  speech and language in  modern humans
(28) .  S t rong  molecu la r  ev idences  a re
available for the selection of activity of G6PD
locus to confer resistance to malaria (29) and

TNFSF5 in  response  to  in fec t ious  agen ts
(30). Other potent examples of genes having
a  s ignature  of  se lec t ion  are  Dufry  ant igen
(31) ,  d rug  metabol i sm-  CYP1A2 (32)  and
alcohol metabolism- ADH1B and ALDH2 (33).

Random gene t ic  d r i f t  occurs  due  to  a
finite number of individuals participating in
the  format ion of  the  next  genera t ion.  This
process  i s  respons ib le  beh ind  the  gene t ic
differences between African and non-African
popula t ions  (3 ) .  The  impac t  o f  d r i f t  on
different ia l  suscept ibi l i ty  of  diseases  could
be seen from the fact that sickle-cell anemia
is found in wide range of people including
Hispanics  and inhabi tants  of  nor th-western
India (34), but the blacks of South Africa do
not carry sickle cell traits (34–35). Similarly,
h igh  f requency  of  nu l l  a l l e le  o f  CYP2D6
makes Arabs more capable  of  t ransforming
codeine into the act ive form morphine.

1 .3 Approaches  to  pharmacogenomics  and
pharmacogenet ics  s tudies

An idea l  pharmacogenomics  o r
pharmacogene t ics  s tudy  involves  var ious
crucial  s teps.

(a) Iden t i f i ca t ion  of  appropr ia te  candida te
genes  whose  express ion  may in f luence
drug act ion or  disease pathogenesis .

(b) Ident i fy ing a l l  observed polymorphisms
with complete  sequence.

(c) Carry out case-control studies in various
populations to identify the association of
a  gene t ic  var ian t  wi th  d i sease  o r  d rug
response ,  and

(d) Assess the effect  of  the genetic  variant
on the expression profile of the gene.
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These  four  s teps  toge ther  wi th  the
e lements  o f  pharmacokine t ics  and
pharmacodynamics ,  i . e .  the  var iab i l i ty  in
pharmacokinetics of the concerned drug and
var iabi l i ty  in  associa t ion  wi th  drug and/or
gene t ic  var ian t  on  the  phenotype  which
comple tes  the  overa l l  r equ i rement  fo r  an
ideal study of personalized medicines.  Such
study require a database that can model key
elements of the data, acquire data efficiently,
provide query tools for analysis and deliver
the  resu l t ing  sys tem to  the  sc ien t i f i c
communi ty  (7 ) .  Pharmacokine t ics  inc ludes
absorp t ion ,  d i s t r ibu t ion ,  metabol i sm and
e l imina t ion  of  a  d rug .  Pharmacodynamics
includes pharmacological effects and clinical
response leading to toxicity and efficacy for
a part icular  drug or metaboli te  (7) .

(A) Candidate  gene  se lec t ion

The  candida te  gene  approach  for
d i scover ing  gene t ic  markers  use
exper imenta l ly  der ived  a  pr ior i  knowledge
about  a  d i sease  o r  a  d rug .  Sc ien t i s t s  do
background research, employing both public
and  propr ie ta ry  da tabases ,  to  iden t i fy
appropr ia te  candida te  genes  whose
expression may impact drug action or disease
pathogenesis. Candidate genes are commonly
se lec ted  based  on  metabol ic  pa thways ,
molecu la r  t a rge t s ,  b io log ica l  response
pathways and/or disease risk. Generally, the
genes are ranked based upon their perceived
l ike l ihood  of  be ing  involved  in  the  d rug
response.  The s t ronger  candidates  can then
be tested first. If these top candidates fail to
expla in  suf f ic ien t ly  the  var ia t ion  in  d rug
response ,  add i t iona l  candida te  genes  can
then  be  tes ted .

A classic example of this approach is the

variation in individual responses to the anti-
l eukemia  drug ,  6 -mercap topur ine  (38–39) .
Thiopur ine  drugs  are  metabol ized ,  in  par t ,
by S-methylation catalyzed by thiopurine S-
methy l t rans fe rase  (TPMT) .  Mos t  people
metabol ize  the  drug  qu ick ly .  Some
individuals,  with a genetic variation for the
enzyme TPMT, do not .  Consequent ly ,  they
need lower doses  of  6-  mercaptopurine for
effect ive t reatment  as  normal  doses can be
le tha l .  Pa t ien t s  wi th  very  low or
undetectable TPMT activity are at high risk
of  severe ,  po ten t ia l ly  fa ta l  hematopoie t ic
toxicity when they are treated with standard
doses  o f  th iopur ines  (38) .  As  human
TPMT ac t iv i ty  i s  cont ro l led  by  a  common
gene t ic  po lymorphism,  i t  i s  an  exce l len t
candida te  fo r  the  c l in ica l  app l ica t ion  of
pharmacogene t ics .  The  po in t  muta t ions  in
the TPMT gene that cause the loss of TPMT
activi ty  can be detected by a  f luorescent ly
labeled amplif ied DNA which is  hybridized
with oligonucleotide DNA probes immobilized
in  ge l  pads  on  a  b ioch ip .  The  spec ia l ly
des igned  TPMT bioch ip  can  recognize  s ix
point mutations in the TPMT gene and eight
cor responding  a l l e les  assoc ia ted  wi th
TPMT def ic iency :  TPMT(*)2;  TPMT(*)3A,
TPMT(*)3B,  TPMT(*)3C,  TPMT(*)3D,
TPMT(*)7, and TPMT(*)8. In such instance
ident i f ica t ion of  the  candidate  gene TPMT
was the most decisive step and information
about i ts  action on thiopurine drugs helped
in  i t s  recogni t ion  as  a  po ten t  gene
responsible for varied pharmacological action
(39).

