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Introduction	  

The	  glutathione	  S-‐transferases	  (EC	  2.5.1.18)	  (GSTs)	  are	  a	  group	  of	  inducible	  enzymes	  

important	  in	  the	  detoxication	  of	  many	  different	  xenobiotics	  in	  mammals	  (1,2).	  	  The	  GSTs	  

achieve	  detoxication	  by	  catalyzing	  the	  conjugation	  of	  reduced	  glutathione	  to	  various	  

electrophilic	  substrates.	  	  Glutathione	  (GSH),	  as	  the	  chief	  intracellular	  non-‐protein	  thiol	  

compound,	  functions	  as	  a	  cellular	  storage	  pool	  of	  reduced	  thiols.	  	  GSH	  conjugation	  is	  the	  first	  

step	  in	  mercapturic	  acid	  synthesis	  which	  aids	  in	  the	  protection	  of	  the	  cell	  by	  enhancing	  the	  

excretion	  of	  toxic	  metabolites	  for	  both	  animals	  and	  humans.	  Therefore,	  the	  levels	  of	  GSTs	  has	  

been	  suggested	  as	  important	  determinant	  of	  the	  susceptibility	  of	  organisms	  or	  tissues	  to	  

pharmacological	  or	  physiological	  challenges.	  

	  

To	  date,	  the	  superfamily	  of	  mammalian	  cytosolic	  GST	  isozymes	  have	  been	  defined	  genetically	  

to	  consist	  of	  four	  classes,	  termed	  Alpha,	  Mu,	  Pi	  and	  Theta	  (3).	  	  These	  classes	  differ	  in	  their	  

tissue-‐specific	  expression	  and	  distribution	  within	  tissues.	  	  The	  GSTs	  exist	  as	  homo-‐or	  hetero-‐

dimeric	  combinations	  of	  subunits.	  	  Two	  types	  of	  Alpha,	  three	  Mu,	  and	  one	  Pi	  class	  GST	  subunit	  

have	  been	  found	  to	  exist	  in	  human	  tissues.	  	  GSTs	  are	  abundant	  in	  mammalian	  liver	  comprising	  

2-‐10%	  of	  the	  soluble	  hepatic	  protein.	  	  The	  Alpha	  GSTs	  are	  very	  basic	  enzymes	  that	  represent	  

the	  most	  abundant	  liver	  isozymes	  in	  humans	  and	  are	  broadly	  expressed	  throughout	  the	  

lobule	  (4-‐6).	  	  The	  Alpha	  GSTs	  are	  also	  highly	  expressed	  in	  the	  proximal	  tubule	  of	  the	  kidney,	  

testis,	  and	  adrenal	  glands.	  	  The	  Mu	  class	  GSTs	  have	  been	  found	  in	  high	  concentrations	  in	  the	  
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brain,	  muscle,	  liver,	  kidney	  and	  lung	  (5,6).	  	  The	  Pi	  class	  GST	  is	  a	  highly	  acidic	  enzyme	  that	  is	  

widely	  distributed	  except	  in	  adult	  liver,	  where	  it	  is	  localized	  to	  the	  biliary	  epithelium	  (5-‐8).	  	  

The	  Theta	  class	  have	  only	  recently	  been	  described	  enzymatically	  in	  liver	  (9,10),	  and	  details	  of	  

its	  expression	  in	  other	  tissues	  is	  forthcoming.	  

	  

The	  classes	  of	  GST	  isozymes	  differ	  in	  their	  specificity	  toward	  xenobiotic	  or	  endogenous	  

substrates.	  The	  substrates	  which	  are	  conjugated	  to	  GSH	  include	  a	  variety	  of	  electrophilic	  

chemicals	  such	  as	  1-‐chloro-‐2,4-‐dinitrobenzene	  which	  undergoes	  nucleophilic	  displacement	  of	  

the	  chloro	  moiety	  by	  GSH.	  	  This	  reaction	  is	  catalyzed	  by	  all	  classes	  of	  GSTs	  except	  theta.	  	  The	  

substrates	  	  trans-‐4-‐phenyl-‐3-‐buten-‐2-‐one	  and	  4-‐hydroxynon-‐2-‐enal	  which	  undergo	  

nucleophilic	  addition	  at	  an	  _,_-‐unsaturated	  ketone	  and	  1,2-‐epoxy-‐3(p-‐nitrophenoxy)propane	  

which	  undergoes	  nucleophilic	  attack	  on	  a	  strained	  oxirane	  ring	  are	  preferentially	  catalyzed	  by	  

