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Age-­‐related	
  macular	
  degeneration	
  (AMD)	
  is	
  the	
  leading	
  cause	
  of	
  legal	
  blindness	
  in	
  people	
  aged	
  over	
  55	
  
in	
   Western	
   countries.	
   Because	
   the	
   proportion	
   of	
   the	
   aged	
   population	
   is	
   increasing	
   and	
   there	
   are	
  
limited	
   therapeutic	
   options,	
   AMD	
   is	
   becoming	
   an	
   important	
   condition	
   worldwide.	
   This	
   review	
  
describes	
   the	
   pathogenesis	
   of	
   AMD	
   and	
   current	
   literature	
   on	
   the	
   role	
   of	
   certain	
   nutritional	
  
supplements	
  in	
  the	
  progression	
  of	
  AMD.	
  	
  
Genetic	
   factors,	
   oxidative	
   stress,	
   apoptosis,	
   angiogenesis	
   and	
   inflammation	
  might	
  be	
   involved	
   in	
   the	
  
AMD	
  pathogenesis.	
  Genetic	
  and	
  environmental	
  components	
  that	
  can	
  influence	
  the	
  risk	
  for	
  developing	
  
AMD	
   include	
   age,	
   smoking,	
   BMI,	
   and	
   genetic	
   variants	
   like	
   CFH	
   Y402H,	
   ARMS2	
   A69S	
   and	
   C3	
   R102G.	
  
Several	
   small	
   trials	
   have	
   investigated	
   the	
   association	
   between	
   diet,	
   nutrient	
   intake	
   and	
   AMD.	
   The	
  
largest	
  study	
  investigating	
  the	
  effect	
  of	
  nutritional	
  supplements	
  on	
  the	
  progression	
  of	
  AMD	
  is	
  the	
  Age-­‐
Related	
  Eye	
  Disease	
  Study	
  (AREDS).	
  AREDS	
  demonstrated	
  that	
  5-­‐year	
  intake	
  of	
  a	
  combination	
  of	
  oral	
  
supplements	
   consisting	
   of	
   antioxidants	
   (β-­‐carotene,	
   vitamin	
   C,	
   E),	
   minerals,	
   zinc	
   and	
   copper	
   could	
  
reduce	
   the	
  risk	
  of	
  progression	
   to	
  advanced	
  AMD	
  by	
   25%.	
  Lutein,	
   zeaxanthin,	
  vitamin	
  B	
  and	
   the	
  ω-­‐3	
  
fatty	
  acids	
  DHA	
  and	
  EPA	
  have	
  also	
  been	
  reported	
  to	
  decrease	
  AMD	
  progression.	
  However,	
  the	
  AREDS2	
  
study	
  showed	
  no	
  overall	
  improvement	
  of	
  the	
  original	
  AREDS	
  formula	
  when	
  adding	
  lutein,	
  zeaxanthin,	
  
EPA	
  and	
  DHA.	
  Recommendations	
  in	
  the	
  current	
  literature	
  on	
  whether	
  or	
  not	
  people	
  with	
  AMD	
  should	
  
take	
  antioxidant	
  or	
  ω3-­‐LCPUFA	
  supplements	
  are	
  primarily	
  based	
  on	
   the	
   results	
  of	
   the	
  AREDS	
  study.	
  
Although	
  other	
  trials	
  have	
  been	
  done,	
  they	
  have	
  generally	
  been	
  small	
  and	
  of	
  short	
  duration,	
  resulting	
  
in	
  inconclusive	
  results.	
  	
  
Although	
   some	
   results	
   have	
   been	
   promising,	
   there	
   is	
   insufficient	
   evidence	
   in	
   the	
   literature	
   to	
  
recommend	
   routine	
   nutritional	
   supplementation	
   for	
   slowing	
   down	
   AMD	
   progression.	
   Further	
   large	
  
scale	
   and	
   sample	
   randomised	
   controlled	
   trials	
   need	
   to	
   be	
   done	
   in	
   this	
   area	
   to	
   provide	
   sufficient	
  
evidence	
  for	
  the	
  use	
  of	
  nutritional	
  supplements	
  in	
  AMD.	
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I.	
  GENERAL	
  INTRODUCTION	
  