( B ) Ident i f i ca t ion  o f  genet ic  var iants

The  pharmacogenomics  s tud ies  requ i re
a  de ta i led  model  o f  genomic  sequence ,  in
order to represent accurately DNA sequence
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data ,  gene  s t ructure  and polymorphisms in
sequence ,  much  more  than  s imply  s to r ing
the  DNA sequence .  Recent  advents  o f
automated DNA sequencing (40),  denaturing
HPLC (41) ,  mass  spec t rophotomet ry  (42) ,
a r ray  based  re -sequenc ing  (43) ,  au tomated
f ragment  s ize  ana lys i s  and  SnapShot  PCR
have  no t  on ly  increased  our  reper to i re  o f
muta t ion  bu t  have  a l so  prov ided  a  h igh
throughput techniques for quick and reliable
genotyp ing .  However ,  s t i l l  the  cho ice  o f
technique var ies  f rom RFLP,  ARMS, gene-
scanning  and  re -sequenc ing  to  dHPLC
depending  upon  the  type  of  marker  be ing
s tud ied .

Single nucleotide polymorphisms,  SNPs,
are the most abundant and the simplest form
of DNA variation. A SNP originates with a
mistake in copying a single nucleotide letter
in a DNA sequence.  The mistake is  simply
that  one  le t te r  ge ts  replaced wi th  another .
There are different  effects  that  this  change
may have. Their effects vary from being silent
to lethal (44). There are 1.42 million known
SNPs  found  a t  a  dens i ty  o f  one  SNP per
1.91 kb. This means that more than 90% of
any  s t re tch  of  sequence  20  kb  long  wi l l
conta in  one  or  more  SNPs.  The densi ty  i s
even higher in regions containing genes. The
In te rna t iona l  SNP Map Working  Group2
es t imates  tha t  they  have  iden t i f ied  60 ,000
SNPs within genes (‘coding’ SNPs),  or one
coding SNP per  1.08 kb of  gene sequence.
Moreover, 93% of genes contain a SNP, and
98% are within 5 kb of a SNP (44).

The main use of the human SNP scoring
is to dissect the contributions of individual
genes  to  var ious  d i seases  tha t  have  a
complex  and  polygenic  bas is .  Var ia t ion  in
genome sequences  under l ies  d i f fe rences  in

our susceptibility to, or protection from, all
kinds  of  diseases;  in  the  age of  onset  and
severity of illness; and in the way our bodies
respond  to  t rea tment .  These  gene  var ian t s
lead  to  t i s sue  and  organ  incompat ib i l i ty ,
affecting the success of transplants (22).

Large number of genes and their variants
a re  impl ica ted  in  the  success  o f  rena l
transplantation; as a result  many impending
and  po ten t  methods  have  a l so  become
avai lable  for  genotyping of  SNPs and STR
loci in last few decades. These methods vary
from sequence specif ic  pr imer  (SSP) based
typing to automated DNA sequencing of the
whole  f ragment  where  the  SNP is  located .
Other flourishing methods include restriction
f ragment  l eng th  po lymorphism and
ampl i f ica t ion  re f rac tory  muta t iona l  sys tem
(ARMS) .  However ,  S tud ies  cover ing
under lying genet ic  component  of  a  d iverse
number  o f  condi t ions  requ i re  sys tems  for
genotyping large numbers  of  SNPs.  In  this
regard, a mini-sequencing method known as
Snapshot and Taqman probes based real time
PCR are  ideal  techniques ,  where  former  is
effective for small-scale investigation while
la te r  i s  used  for  h igh  th roughput  ana lys i s
(22).

( C ) Case-contro l  based  assoc ia t ion  s tudies

Assoc ia t ion  s tud ies  o f fe r  a  po ten t ia l ly
powerfu l  approach  to  iden t i fy  gene t ic
var ian t s  tha t  in f luence  suscep t ib i l i ty  to
common d isease  as  wel l  as  response  of  a
par t i cu la r  d rug  (45–47) .  However ,  such
studies are often plagued by non-reproducible
results  (48).  In principle,  the inconsistency
may be due to false  posi t ive s tudies ,  fa lse
nega t ive  s tud ies  o r  t rue  var iab i l i ty  in
assoc ia t ion  among d i f fe ren t  popula t ions



14 Agrawal  and  Khan Indian J Physiol  Pharmacol 2007; 51(1)

(47,  49) .  I t  has  been widely  accepted that
undetected population stratif ication in case-
control studies are major reason behind the
false posit ive associations (50).  Association
studies can yield large numbers of spurious
assoc ia t ions  i f  popula t ion  subgroups  a re
unequa l ly  represen ted  among cases  and
cont ro l s  (51) .  The  prob lem of  popula t ion
s t ra t i f i ca t ion  increases  when  cases  o r
cont ro l s  a re  der ived  f rom a  met ropol i t an
c i ty  where  people  o f  numerous  e thn ic
backgrounds  l ive  toge ther  o r  the re  has
been  a  gene t ic  mix ing  of  two or  more
groups .

Knowler et al (52) have studied the Gm
polymorphism of  human immunoglobin IgG
gene and type II Diabetes among 4290 Native
American individuals belonging to Pima and
Papago  Ind ians .  They  found  a  h igh ly
s ign i f ican t  nega t ive  assoc ia t ion .  However ,
once  they  inc luded  the  c r i t e r ia  o f  gene t ic
ancestry then they found that  f requency of
Gm polymorphism i s  much  h igher  and
occurrence of type II diabetes is very low in
people of no American Indian ancestry then
foil  American Indian ancestry.