Mu	  and	  Theta	  class	  GSTs,	  respectively.	  	  The	  Alpha	  class	  GSTs	  	  possess	  organic	  

hydroperoxidase	  and	  prostaglandin	  isomerase	  activities	  (11,12).	  	  These	  varied	  activities	  to	  

conjugate	  GSH	  to	  exogenous	  or	  endogenous	  organic	  electrophiles	  suggests	  that	  increased	  

expression	  of	  GSTs	  may	  enhance	  the	  metabolism	  and	  disposition	  of	  pharmaceuticals,	  

components	  of	  the	  diet,	  and	  environmental	  toxicants,	  which	  has	  been	  the	  subject	  of	  

considerable	  experimental	  studies	  (13).	  	  	  	  

	  

Preclinical	  Investigations	  

	  Tissues	  highly	  expressing	  activities	  of	  GSTs	  are	  protected	  from	  cytotoxic	  damage	  elicited	  by	  

electrophiles	  for	  which	  the	  conjugation	  to	  GSH	  is	  readily	  catalyzed.	  	  Purified	  GST	  Mu	  and	  
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Theta	  have	  high	  activities	  against	  polycyclic	  aromatic	  hydrocarbon	  epoxide	  metabolites	  that	  

may	  be	  generated	  from	  constituents	  of	  tobacco	  smoke	  (14-‐16).	  	  Additionally,	  over-‐expression	  

of	  Alpha	  GSTs	  in	  cells	  enhances	  their	  protection	  from	  necrotic	  toxicity	  produced	  by	  

cyclophosphamide	  or	  diethylnitrosamine	  (17,18).	  	  Elevated	  levels	  of	  Alpha,	  Mu	  and	  Pi	  GSTs	  

have	  been	  associated	  with	  protection	  of	  tissues	  from	  cytotoxicity	  produced	  by	  

acetaminophen,	  carbon	  tetrachloride	  and	  aflatoxin	  B1	  (19,20).	  	  The	  GSTs	  also	  have	  been	  

shown	  to	  detoxify	  cyclophosphamide	  (21),	  nitroglycerin	  (22),	  L-‐phenylalanine	  mustard	  (23),	  

and	  chlorambucil	  (24).	  	  Therefore,	  measurement	  of	  the	  concentrations	  and	  activities	  of	  GSTs,	  

and	  their	  modulation	  in	  tissues	  that	  are	  subjected	  to	  physiological	  or	  environmental	  stimuli,	  

may	  provide	  researchers	  with	  an	  important	  tool	  in	  monitoring	  the	  detoxication	  potential	  of	  

cellular	  systems.	  	  For	  example,	  the	  GST	  isozymes	  are	  inducible	  to	  varying	  degrees	  by	  a	  

number	  of	  xenobiotics,	  including	  phenobarbital,	  3-‐methylcholanthrene,	  phenolic	  antioxidants,	  

azo	  dyes,	  flavonoids,	  TCDD,	  diphenols,	  thiocarbamates,	  1,2-‐dithiol-‐3-‐thiones,	  isothiocyanates,	  

cinnamates,	  coumarins,	  and	  _-‐naphthoflavone	  in	  mice	  (25-‐29).	  	  Induction	  of	  GST	  isozymes	  has	  

been	  monitored	  at	  the	  protein	  level	  using	  enzymatic	  assays,	  SDS-‐PAGE/immunoblot	  analyses,	  

as	  well	  as	  enzyme-‐linked	  immunosorbant	  assays	  (ELISA)	  assays.	  	  Analyzing	  GST	  isozyme	  

induction	  using	  enzymatic	  assays	  is	  complicated	  by	  the	  overlapping	  substrate	  specificity	  

associated	  with	  the	  GST	  isozymes,	  making	  immunoblot	  analysis	  or	  ELISA	  techniques	  essential	  

for	  identification	  of	  the	  GST	  isozymes	  or	  classes	  of	  GST	  isozymes	  which	  may	  be	  affected	  by	  

xenobiotic	  treatment.	  	  Thus,	  measurement	  of	  GST	  isozyme	  profiles	  in	  preclinical	  rodent	  model	  

scan	  rapidly	  provide	  clues	  to	  potential	  drug	  interactions	  or	  modification	  in	  the	  detoxication	  of	  

environmental	  contaminants.	  
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Clinical	  Investigations	  