	
  

	
  	
  	
  	
  	
  Age-­‐related	
  macular	
  degeneration	
  (AMD)	
  is	
  the	
  leading	
  cause	
  of	
  legal	
  blindness	
  in	
  people	
  over	
  the	
  age	
  
of	
  55	
  years	
  in	
  Western	
  countries	
  (Klein	
  et	
  al.	
  2010).	
  It	
  is	
  estimated	
  to	
  affect	
  about	
  50	
  million	
  people	
  
worldwide	
  (Buentello-­‐Volante	
  et	
  al.	
  2012).	
  AMD	
  is	
  defined	
  as	
  an	
  abnormality	
  of	
  the	
  retinal	
  pigment	
  
epithelium	
  (RPE)	
  that	
  leads	
  to	
  degeneration	
  of	
  the	
  overlying	
  photoreceptors	
  in	
  the	
  macula	
  and	
  
consequent	
  loss	
  of	
  central	
  vision	
  (Zhang	
  et	
  al.	
  2012).	
  The	
  macula	
  lutea	
  is	
  a	
  region	
  of	
  the	
  retina	
  that	
  is	
  
packed	
  with	
  light-­‐sensitive	
  cells,	
  called	
  photoreceptors	
  (Figure	
  1).	
  The	
  macula	
  is	
  responsible	
  for	
  central,	
  
high-­‐resolution	
  vision	
  needed	
  for	
  e.g.	
  reading,	
  recognizing	
  faces	
  and	
  driving.	
  Damage	
  leads	
  to	
  visual	
  
impairments	
  like	
  haziness,	
  central	
  scotoma	
  or	
  metamorphopsia	
  in	
  the	
  central	
  vision	
  of	
  patients	
  (Figure	
  2)	
  
(as	
  described	
  in	
  the	
  NOG	
  guideline	
  for	
  AMD,	
  2014).	
  AMD	
  has	
  a	
  chronic	
  progressive	
  course	
  and	
  can	
  cause	
  
an	
  extensive	
  decline	
  in	
  the	
  quality	
  of	
  life,	
  often	
  requiring	
  lifelong	
  observation	
  and	
  therapy	
  (Pinazo-­‐Durán	
  
et	
  al.	
  2014a).	
  Data	
  pooled	
  from	
  several	
  population-­‐based	
  studies	
  (the	
  Beaver	
  Dam	
  Eye	
  Study,	
  the	
  
Rotterdam	
  Study,	
  the	
  Blue	
  Mountains	
  Eye	
  study)	
  have	
  estimated	
  the	
  prevalence	
  of	
  advanced	
  age-­‐related	
  
macular	
  degeneration	
  to	
  be	
  0⋅2%	
  in	
  individuals	
  aged	
  55	
  to	
  64	
  years	
  (Coleman	
  et	
  al.	
  2008,	
  Vingerling	
  et	
  al.	
  
1995,	
  Klein	
  et	
  al.	
  2007,	
  Mitchell	
  et	
  al.	
  2002).	
  Currently,	
  there	
  are	
  only	
  a	
  few	
  effective	
  treatments	
  for	
  AMD.	
  
Unfortunately,	
  the	
  acknowledged	
  treatments	
  are	
  only	
  effective	
  in	
  a	
  small	
  proportion	
  of	
  patients.	
  Because	
  
the	
  proportion	
  of	
  the	
  aged	
  population	
  is	
  continuously	
  increasing,	
  AMD	
  is	
  becoming	
  a	
  socioeconomic	
  
problem	
  and	
  important	
  condition	
  worldwide	
  (Ferris	
  et	
  al.	
  2013,	
  Pinazo-­‐Durán	
  et	
  al.	
  2014a).	
  
	
  

	
  
	
  
	
  	
  	
  	
  	
  AMD	
  appears	
  to	
  be	
  a	
  complex	
  disease	
  with	
  demographic,	
  environmental	
  and	
  genetic	
  risk	
  factors	
  (Ding	
  
et	
   al.	
   2009),	
   of	
   which	
   age	
   is	
   considered	
   to	
   be	
   the	
   strongest	
   risk	
   factor	
   (Tombran-­‐Tink	
   and	
   Barnstable	
  
2006,	
  Coleman	
  et	
  al.	
  2008).	
  Increasing	
  evidence	
  suggests	
  that	
  there	
  are	
  genetic	
  factors	
  involved	
  in	
  AMD.	
  