Wi th  recen t  advancement  in  human
genetic variat ion studies (53–54),  there has
been  a  b road  consensus  on  the  fac t  tha t
gene t ic  knowledge  of  popula t ion  sub-
structuring and stratif ication is  an essential
requirement for proper selection of controls
and  for  iden t i fy ing  d i sease  p re -d i spos ing
alleles that may differ across ethnic groups
(55–56). An interesting example in this regard
would  be  of  Ind ian  popula t ions .  Var ious
reports cites the possible Caucasian genetic
ancestry of north Indian populations reflected
by the high frequency of  western Eurasian
and central Asian NRY haplogroup-Rla Rib,

R2 etc (57–58). However, both FVL mutation
(A2086G)  and  pro thrombin  gene  muta t ion
(C10965T)  tha t  have  been  repor ted  to  be
associated with CAD and thrombotic events
among Europeans (59) were not found in any
of  the  samples  in  our  s tudy  on  normal  as
well  as  CAD and RSA pat ients  f rom north
India (60). Similarly, the ACE DD genotype
has  been associa ted  wi th  hyper tens ion  and
CAD (61) but no such results are found among
north Indians (62). However, same ACE DD
genotype has  been found highly associa ted
(P=0.0001; OR 25.7) with patients of end stage
renal  d isease  (63) .  Such s tudies  u l t imately
help in deciding the doses and type of anti-
hyper tens ive  therap ies .

S imi la r ly ,  s tud ies  based  on  success fu l
associa t ion  of  MTHFR (677C/T)  SNP wi th
increase in  the homocysteine levels  due to
product ion of  thermpliable MTHFR enzyme
(64–65)  l eads  to  dec id ing  a  quan t i ty  and
dosages  o f  fo l ic  ac id  supplementa t ion .
Another  in te res t ing  examples  i s  s t rong
association Factor V-leiden SNP (1691G/A),
and Prothrombin gene mutation (20210G/A)
wi th  hyper  coag luab le  s ta te  (66–67)  tha t
he lps  in  to  f ix  a  p roper  an t i -coagula tory
therapy .  Fur thermore ,  immunosuppressor
drugs l ike cyclosporin and tacrolimus carry
a narrow therapeutic range and a wide inter
individual variation in its pharmaco-kinetics
(68) .  The  mos t  impor tan t  fac tor  tha t
a f fec t s  the i r  in te r -pa t ien t  va r iab i l i ty  i s  p -
glycoprotein (p-GP), a product of multi drug
res i s tan t  gene-1  (MDR-1)  tha t  uses  these
immuno-suppressors  as  i t s  subs t ra te  (69) .
Four  important  SNPs have been s tudied in
MDR-1 gene  namely  129T/C in  exon  lb ,
1236C/T in exon 12, 2677G/T in exon 21 and
3435C/T in exon 26, where later three SNPs
are  more  f requent ly  found  in  genera l
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population (69–71). Exon 21 SNP was found
highly associated with tacrolimus dose as TT
homozygous  showed 40% higher  dose
requi rement  o f  t ec ro l imus  bu t  no t  fo r
cyclosporin doses (70). Exon 26 SNP-3435C/
T is reported to be associated with increased
expression of MDR1 gene in CD56+ NK cells
(70–7l ) .  However ,  the  repor t  regard ing  i t s
role in drug kinetics is contradictory. More
focused and targeted studies on such genes
wi l l  l ead  to  ind iv idua l iza t ion  of  d rug
t r e a t m e n t .

( D ) Express ion  ana lys i s

Express ion analys is  both  a t  mRNA and
protein level is an ardent need to understand
the  con t r ibu t ion  of  gene t ic  var ian t  in
s t imula t ing  or  suppress ing  the  express ion
and thereby assessing the exact role on the
drug  k ine t ics .  Th is  p rov ides  the  p rec i se
mechanism involved in particular individual
behind the success or fai lure of a drug.  In
fact, this particular step is the most essential
step before declaring a particular SNP to be
involved in the variability of drug responses
(22). Various recent studies have done such
analysis where the information generated by
the  genotyp ic  p rof i l e  o f  the  pa t ien t s  was
substant ia ted by the mRNA expression and
ELISA based assays (23).  Such an exercise
can clear the controversy about the role of
the SNPs in the peleotropic molecules  l ike
cytokine IL6 that acts as both pro and anti-
in f l ammato ry .

( E ) Model ing  o f  phenotypic  data  and  i t s
corre la t ion  wi th  the  genotype

Fina l ly ,  i t  i s  manda tory  to  have
phenotype data revealing molecular,  cellular
and  c l in ica l  p rof i l e  to  cor re la te  wi th  the

presence of a genetic variants and its effect
on  the  express ion  of  the  re la ted  gene .
Molecu la r  and  ce l lu la r  phenotype  da ta
include enzyme kinet ic  measurements ,  such
as binding, catalysis and inhibition constants
for particular drugs, cellular drug processing
rates, homology modeling of three-dimensional
structures and pharmacodynamic assays (7).
Cl in ica l  phenotype  i s  perhaps  the  mos t
difficult data to model and link with genomic
and  molecu la r /ce l lu la r  phenotyp ic  da ta .
Cl in ica l  phenotype  da ta  inc lude  bas ic
pharmacokine t ic  measurements  ( such  as
drug  absorp t ion ,  d i s t r ibu t ion ,  e l imina t ion
and metabolism) as well as pharmacodynamic
profiles, which currently include pulmonary,
cardiac and psychological function tests, and
cancer  chemotherapeut ic  s ide effects .

Apart from the most successful candidate
gene  approaches ,  whole  genome ana lys i s
and  use  o f  var ious  s ta t i s t i ca l  pa ramete rs
i s  a l so  of ten  used  for  pharmacogne t ic
s tud i e s .