In	  addition,altered	  expression	  of	  the	  GSTs	  have	  been	  measured	  in	  mammalian	  tissues	  and	  in	  

human	  serum,	  plasma	  and	  urine	  is	  observed.	  	  For	  example,	  increased	  levels	  of	  Alpha	  GST	  

isozymes	  in	  plasma	  or	  serum	  have	  been	  related	  to	  acute	  or	  chronic	  liver	  disease	  (30).	  	  

Similarly,	  the	  levels	  of	  urinary	  Alpha	  GSTs	  relate	  to	  renal	  damage	  (31-‐33).	  	  Increased	  GST	  

plasma	  levels	  measured	  using	  radioimmunoassay	  or	  ELISA	  have	  been	  observed	  following	  

hepatocellular	  damage	  elicited	  by	  acetaminophen	  (34),	  alcohol	  (35),	  or	  halothane	  (36).	  	  The	  

Alpha	  GST	  serum	  half	  life	  is	  short	  (less	  than	  1	  hr),	  and	  because	  of	  its	  high	  concentration	  in	  

liver,	  its	  broad	  lobular	  distribution	  and	  rapid	  release	  from	  tissues,	  	  the	  Alpha	  GSTs	  are	  

considered	  to	  be	  more	  sensitive	  indicators	  of	  hepatocellular	  injury	  than	  the	  standard	  serum	  

transaminases.	  	  The	  may	  also	  give	  important	  information	  about	  the	  course	  of	  liver	  disease	  and	  

their	  subsequent	  management.	  	  Measurement	  of	  Alpha	  GSTs	  in	  serum	  and	  urine	  were	  found	  

to	  be	  better	  indicators	  than	  the	  serum	  transaminases	  in	  early	  prediction	  of	  rejection	  following	  

liver	  or	  kidney	  transplantation,	  respectively	  (37).	  	  The	  Alpha	  GSTs	  were	  also	  a	  better	  measure	  

of	  successful	  intervention	  to	  alleviate	  rejection	  following	  transplantation,	  thereby	  

demonstrating	  the	  important	  clinical	  use	  of	  monitoring	  GST	  levels	  in	  biological	  tissues	  (37).	  	  

Similarly,	  the	  plasma	  levels	  of	  Alpha	  GSTs	  were	  correlated	  with	  onset	  and	  therapeutic	  

suppression	  of	  chronic	  or	  acute	  hepatitis	  infection	  (38).	  	  Elevated	  Alpha	  GSTs	  have	  been	  

found	  in	  plasma	  of	  patients	  with	  hepatocellular	  damage	  caused	  by	  hypoglycemia	  (39),	  birth	  

asphyxia	  (40),	  or	  autoimmune	  chronic	  hepatitis	  (41).	  	  These	  results	  indicate	  that	  
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measurement	  of	  Alpha	  GST	  expression	  in	  biological	  fluids	  can	  be	  an	  important	  clinical	  tool	  to	  

monitor	  the	  dynamic	  impact	  of	  stresses	  on	  liver	  and	  kidney.	  	  	  	  

Deficiencies	  in	  expression	  of	  GSTs	  in	  humans	  have	  been	  documented	  (For	  review,	  see	  Board	  

et	  al.,	  42).	  	  Approximately	  half	  of	  the	  population	  lacks	  GST	  Mu	  expression,	  termed	  the	  GST	  M1	  

null	  genotype	  (43-‐44).	  	  Epidemiological	  evidence	  supports	  the	  conclusions	  that	  persons	  

possessing	  this	  genotype	  are	  predisposed	  to	  a	  number	  of	  cancers	  including	  breast,	  prostate,	  

liver	  and	  colon	  cancers	  (45-‐47).	  	  Measurement	  of	  a	  lack	  of	  GST	  Mu	  class	  isozymes	  in	  human	  

polymorphonuclear	  cells	  by	  ELISA	  methods	  has	  been	  associated	  with	  increased	  

predisposition	  to	  liver	  and	  colon	  cancers	  (44,47).	  	  GST	  Pi	  is	  an	  acidic	  isozyme	  which	  is	  

expressed	  in	  high	  concentrations	  in	  chemically-‐induced	  preneoplastic	  rat	  hepatocyte	  nodules	  