Studies	
  have	
  demonstrated	
  an	
  increased	
  risk	
  of	
  AMD	
  when	
  a	
  first-­‐degree	
  family	
  member	
  is	
  affected	
  and	
  
approximately	
   20%	
   of	
   the	
   AMD	
   patients	
   have	
   a	
   positive	
   family	
   history	
   (Tombran-­‐Tink	
   and	
   Barnstable	
  
2006).	
   Currently,	
   the	
   most	
   important	
   genes	
   associated	
   with	
   AMD	
   are	
   complement	
   factor	
   H	
   (CFH)	
   on	
  
chromosome	
   1q32	
   and	
   LOC387715(ARMS2)/HtrA1	
   on	
   chromosome	
   10q26	
   (Coleman	
   et	
   al.	
   2008).	
   All	
  
forms	
   of	
   AMD	
   are	
   more	
   prevalent	
   in	
   the	
   white	
   population	
   than	
   in	
   more	
   darkly	
   pigmented	
   races	
   like	
  

	
   	
  
	
  

	
  
Figure	
  1	
  	
  	
  Retinal	
  anatomy	
  and	
  structure	
  
A:	
  Schematic	
  diagram	
  of	
  the	
  eye	
  and	
  retina.	
  The	
  choroid	
  	
  
and	
  layers	
  of	
  the	
  retina,	
  including	
  the	
  RPE	
  are	
  shown	
  
(Zhang	
  et	
  al.	
  2012)	
  	
  	
  
B:	
  The	
  fovea	
  is	
  a	
  small	
  pit	
  within	
  the	
  macula,	
  containing	
  
the	
  largest	
  concentration	
  of	
  cone	
  cells	
  in	
  the	
  eye	
  	
  
(G.	
  Dijkman,	
  LUMC)	
  
C:	
  Image	
  of	
  a	
  normal	
  retina	
  and	
  macula	
  (Zhang	
  et	
  al.	
  2012)	
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Blacks,	
  Asians	
  and	
  Hispanics	
  (Ferris	
  et	
  al.	
  2013).	
  Female	
  sex	
  may	
  also	
  be	
  a	
  risk	
  factor	
  in	
  individuals	
  aged	
  
over	
  75	
  years	
  (Smith	
  et	
  al.	
  2001).	
  	
  
	
  	
  	
  	
  	
  Cigarette	
   smoking	
   is	
   considered	
   a	
   strong	
   oxidative	
   stressor	
   and	
   the	
  most	
   preventable	
   risk	
   factor	
   for	
  
AMD	
  (Rickman	
  et	
  al.	
  2013,	
  Eye	
  Disease	
  Case-­‐Control	
  Study	
  Group	
  1992).	
  The	
  Rotterdam	
  Study	
  showed	
  a	
  
dose-­‐response	
  relationship	
  between	
  smoking	
  and	
  AMD	
  (Vingerling	
  et	
  al.	
  1996).	
  Also,	
  vascular	
  risk	
  factors	
  
have	
  been	
  hypothesized	
  to	
  be	
  important	
  pathogenic	
  factors	
  for	
  the	
  development	
  of	
  AMD,	
  although	
  reports	
  
have	
   shown	
  conflicting	
   results	
   (Tombran-­‐Tink	
  and	
  Barnstable	
  2006,	
  Ambati	
   et	
   al.	
   2003).	
  High	
   levels	
  of	
  
exposure	
  to	
  blue	
  or	
  visible	
  light	
  might	
  cause	
  ocular	
  damage,	
  but	
  so	
  far	
  reports	
  have	
  been	
  conflicting.	
  	
  
	
  	
  	
  	
  	
  Gene	
  environment	
  studies	
  of	
  the	
  CFH	
  locus	
  provide	
  evidence	
  that	
  modifiable	
  factors	
  can	
  alter	
  genetic	
  
susceptibility.	
   In	
  a	
   study	
  by	
  Seddon	
  et	
  al.	
   (2006a),	
   susceptibility	
   to	
  advanced	
  AMD	
  associated	
  with	
  CFH	
  
Y402H	
  was	
  modified	
  by	
  BMI,	
  and	
  both	
  BMI	
  and	
  smoking	
  increased	
  risk	
  of	
  advanced	
  AMD.	
  	