Whole  genome analys i s

A whole genome analysis  is  effect ively
the opposite of a candidate gene based study.
Rather than focusing on a set of genes that
are already expected to be involved in how
pat ients  respond to  t rea tment  wi th  a  drug,
one attempts to test the entire genome. The
obvious  benef i t  o f  th i s  approach  i s  tha t
genetic loci that no one ever expected to be
involved in  the  response  may be  revealed,
po ten t ia l ly  add ing  grea t ly  to  the
unders tand ing  of  the  d rug ,  the  d i sease  o r
general biology. Another reason to take this
approach  i s  i f  a  good  candida te  gene  l i s t
cannot  be  assembled  based  on  pr io r
knowledge .
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There  a re  reasons  why mos t
Pharmacogenomic studies are not  done this
way .  F i r s t ,  the  expense  i s  l ike ly  to  be
prohibit ive,  al though some researchers have
pooled  the i r  samples ,  which  ra ises  severa l
issues .  Second,  as  a  compromise to  reduce
the expense,  each gene generally has to be
measured  wi th  lower  reso lu t ion .  For
example ,  by  choos ing  on ly  one  SNP to
represen t  a  gene ,  the  power  to  de tec t  the
t rue  gene t ic  fac tors  invo lved  in  d rug
response  i s  reduced.  Thi rd ,  g iven the  vas t
number of genetic loci that have to be tested
to cover the entire genome (several thousand
to  severa l  hundred  thousand) ,  the  t rue
findings are likely to be swamped by a sea
of  fa l se  pos i t ives .  I t  i s  genera l ly  a  bad
exper imenta l  des ign  to  have  many more
tes ts  than subjects  and most  c l in ical  t r ia ls
are limited to a few thousand subjects. (72).
This final problem will remain regardless of
how s ign i f ican t ly  genotyp ing  cos t s  may
decrease as new technologies are developed.
One of disease tried widely is hypertension.
Increas ing ly ,  de ta i l ed  charac te r iza t ion  of
human molecu la r  gene t ic  var ia t ion  wi l l
faci l i ta te  the use of  genet ic  information in
preventing, diagnosing, and treating common
diseases (73).  One promising applicat ion is
the  iden t i f i ca t ion  of  gene t ic  var ian t s
influencing responses to drugs used to lower
blood pressure (BP) and prevent target-organ
complicat ions  of  hyper tension.  This  update
on gene  markers  to  guide  ant ihyper tens ive
therapy  h igh l igh ts  po lymorphisms  recen t ly
repor ted  to  p red ic t  in te r  ind iv idua l
di f ferences  in  response  to  ant ihyper tens ive
medicat ions .  However ,  s ingle-s i te  var ia t ion
in  mos t  genes  makes  on ly  a  smal l
contr ibut ion to differences in  BP response,
and ,  a f te r  a l l  known gene t ic  and
envi ronmenta l  p red ic to rs  have  been
considered, most variation in responses stil l

remains unexplained. Advancing beyond our
cur ren t  “ t r i a l -and-e r ror”  approach  in
selecting drug therapy in individual patients
wi l l  undoubted ly  requ i re  whole -genome
approaches  to  d i scover  add i t iona l ,  nove l
genetic pathways influencing drug response.
In addition, larger samples will  be required
to more fully characterize genetic variat ion
within candidate genes and to consider  the
jo in t  e f fec t s  o f  gene-gene  and  gene-
envi ronment  in te rac t ions .  Eventua l ly ,
knowledge of genetic variants that influence
BP responses may allow more individualized
tailoring of therapy to optimally reduce BP
and target-organ damage (73).

Stat i s t i ca l  approach

After all the hard clinical and laboratory
work, the data produced must be interpreted
to  de termine  which  genet ic  var ian ts  a f fec t
which  c l in ica l  var iab les  and  under  what
conditions (74–76). This part of the process
is  cal led s ta t is t ical  analysis .  Regardless  of
the experimental  design (candidate  gene or
whole genome, prospective or retrospective),
statistical analysis of the resulting data is a
tremendous challenge. While i t  is  important
to  have a  s ta t is t ical  analysis  plan in  place
before  l aunching  in to  a  Pharmacogenomic
project (74), the nuances of how to interpret
the  resu l t s  may  no t  be  apparen t  un t i l  the
data are produced. Here we present a few of
the common challenges with which one must
deal when working with genetic data, which
extend beyond the complexit ies  inherent  in
any clinical  study.

1 . Gene t ic  var iab les  a re  no t  s imple
ca tegor ica l  o r  quan t i t a t ive  t ra i t s  l ike
gender or age. The variation found in a
s ing le  gene  i s  ins tead  qu i te  complex .
Of ten ,  there  may  be  a  thousand  of
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different ways to break the variation into
smaller  pieces ,  or  “markers”  that  range
in scale from a single SNP variant to a
whole-gene haplotype.  Because the t rue
causa t ive  aspec t  o f  a  gene  var ia t ion
could occur at any level,  we would like
to test all of these possibilities. Many of
these alternative markers within a gene,
however,  are correlated with each other
to  some degree  but  d i f fer  never theless .
Dete rmin ing  the  mos t  p laus ib le
associa t ion  may be  more  involved than
just finding the best “P-value”.

2 . For each genetic variable,  there may be
severa l  ways ,  o r  “gene t ic  models” ,  fo r
how the  var iab le  re la tes  to  a  c l in ica l
trait .  Is  the genetic marker dominant or
recess ive ?  and  does  th i s  inc reases  o r
reduces the efficacy or side effects of the
drug ?  These  gene t ic  mode ls  a re  a l l
possible.  Examining the variat ion found
in  the  c l in ica l  t ra i t  may suggest  which
models are l ikely.  For instance, if  there
are  two dis t inc t  responses  to  the  drug,
dominant and recessive models would be
reasonable models to consider. However,
in most cases, the pattern of the variation
in  t rea tment  response  does  not  a l low a
clear  determinat ion of  which models  to
consider ,  so  mul t ip le  models  should  be
t e s t e d .