(48-‐50)	  and	  in	  rat	  primary	  hepatomas	  (51).	  	  The	  human	  ortholog,	  GST	  P1-‐1	  (52),	  is	  also	  

expressed	  in	  many	  human	  tumors,	  including	  colonic	  (53),	  hepatic	  (54),	  prostate	  (55),	  lung	  

(56),	  breast,	  ovarian,	  gastric,	  and	  renal	  cell	  (57,58)	  carcinomas,	  as	  well	  as	  melanoma,	  uterine	  

adenocarcinoma,	  and	  mesothelioma	  (57,59).	  	  In	  contrast,	  GST	  7-‐7	  is	  present	  in	  only	  trace	  

amounts	  (6-‐8)	  in	  normal	  rat	  liver,	  and	  is	  expressed	  primarily	  in	  the	  bile	  duct	  epithelium.	  	  GST	  

7-‐7	  has	  also	  been	  induced	  de	  novo	  in	  rat	  hepatic	  tissue	  by	  treatment	  with	  trans-‐stilbene	  oxide	  

(60),	  lead	  nitrate	  (61),	  and	  pyrrole	  (62).	  	  Elevated	  expression	  of	  GST	  P1-‐1	  has	  been	  found	  in	  a	  

number	  of	  human	  multi-‐drug	  resistant	  cell	  lines	  and	  tumors	  (63-‐65)	  and	  GST	  P1-‐1	  has	  been	  

associated	  with	  the	  resistance	  of	  these	  cells	  and	  tumors	  towards	  chemotherapeutic	  agents.	  	  	  

Therefore,	  measurement	  of	  GST	  Alpha,	  Mu	  and	  Pi	  class	  expression	  may	  have	  	  clinical	  benefit	  

for	  monitoring	  therapeutic	  progression	  of	  cancerous	  disease	  or	  identification	  of	  populations	  

susceptible	  to	  chemotherapeutic	  interventions.	  
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Conclusions	  

The	  GSTs	  constitute	  a	  primary	  pathway	  for	  the	  detoxication	  of	  cellular	  electrophiles	  

generated	  endogenously	  or	  form	  xenobiotic	  administration	  or	  exposure.	  	  Preclinical	  studies	  

have	  correlated	  enhanced	  metabolism	  of	  electrophiles	  with	  increased	  levels	  of	  GST	  isozymes	  

within	  various	  tissues.	  	  Expression	  of	  GSTs	  within	  individuals	  can	  then	  provide	  an	  indicator	  

the	  metabolic	  potential	  of	  their	  tissues	  and	  possible	  deficiencies	  in	  their	  susceptibility	  to	  

dietary	  or	  environmental	  carcinogens.	  	  GSTs	  are	  over-‐expressed	  in	  certain	  tumor	  types,	  and	  

measurement	  of	  GSTs	  in	  serum	  or	  in	  pathological	  specimens	  can	  be	  used	  to	  follow	  the	  course	  

of	  disease	  and	  the	  success	  of	  intervention.	  	  Release	  of	  GSTs	  from	  damaged	  tissues	  can	  also	  be	  

monitored	  by	  rapid	  ELISA	  or	  western	  blotting	  techniques	  to	  inform	  clinicians	  of	  acute	  toxicity	  

related	  to	  tissue	  rejection	  after	  transplantation,	  chemical	  insult	  or	  viral	  infection.	  	  Readily	  

available	  ELISA	  or	  western	  blot	  kits	  are	  then	  extremely	  useful	  in	  the	  preclinical	  or	  clinical	  

laboratory	  to	  measure	  modulated	  GST	  expression	  in	  experimental	  or	  clinical	  specimens.	  	  
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