  	
  
	
  
	
  	
  	
  	
  	
  Important	
   advances	
   in	
   the	
   understanding	
   of	
   AMD	
   pathogenesis	
   generated	
   a	
   foundation	
   for	
   further	
  
epidemiological	
  and	
  interventional	
  studies	
  focussing	
  on	
  the	
  role	
  of	
  diet	
  and	
  nutritional	
  supplements	
  in	
  the	
  
incidence	
   and	
   progression	
   of	
   AMD	
   (Pinazo-­‐Durán	
   et	
   al.	
   2014a).	
   The	
   Age-­‐Related	
   Eye	
   Disease	
   Study	
  
(AREDS)	
  investigated	
  the	
  effect	
  of	
  high	
  doses	
  of	
  zinc,	
  vitamin	
  A	
  and	
  C	
  and	
  β-­‐carotene	
  on	
  the	
  progression	
  of	
  
AMD.	
   The	
   results	
   were	
   promising:	
   5-­‐year	
   intake	
   of	
   the	
   nutritional	
   supplements	
   reduced	
   the	
   risk	
   of	
  
progression	
   to	
   advanced	
   AMD	
   by	
   25%	
   and	
   the	
   risk	
   of	
  moderate	
   vision	
   loss	
   by	
   19%	
   (AREDS	
   Research	
  
Group	
  2001).	
  In	
  2013,	
  the	
  preliminary	
  results	
  of	
  the	
  AREDS2	
  study	
  were	
  published.	
  In	
  AREDS2,	
  the	
  zinc-­‐
dose	
  was	
  reduced,	
  β-­‐carotene	
  was	
  replaced	
  by	
  lutein	
  and	
  zeaxanthin	
  and	
  long-­‐chain	
  omega-­‐3	
  fatty	
  acids	
  
were	
  added	
  to	
  the	
  original	
  AREDS	
  nutritional	
  supplement,	
  but	
  the	
  results	
  of	
  AREDS2	
  showed	
  no	
  overall	
  
improvement	
  compared	
  to	
  the	
  original	
  AREDS	
  formula	
  (AREDS2	
  Research	
  Group	
  2013).	
  	
  
	
  	
  	
  	
  	
  This	
   growing	
   interest	
   has	
   led	
   to	
   numerous	
   studies	
   examining	
   the	
   role	
   of	
   diet	
   and	
   nutrition	
   in	
   the	
  
development	
   of	
   AMD.	
   However,	
   this	
   research	
   is	
   still	
   in	
   its	
   early	
   stages	
   and	
   has	
   so	
   far	
   led	
   to	
   different	
  
results,	
  giving	
  rise	
  to	
  the	
  question:	
   ‘Could	
  certain	
  nutritional	
  supplements	
  slow	
  down	
  the	
  progression	
  of	
  age-­‐
related	
  macular	
  degeneration?’	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure	
   2	
   	
   	
  Vision	
   of	
   AMD	
   patients.	
   	
  AMD-­‐patients	
  may	
  notice	
  blurry	
   or	
  
dark	
  spots	
  in	
  their	
  central	
  vision	
  (scotoma),	
  difficulties	
  distinguishing	
  sharp	
  
details	
  and/or	
  may	
  have	
  the	
  feeling	
  there	
  is	
  insufficient	
  light	
  when	
  reading.	
  
Patients	
   may	
   also	
   experience	
   metamorphopsia	
   (when	
   lines	
   appear	
   wavy	
  
and	
   shapes	
   are	
   distorted)	
   (Picture	
   provided	
   by	
   the	
   Angiogenesis	
  
Foundation).	
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II.	
  AGE-­‐RELATED	
  MACULAR	
  DEGENERATION	
  
	
  
IIa.	
  	