3 . As  many genes  a re  found on  the  same
chromosome,  somet imes  very  c lose
toge ther ,  a  f ind ing  for  one  gene  may
really reflect the effect of a neighboring
gene .  Al l  pos i t ive  f ind ings  mus t  be
checked  for  th i s  poss ib i l i ty .  I f  a
neighboring gene is  plausibly related to
the clinical trait (e.g.,  the response to a
drug) ,  secondary  ana lyses ,  pe rhaps

requi r ing  add i t iona l  l abora tory  work ,
may be required to identify the gene that
is  really involved in the response.

4 . Because  b io logy i s  ra re ly  as  s imple  as
one  might  hope ,  var ia t ion  in  mul t ip le
genes  i s  l ike ly  to  be  invo lved  in
determining each aspect of drug response.
Once the most promising individual genes
are identified then how these components
interact or combine to affect the clinical
t ra i t  should  be  de termined.

5 . In  a  “mul t ip le  compar i son  tes t ing” ,  a
hundred  of  genes  wi th  a  thousand
markers ,  each tes ted in  two models  for
f ive  c l in ica l  t r a i t s ,  r equ i res  1 ,000 ,000
tests. A large fraction of these tests will
be found to be nominally s ignif icant  in
the stat is t ical  sense.  Correct ing for  this
over -abundance  of  pos i t ive  f ind ings
requi re  a  c lea r  unders tand ing  and
determination of the complex correlations
among markers ,  among genes ,  among
models  and among cl inical  t rai ts .

6 . Jus t  as  many biological  character is t ics ,
such  as  d i sease  r i sks ,  d i f fe r  be tween
ethnic groups,  so do the frequencies  of
many genet ic  var ian ts .  This  fac t  ra i ses
the concern that  when a genetic marker
is found that predicts drug response, the
marker  might  rea l ly  jus t  be  t rack ing
e thn ic i ty ,  as  would  count less  o ther
genetic variants that have nothing to do
with  the  c l in ica l  t ra i t  in  which we are
interested. While it is possible to control
this  problem by including factors ,  such
as ethnic self-identity of patients in the
analyses ,  the  leve l  of  cont ro l  provided
might not be adequate and sometimes is
no t  ava i lab le  o r  the  in format ion  i s
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unrel iable or  ambiguous.  One analyt ical
too l  tha t  i s  now used  to  t es t  fo r  th i s
confounding effect is known as “genomic
cont ro l” .  Genomic  cont ro l  i s  s imply  a
fancy way of  saying that  scient is ts  can
measure  a  se t  o f  gene t ic  loc i  tha t  a re
independent of one another and unlikely
to  be  re la ted  to  the  c l in ica l  t ra i t s  and
then  use  the  unre la ted  loc i  to  assess
whether  the re  a re  unsuspec ted  e thno
geographic  d i f fe rences  be tween  the
patients with different clinical traits, e.g.
those  who respond  wel l  to  the  d rug
versus those who do not .

1 .4 Recent  d iagnost i c  too l s  for  s tudies  on
personal ized  medic ine

Ramification amplif ication method :  I t  is  an
isothermal process and sensitive and specific
for amplifying nucleic acids with flexibility
to  ana lyze  pro te ins  and  o ther  smal l
molecu les  on  the  same ana ly t ica l  sys tem.
This  is  a  h igh throughput  technique where
in  one  go  many SNPs  can  be  ampl i f ied
(77–78).

Invader  assays :  Th is  t echn ique  i s  qu i te
robust where perfect match enzyme substrate
reactions using propriety cleavage enzymes,
recognizes and cut only the specific structure
formed during the invader process. It can be
used directly to recognize the SNPs (79–80).

Molecular beacons : These are folded probes
which  g ives  no  f luorescen t  s igna l s  in  the
folded position due to quenching of the label
bu t  upon  hybr id iza t ion  of  the  molecu la r
beacons  to  the  t a rge t  sequence  the  p robe
unfo lds  and  the  f luorescen t  l abe l s  emi t s
l igh t .  Molecu la r  beacons  a re  ab le  to
discriminate alleles in real time PCR assays

of genomic DNA. Molecular beacons are ideal
tools for genetic screening and diagnosis (81).

Matr ix -ass i s ted  laser  desorp t ion  mean
spec trophotometry :  This  i s  a l so  known as
MALDI - TOF - MS.  This  de te rmines  the
mass of the variant DNA sequences. As large
number  of  sequences  can  be  de tec ted  in  a
s ing le  reac t ion  so  i t  i s  a  cos t  e f fec t ive
technique for genotyping (82).

Biochip  microarray :  Th is  i s  a  t echn ique
which can be adapted for genomic DNA, RNA
expression analysis and now even the protein
chips have been developed. I t  has powerful
da ta  p rocess ing  sof tware ,  au tomated  f low-
through system and label  f ree  detect ion of
the hybridization signals (83–84).

Nanochip technologies :  This is  an accurate
method that allows multiplex assays and on
chip amplification of DNA material directly
on the Nanochip cartridge, which eliminates
a  t ime-consuming  prepara tory  s tep  and
involves only a single step (85).

1 .5 Pharmacogenomics :  success  s tory  t i l l  date

As i t  has  been c lear ly  f igured out  that
the  evo lu t ionary  processes  o f  muta t ion ,
migration, random genetic drift and selection
resu l ted  in to  d i f fe ren t ia l  d i s t r ibu t ion  of
normal  gene t ic  var ia t ion  and  a l so  tha t  o f
genetic variation affecting diseases and drug
responses (4). The genetic variations studies
based  on  the  ro le  o f  d i f fe ren t ia l  genomic
prof i les  on disease  suscept ib i l i ty  and drug
response  have  cont r ibuted  t remendously  in
two major  a reas  ( i )  molecu la r  sub-
class i f ica t ion of  the  diseases  based on the
genet ic  prof i le  ( i i )  genet ic  cont r ibut ion  to
different ia l  drug response.
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Molecular  sub-c lass i f i ca t ion  o f  the  d i seases
based  on  the  genet ic  prof i l e