  	
  Different	
  stages	
  of	
  AMD	
  
	
  	
  	
  	
  	
  In	
   the	
   aging	
   eye,	
   subretinal	
   extracellular	
   deposits	
   composed	
   of	
   lipids	
   and	
   glycoproteins	
   accumulate	
  
between	
   the	
   basement	
  membrane	
   of	
   the	
   RPE	
   and	
   Bruch’s	
  membrane	
   as	
   discrete	
   accumulations,	
   called	
  
drusen	
  (Ding	
  et	
  al.	
  2009,	
  Rickman	
  et	
  al.	
  2013)	
  (Figure	
  3).	
  The	
  clinical	
  hallmark	
  of	
  AMD	
  is	
  the	
  appearance	
  
of	
   these	
   drusen	
   (Ambati	
   et	
   al.	
   2003).	
   Based	
   on	
   the	
   appearance	
   of	
   the	
   macula,	
   patients	
   are	
   currently	
  
classified	
  as	
  having	
  early	
  AMD,	
  intermediate	
  AMD	
  and	
  late	
  or	
  advanced	
  AMD	
  (Rickman	
  et	
  al.	
  2013).	
  The	
  
appearance	
  of	
  small	
  drusen	
  (<63μm	
  in	
  diameter),	
  or	
  drupelets,	
  is	
  a	
  normal	
  age-­‐related	
  change	
  in	
  the	
  eye	
  
and	
  does	
  not	
  implicate	
  an	
  increased	
  risk	
  of	
  developing	
  late	
  AMD	
  (Donoso	
  et	
  al.	
  2006,	
  Rickman	
  et	
  al.	
  2013,	
  
Ferris	
  et	
  al.	
  2013).	
  However,	
  when	
  there	
  are	
  multiple	
  small	
  and	
  intermediate	
  drusen	
  (63-­‐125μm)	
  present	
  
in	
  the	
  retina	
  but	
  no	
  pigmentary	
  abnormalities	
  related	
  to	
  AMD,	
  persons	
  should	
  be	
  considered	
  to	
  have	
  early	
  
AMD.	
   Persons	
   with	
   large	
   drusen	
   (>125μm)	
   or	
   pigmentary	
   abnormalities	
   associated	
   with	
   drusen	
   are	
  
considered	
   to	
   have	
   intermediate	
   AMD	
   (Ferris	
   et	
   al.	
   2013).	
   In	
   early	
   and	
   intermediate	
   AMD,	
   the	
   visual	
  
function	
   of	
   patients	
   is	
   often	
   affected	
   (Rickman	
   et	
   al.	
   2013).	
   The	
   appearance	
   of	
   lesions	
   associated	
  with	
  
neovascular	
  AMD	
  of	
  geographic	
  atrophy	
  (GA)	
  is	
  considered	
  to	
  be	
  an	
  indication	
  for	
  late	
  AMD	
  (Ferris	
  et	
  al.	
  
2013).	
   Central	
   vision	
   is	
   often	
   severely	
   affected	
   in	
   late	
   or	
   advanced	
   stages	
   of	
   AMD	
   and	
   patients	
   can	
  
experience	
  progressive	
  loss	
  of	
  central	
  vision	
  (Rickman	
  et	
  al.	
  2013).	
  	
  
	
  

	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  3	
   	
   	
  RPE	
  Cell	
   in	
   a	
  3-­‐year-­‐old	
   child	
   (left)	
  and	
  an	
  80-­‐year-­‐old	
  person	
  (right).	
  The	
  outer	
  
segments	
  of	
  the	
  rods	
  and	
  cones	
  are	
  embedded	
  in	
  the	
  inter-­‐photoreceptor	
  matrix	
  (blue-­‐grey	
  areas)	
  
and	
   partially	
   surrounded	
   by	
   apical	
   pseudopodial	
   RPE	
   processes	
   (APRP).	
   Phagosomes	
   can	
  
encapsulate	
   disks	
   and	
   digest	
   them	
   in	
   phagolysosomes	
   in	
   the	
   cell	
   cytoplasm	
   of	
   the	
   RPE	
   (right).	
  
Macrophages	
   and	
   giant	
   cells	
   (fused	
  macrophages)	
   remove	
   cellular	
   debris	
   around	
   the	
   cell.	
   Light-­‐
induced	
   toxicity	
   occurs	
   as	
   light	
   is	
   absorbed	
   by	
   the	
   various	
   chromophores	
   (photosensitive	
  
compounds)	
   in	
   the	
   lipofuscin	
   granules.	
   This	
   damages	
   DNA	
   and	
   cell	
   membranes	
   and	
   causes	
  
inflammation	
  and	
   apoptosis.	
  The	
   right	
  hand	
  panel	
  shows	
  enlarged	
   lipofuscin	
   granules,	
   thickened	
  
Burch’s	
  membrane	
  by	
  the	
  formation	
  of	
  drusen	
  and	
  attenuation	
  of	
  the	
  choriocappilaris.	
  The	
  central	
  
elastic	
  lamina	
  in	
  Bruch’s	
  membrane	
  becomes	
  more	
  porous	
  in	
  old	
  age	
  (de	
  Jong	
  2006).	
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IIb.	
  	
  	
  Different	
  types	
  of	
  AMD	
  
	
  	
  	
  	
  	
  Drusen	
   are	
   located	
   between	
   the	
   basement	
   membrane	
   of	
   the	
   RPE	
   and	
   Bruch’s	
   membrane	
   and	
   the	
  
formation	
  of	
  drusen	
  can	
  be	
  caused	
  by	
  RPE	
  dysfunction	
  or	
  by	
  a	
  change	
  in	
  the	
  composition	
  of	
  permeability	
  
(to	
   nutrients)	
   of	
   Bruch’s	
  membrane	
   (Ambati	
   et	
   al.	
   2003,	
   Zhang	
   et	
   al.	
   2012).	
   They	
   are	
  most	
   frequently	
  
found	
  as	
  clusters	
  within	
  the	
  macular	
  region	
  and	
  can	
  vary	
  in	
  size,	
  colour	
  and	
  shape,	
  and	
  tend	
  to	
  increase	
  in	
  
number	
  with	
  advancing	
  age.	
  In	
  early	
  AMD	
  stages,	
  drusen	
  are	
  opthalmoscopically	
  visible	
  as	
  yellow-­‐white	
  
deposits	
  (Ding	
  et	
  al.	
  2009).	
  
	
  	
  	
  	
  	
  Currently	
   AMD	
   is	
   divided	
   into	
   two	
   basic	
   subtypes:	
  
‘dry’	
   AMD	
   (90%	
   of	
   the	
   cases)	
   and	
   ‘wet’	
   or	
   neovascular	
  
AMD	
   (10%	
   of	
   the	
   cases)	
   (Singer	
   2014).	
   Early	
   or	
  
intermediate	
   AMD	
  with	
   simple	
   drusen	
   can	
   progress	
   to	
  
geographic	
   atrophy	
   (GA),	
   the	
   ‘dry’	
   advanced	
   form	
   of	
  
AMD,	
   or	
   to	
   neovascular	
   AMD,	
   which	
   is	
   the	
   ‘wet’	
  
advanced	
  form	
  of	
  AMD	
  (Figure	
  4).	
  Neovascular	
  AMD	
  can	
  
eventually	
   lead	
  to	
  the	
  formation	
  of	
  scar	
  tissue,	
  which	
  in	
  
turn	
  is	
  considered	
  ‘dry’	
  AMD	
  (Ferris	
  et	
  al.	
  2013).	
  	
  
	
  
	
  	
  	
  	
  	
  	
  There	
   are	
   two	
   distinct	
   types	
   of	
   deposits	
   in	
   the	
   eye:	
  
basal	
  laminar	
  deposits	
  (BlamD)	
  and	
  basal	
  linear	
  deposits	
  
(BlinL).	
   The	
   combination	
   of	
   these	
   deposits	
   with	
  
secondary	
   changes	
   can	
   lead	
   to	
   the	
   formation	
   of	
   drusen	
  
in	
  the	
  RPE	
  (Coleman	
  et	
  al.	
  2008)	
  (Figure	
  4A).	
  Drusen	
  are	
  
clinically	
   classified	
   as	
   ‘hard’	
   or	
   ‘soft’	
   (Figure	
   5).	
   Hard	
  
drusen	
  are	
  relatively	
  common	
  in	
  elderly	
  patients	
  with	
  or	
  
without	
   AMD	
   and	
   are	
   -­‐	
   in	
   small	
   numbers	
   -­‐	
   not	
  
considered	
  an	
  important	
  risk	
  factor	
  for	
  the	
  development	
  
of	
   AMD	
   (Ding	
   et	
   al.	
   2013,	
   Ambati	
   et	
   al.	
   2003).	
   Soft	
  
drusen	
  are	
  associated	
  with	
  the	
  detachment	
  of	
  the	
  retinal	
  
pigment	
   epithelium	
   (RPE)	
   and	
   abnormal	
   Bruch’s	
  
membrane	
  alterations	
  (Coleman	
  et	
  al.	
  2008).	
  