The impact of evolutionary forces on the
different ial  dis tr ibut ion of  disease genes is
cur ren t ly  be t te r  unders tood  in  the  con tex t
of  the  wor ldwide  d i s t r ibu t ion  of  the
monogenic  t ra i t s  (86) .  The  d i s t inc t ive
examples  inc lude  the  para l le l  p resence  of
h igh  f requency  of  hemoglobin  HbS a l le le ,
var ian t  o f  G6PD and  s ick le  ce l l  anemia
among sub-Saharan  Afr icans  (87–88)  and
Mediterranean populations or that of C28Y-
HFE a l le le  and  hematochromatos i s  in
Europeans .  Each  of  these  po lymorphisms
under l i es  a  monogenic  t ra i t  and  hence
infe rence  of  gene t ic  ances t ry  can  be
unnecessary. However, a closer look suggest
tha t  cys t ic  f ib ros i s  i s  a l so  found  among
groups of Arab and African ancestry (86, 89),
similarly, sickle-cell anemia is found in wide
range  of  people  inc lud ing  Hispan ics  and
inhabi tan t s  o f  nor th -wes te rn  Ind ia  (35) .
Furthermore,  the blacks of South Africa do
not  ca r ry  s ick le  ce l l  t r a i t s  (35)  bu t  i t s
occur rence  in  cen t ra l  Greece  has  two-fo ld
increase than that of African Americans (35,
90). Therefore, labeling the disease only on
the basis of ethnic affiliation or phenotypic
occurrence can be wrong interpretat ion and
could possess  ser ious  heal th  consequences .
The concept  of  genet ic  ancestry is  a  much
be t te r  ind ica tor  than  race  o r  e thn ic i ty  to
de te rmine  tha t  whe ther  one  ca r r ies  the
marker  o f  a  gene t ic  d i sease .  The  neu t ra l
genet ic  var ia t ion  s tudies  have  reveled  tha t
the  p ropor t ion  of  European  ances t ry  in
African- Americans averages ~21% (44) while
that among South Indian populations is 16%
compared to 84% East Asian ancestry (91).

The  geographica l  d i s t r ibu t ion  of  genes

assoc ia ted  wi th  common d iseases  i s  more
compl ica ted  as  they  resu l t  f rom complex
interactions between genes and environment.
There are two schools of thoughts; one view
put forward the l  common disease- common
var ian t ’  (CD/CV)  hypothes i s ,  which  s ta tes
tha t  the  common gene t ic  d i seases  a re
af fec ted  by  common d isease  suscep t ib i l i ty
alleles (or variants) at a few loci that exist
at  high frequency across  ethnical ly  diverse
populations (44, 92). These alleles probably
arose  before  popula t ion di f ferent ia t ion and
are common across  populat ions.  Supporters
of CD/CV hypothesis cite that geographic or
e thn ic  c lus te r ing  var ian t s  a re  main ly  a
phenomenon of  the  monogenic  d i sorders .
Fur thermore ,  add i t iona l  suppor t  to  CD/CV
hypothesis is provided by examples of 23 5T
variant of angiotensin (AGT) gene that codes
a key component of rennin-angiotensin, blood
pressure  regu la tory  pa thway.  This  var ian t
is present across all  human groups, as high
as 90% among Africans and as low as 30%
among Europeans  (93) .  The  a l l e le  i s
assoc ia ted  wi th  20–30% increase  r i sk  o f
deve lop ing  hyper tens ion  (94) .  S imi la r ly ,
frequency of the null allele of CYP2D6 gene
varies from 6% in Asians to 7% in Africans
and upto  30% in  Europeans  (95) .  CYP2D6
encodes  a  member  of  cy tochrome P450
family involved in metabolism of important
drugs  (13) ,  and  i t s  nul l  a l le le  renders  the
gene  produc t  inac t ive  to  an  ex ten t  tha t
homozygous  nu l l  a l l e le  ind iv idua ls
exper ience  l i t t l e  o r  no  ana lges ic  e f fec t .
Therefore i t  has  been quoted that  a l though
subs tan t ia l  gene t ic  var ia t ion  i s  the re  in
etiology of common diseases but it is present
in al l  populations.

The  o ther  perspec t ive  v iew i s  tha t  o f
mul t ip le  rare  var ian t  (MRV)  hypotheses
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accord ing  to  which  the  d i seases  a re
assoc ia ted  wi th  subs tan t ia l  p ropor t ions  o f
genetic polymorphisms and will probably be
spec i f ic  to  g roups  tha t  exper ience  s imi la r
evolutionary forces of selection or drift (96–
97). Recently, Bamshad et al, 2004 (98) has
shown that  a  sequencing based analysis  of
63,  724 SNPs in the coding and regulatory
reg ions  of  3931  human genes  revea l  tha t
large number of  pr ivate  al le les  are  present
in different  population groups.  This clearly
ind ica tes  tha t  CD/CV hypothes i s  was
supported because only commonly occurring
SNPs have been studied and even if CD/CV
hypothes is  i s  correct  then a lso  di f ferent ia l
effects of risk allele in people with different
gene t ic  ances t ry  have  been  repor ted  as
homozygous APOE4 Asian individuals  have
~5 fold higher risk of developing Alzheimer’s
d isease  even  when th i s  a l le le  of  APOE is
frequent in Alzheimer patients of Africa, Asia
and Europe .  Severa l  polymorphisms in  the
5 '  c is-regulatory region of  CCR5 inf luence
the progression of AIDS and even death in
HIV patients (99–100). However, one CCR5
haplotype (HHE) is associated with delayed
progression of AIDS in European-Americans
but  wi th  fas te r  p rogress ion  Afr ican-
Americans (101).  Similarly,  three important
variants of CARD 15 or NOD2-R702W, G908R
and 1007fs  have  been  assoc ia ted  wi th  an
inflammatory bowel disorder- Crohn’s disease
in  European-  Americans  (102–103)  but  not
in Europeans or Asians (104). Therefore even
if the same risk allele for a complex trait is
p resen t  in  d i f fe ren t  g roup ,  i t  might  be
associated with different outcomes. Overall ,
i f  more  is  learned about  the  genet ic  bases
of  the  complex  d i seases  and  i f  i t  i s
supplemented with the information about the
genetic ancestry of the populations then such
diseases  can  be  d iv ided  in to  d i s t inc t

subc lasses  wi th  s imi la r  phenotypes  bu t
different  underlying genet ic  bases.