	
  	
  	
  	
  	
  The	
   composition	
   of	
   drusen	
   has	
   been	
   investigated.	
  
Many	
  different	
  molecules	
  have	
  been	
  identified,	
  including	
  
glycoproteins,	
  (a)lipoproteins	
  B	
  and	
  E,	
  lipids,	
  vitronectin	
  
and	
  complement	
  factors	
  (Coleman	
  et	
  al.	
  2008,	
  Russel	
  et	
  
al.	
  2005,	
  Hageman	
  and	
  Mullins	
  1999).	
  Macrophages	
  have	
  
been	
   detected	
   in	
   regressing	
   drusen,	
   suggesting	
  
macrophages	
   are	
   recruited	
   to	
   eliminate	
   the	
   deposits	
  
within	
   the	
   Bruch’s	
  membrane.	
   Activated	
  microglia	
   also	
  
accumulate	
   in	
   AMD	
   (Coleman	
   et	
   al.	
   2008).	
   Although	
  
many	
   studies	
   have	
   investigated	
   the	
   composition	
   and	
  
characteristics	
   of	
   human	
   drusen,	
   further	
   research	
   is	
  
needed	
   to	
  elucidate	
   its	
  significance	
   for	
  AMD	
  prevention	
  
(Pinazo-­‐Durán	
  et	
  al.	
  2014a).	
  
	
  
Geographic	
  atrophy	
  
	
  	
  	
  	
  	
  GA	
   is	
   the	
   advanced	
   non-­‐neovascular	
   form	
   of	
   AMD,	
  
which	
   involves	
   the	
   centre	
   of	
   the	
  macula	
   (Damico	
   et	
   al.	
  
2012,	
  Coleman	
  et	
  al.	
  2008).	
  GA	
  refers	
  to	
  the	
  presence	
  of	
  
discrete	
   areas	
   of	
   retinal	
   depigmentation	
   (≥175μm	
   in	
  
diameter)	
  and	
  visible	
  choroidal	
  vessels	
  in	
  the	
  absence	
  of	
  
neovascular	
  AMD	
  in	
  the	
  same	
  eye	
  (Figure	
  4B).	
  GA	
  results	
  
from	
   continued	
  RPE-­‐loss,	
  which	
   in	
   turn	
   can	
   lead	
   to	
   the	
  
development	
   of	
   areas	
  with	
   total	
   loss	
   of	
   the	
   retina,	
   RPE	
  
and	
  choriocapillaris	
  (Coleman	
  et	
  al.	
  2008).	
  GA	
  generally	
  
leads	
   to	
   slow	
   progression	
   of	
   visual	
   loss,	
   because	
  
photoreceptors	
  are	
  possibly	
  metabolically	
  dependent	
  on	
  
the	
   underlying	
   RPE	
   cells	
   (Ambati	
   et	
   al.	
   2003).	
   GA	
  
accounts	
   for	
  35%	
  of	
  all	
  cases	
  of	
  advanced	
  MD	
  and	
  20%	
  
of	
  legal	
  blindness	
  caused	
  by	
  AMD	
  (Damico	
  et	
  al.	
  2012).	
  

	
  

Figure	
   4	
   	
   	
   Different	
   types	
   of	
   AMD.	
   A:	
   Left	
   eye	
   of	
   a	
  
patient	
   with	
   intermediate	
   age-­‐related	
   macular	
  
degeneration	
  with	
   large	
   drusen.	
   B:	
   Geographic	
   atrophy	
  
involving	
   the	
   centre	
   of	
   the	
   fovea,	
   with	
   sharply	
  
demarcated	
   loss	
   of	
   normal	
  RPE	
   and	
   evidence	
  of	
   deeper	
  
larger	
   choroidal	
   vessels.	
   C:	
   Neovascular	
   AMD,	
   with	
  
retinal	
  haemorrhage,	
   lipids,	
  or	
   retinal	
  hard	
  exudate	
  and	
  
subretinal	
  fluid	
  (Coleman	
  et	
  al.	
  2008).	
  