Genet ic  contr ibut ion  to  d i f ferent ia l  drug
r e s p o n s e

The  gene t ic  d i f fe rences  among e thn ic
groups  of ten  lead  to  d i f fe rences  in  d rug
responses. Tate and Goldstein, 2004 (6) have
reviewed various genetic variants associated
wi th  d rug  responses  and  have  s ta ted  tha t
out  of  42 associated genetic variants,  more
than 30 variants significantly differ between
people  o f  Europeans  and  Afr ican  ances t ry
(Table  I ) .  An  impor tan t  example  i s  tha t
of  recep tor  po lymorphisms  i . e .  the
β2-adrenoceptor  which has been extensively
s tud ied  as  a  p ro to type  of  G-pro te in
coupled  recep tors ,  and  i s  the  t a rge t  fo r
bronchodilators drugs used in the treatment
of  as thma.  The  β2- recep tor  gene  i s  known
to have 9 s ingle  nucleot ide polymorphisms
(or  SNPs)  in  the  cod ing  reg ion ;  f ive
are  degenera te  and  a re  un l ike ly  be
functional, but four result in the amino acid
substi tutions within the protein at  posit ions
16 ,  27 ,  34  and  164  (105) .  The  func t iona l
re levance  of  these  po lymorphisms  has
been  inves t iga ted  by  mimick ing  the
polymorphisms by site-directed mutagenesis,
expressing the variant receptor in host cells
tha t  l ack  β- recep tor  express ion ,  and
assess ing  the  pharmacolog ic  p roper t i es  o f
these  ce l l s .  Us ing  th i s  approach  severa l
po lymorphisms  have  been  shown a l te r  β2-
receptor  funct ion by decreas ing receptor-G
protein coupling (Thr to He, posit ion 164),
increas ing  receptor  desens i t iza t ion  (Arg to
Gly ,  pos i t ion  16)  o r  decreas ing  recep tor
desensitization (Gin to Glu, position 27) (105–
106). Although changes in receptor function
occur  in  v i t ro ,  the re  has  no t  been  a
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TABLE I : Di f fe ren t i a l  d rug  responses  r epor ted  in  d i f fe ren t  e thn ic  g roups .

Category of drugs Implicat ion Reasons References

Drugs with an indication of genetic causation
I-Beta-adrenoceptor blockers
Propranolol More effective in EA than in AA Hypertensive and healthy Soffowora et al (105)

in treatment of hypertension controls carrying two copies
Nadolol More effective in EA than in of the R389G variant in Johnson et al (106)

AA for systemic beta-1-adrenergic receptor
hyper tens ion have more response to. Cubettu et al (114)

Oxprenolol Mean blood pressure reduction Beta-adrenoceptor blockers
less for African-Americans than The R389Gvariant is more Friedman et al (115)
for European ancestry frequent in Europeans than

Bucindulol Survival benefit only in African-Americans
in non-African Americans

Drugs whose association has an essential physiological basis
I-ACE Inhibitors
Enalapri l Less response in AA than in EUR Kalinowski et al (116)

with congestive heart failure Probably related to lower
Lisinopril Response in EUR but bio-activity of endogenous Exner et al (117)

not in AA ancestry nitric oxide
Trandolapril AA with hypertension required Weir et al (118)

2-4 times higher dose to obtain
similar lowering of blood pressure Weir et al (119)
to EUR ancestry

II-Combination of two vasodilators
BilDil Greater efficacy in African

Americans than in European Carson et al (120)
ancestry with congestive
heart failure

Ill-Alpha adrenoreceptor blockers
Prazosin More effective in EUR Non-adrenergic mechanism Cushman et al (121)

ancestry than in AA contribute to blood pressure
ancestry for hypertension maintenance in AA

IV-Thiazide (Diuretics)
Hydrochlorothiazide Greater cystolic and diastolic Probably related to Kalinowski et al (116)

blood pressure responses in lower bio-activity of Chapman et al (122)
AA than in EUR endogenous nitric oxides

V-Calcium Channel blocker
Dilpiazem More effective in AA Probably related to increase Cushman et al (121)

than in EUR ancestry predisposition of AA to the Aviv (123)
for hypertension salt sensitive form of

essential hypertension
VI-Hepatitis anti-viral treatment
Ribavirin AA have lower rate of Due to differing immune Muir et al (124)
(Interferon α ) response to treatment ability as AA produces Kimball et al (125)

than EUR ancestry more cytokines than EUR
Drugs in which difference is replicated in numerous studies but no inference about physiological basis
I-Vasodilator antihypertensive
Sodium nitropruside Attenuated response to Mechanism not fully Stein et al (126)

multiple vasodilators in under stood Rosenbaum et al (127)
AA than EUR ancestry

I I -Glucocor t i co ids
Methyl Adverse effect more common in Also altered pharmacokinetics Tornatoro et al (128)
prednisolone AA than in EUR ancestry between AA and EU
I l l -Ant i -Diabet ic
Insul in Insulin sensitivity significantly Differences remain after Goran et al (129)

lower in Hispanics and adjusting for body fat
African AA than in EUR results well replicated

EUR=Europeans; AA=African-America
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cons i s ten t  assoc ia t ion  of  ind iv idua l  SNPs
with bronchodilator  responsiveness .  Rather ,
complex  promoter  and  coding  reg ion
haplo types  con ta in ing  mul t ip le  SNPs  a l te r
recep tor  express ion  and  pred ic t  in  v ivo
respons iveness .  The  β-1 -adrenorecep tor
var ian t  (Arg  389)  has  been  repor ted  as
associated with increased response to beta-
blockers (105–106). Frequency of this variant
var ies  s ign i f ican t ly  be tween  European
Amer icans  –0 .723  and  Afr ican  Amer icans
–0.575.

As  ment ioned  ear l i e r ,  nu l l  a l l e le  o f
CYP2D6, a drug-metabolizing enzyme (DME)
is  repor ted  in  a  f requency  of  10% among
north European ancestry and therefore they
do not  experience an analgesic  effect  f rom
the prodrug codeine (95) .  On the contrary,
about  98% Arabs  a re  ab le  to  t rans form
codeine into the active form morphine (107).
CYP2D6 enzyme is a member of the hepatic
cy tochrome P450  fami ly ,  and  metabol izes
25–30% of  a l l  c l in ical ly  used medicat ions ,
inc lud ing  an t idepressan ts ,  an t ipsychot ics ,
β-b lockers ,  an t ia r rhy thmics  and  op io id
analges ics .  The  CYP2D6 gene  i s  the  most
var iable  of  the  P450 family ,  wi th  over  75
dif ferent  a l le les .  Var iants  ar ise  f rom point
muta t ions ,  s ing le  base-pa i r  de le t ions  and
addi t ions ,  de le t ion  of  the  ent i re  gene ,  and
gene  dupl ica t ion  resu l t ing  in  two or  more
copies  o f  the  gene  (95) .  The  func t iona l
consequences  include an increase,  decrease
or  loss  o f  enzyme ac t iv i ty  tha t  can  be
correlated with a change in in vivo function.
Thus, extensive metabolizers (75-85% of the
population) are homozygous or heterozygous
for the wild-type enzyme or for variants with
normal  enzyme ac t iv i ty ;  in te rmedia te
metabolizers (10-15%) or poor metabolizers
(5-10%) are carriers of two decreased-activities
or  loss -of - func t ion  a l le les ;  and  u l t ra - rap id

metabolizers (1–10%) are carriers of duplicate
or multiple active genes (95, 107).

Another  impor tan t  i s sue  of  us ing  the
information of genetic variation is to assess
the  adverse  d rug  reac t ions .  Use  of  an
ant i re t rovira l  drug ‘Abacavir’  to  t reat  HIV
infec t ions  deve lops  a  hypersens i t iv i ty
react ion in about  5% of  the people.  I t  has
been  repor ted  tha t  people  ca r ry ing  HLA-
B*5701  a l le le  a re  assoc ia ted  wi th
hypersensitivity to ‘Abacavir’  among people
of European American ancestry (108) and not
among African Americans (109).

Impor tance  of  us ing  the  gene t ic
information instead of proxy ethnic or racial
ancestry was well documented in the trial of
‘B i lDi l ’  d rug  among Afr ican-Amer icans .
‘BilDil’ is a combination drug that combines
isosorbide dini terate  (a  ni t r ic  oxide donor)
and  hydra laz ine  (a  vasod i la to r  agen t )
des igned  to  res tore  low or  dep le ted  n i t r i c
oxide levels in the blood to treat or prevent
cases of congenital  heart  failure (110).  The
trial was conducted due to inefficacy of BilDil
in  t rea t ing  conges t ive  hear t  fa i lu re  among
African-Americans in  two ethnical ly  mixed
clinical trials (111–112). The latest trial has
been  recen t ly  ha l ted  because  ‘B i lDi l ’  was
found highly effective in treating all  blacks
(113).

C o n c l u s i o n

Categor ica l  rev iewing  of  the  s tud ies
carried out on different genetic variants laid
emphas i s  on  the  fac t  tha t  the  gene t ic
variat ion between different  populat ions and
ind iv idua ls  i s  a  key  fac tor  beh ind
pathogenesis of diseases as well as responses
and  s ide  e f fec t  o f  d rugs .  However ,  th i s
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consensus view appears too narrow because
of  the  he te rogene i ty  o f  resu l t s  o f
pharmacognomics  s tud ies  ca r r ied  ou t  a t
d i f fe ren t  cen t res  on  pa t ien t s  o f  d i f fe ren t
e thn ic  descen t .  Th is  makes  i t  d i f f i cu l t  to
iden t i fy  the  mos t  po ten t  gene t ic  var ian t
that can be used as a predictive marker for
the  success  o f  a  d rug  wi th  some no tab le
except ion .

Despite the challenges of Pharmacogenomic
research,  the  potent ia l  impact  of  reveal ing
the  genet ic  underpinnings  of  var iable  drug
response  i s  too  s ign i f ican t  to  ignore  and
signif icant  s t r ides  have a l ready been made
in using this  new science.  DNA diagnost ic
tes t s  wi l l  become ava i lab le  to  def ine  a
populat ion of  pat ients  that  are  more l ikely
to respond to a drug and be at less risk of
a side effect or adverse reaction. Implementing
the results of Pharmacogenomic research will

revolutionize medicine. Such studies open a
p le thora  o f  op t ions  tha t  can  br ing  in to
prac t ice  l ike  t iming  and  doses  o f  d rug
therap ies  l ike  tha t  o f  immunosuppress ive
regimens  in  case  of  renal  or  bone marrow
graf t  re jec t ions  o r  the  supplementa t ion  of
folic acids in neural tube defects or type of
an t i -hyper tens ive  and  an t i -coagula to ry
therapy to  overcome the cases  of  coronary
heart diseases and thrombofilia. Incorporation
of  such  s tudy  wi l l  a l low an  advance
an t ic ipa t ion  of  c l in ica l  ou tcome and  drug
response and wil l  cause  a  shif t  f rom ‘One
treatment  f i ts  a l l ’  approach.
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