A	
  

B	
  

C	
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Neovascular	
  AMD	
  
	
  	
  	
  	
  	
  Neovascular	
   AMD,	
   exudative	
   or	
   ‘wet’	
   AMD	
   is	
   the	
   most	
   common	
   cause	
   of	
   severe	
   central	
   visual	
   loss	
  
(Vingerling	
   et	
   al.	
   1995)	
   and	
   the	
   onset	
   of	
   vision	
   loss	
   in	
   neovascular	
   AMD	
   is	
   acute.	
   Choroidal	
  
neovascularisation	
  (CNV)	
  refers	
  to	
  the	
  growth	
  of	
  new	
  blood	
  vessels	
  from	
  the	
  choroid	
  and	
  (Figure	
  4C).	
  In	
  
AMD,	
   early	
   neovascularisation	
   can	
   eventually	
   break	
   through	
   the	
  RPE	
   and	
   enter	
   the	
   subretinal	
   space	
   to	
  
develop	
  exudative,	
  haemorrhagic	
  or	
  disciform	
  AMD	
  (Ambati	
  et	
  al.	
  2003,	
  Coleman	
  et	
  al.	
  2008).	
  Repeated	
  
leakage	
   of	
   blood,	
   lipid	
   and	
   serum	
   can	
   lead	
   to	
   fibrovascular	
   and	
   fibroglial	
   tissue	
   and	
   disciform	
   scarring	
  
(Ambati	
  et	
  al.	
  2003,	
  Tombran-­‐Tink	
  and	
  Barnstable	
  2006).	
  Disciform	
  AMD	
  can	
  cause	
  severe	
  impairment	
  of	
  
the	
  outer	
  nuclear	
  layer	
  and	
  can	
  lead	
  to	
  a	
  70%	
  reduction	
  of	
  photoreceptor	
  length	
  (Kim	
  et	
  al.	
  2002).	
  	
  
	
  
IIc.	
  	
  	
  Detection	
  techniques	
  
	
  	
  	
  	
  	
  Various	
  ocular-­‐imaging	
  techniques	
  have	
  evolved	
  over	
  the	
  past	
  years	
  and	
  are	
  currently	
  being	
  used	
  in	
  the	
  
diagnosis	
   of	
   AMD	
   (Rickman	
   et	
   al.	
   2013).	
   Ocular	
   coherence	
   tomography	
   (OCT)	
   and	
   the	
   fluorescein	
  
angiography	
  (FA)	
  are	
  important	
  tools	
  in	
  the	
  examination	
  of	
  retinal	
  diseases	
  and	
  many	
  situations	
  require	
  
both	
  imaging	
  techniques	
  for	
  a	
  correct	
  diagnosis	
  and	
  treatment	
  plan	
  (Chhablani	
  and	
  Sudhalkar	
  2014).	
  
	
  	
  	
  	
  	
  OCT	
  of	
  spectral	
  domain	
  OCT	
  (SD-­‐OCT)	
  is	
  a	
  medical	
   imaging	
  
technology	
   similar	
   to	
   ultrasound,	
   and	
   has	
   had	
   a	
   profound	
  
impact	
   on	
   early	
   detection,	
   monitoring	
   of	
   progression	
   and	
  
treatment	
   efficacy	
   evaluation	
   of	
   wet	
   AMD	
   (Rickman	
   et	
   al.	
  
2013).	
   Highly	
   vascular	
   regions,	
   such	
   as	
   the	
   retinal	
   pigment	
  
epithelium	
   (RPE)	
  and	
  choroid,	
   are	
  visible	
   in	
  an	
  OCT	
   image	
  as	
  
highly	
  scattering	
  structures	
  (Figure	
  6)	
  (Fujimoto	
  et	
  al.	
  2000).	
  	
  
	
  	
  	
  	
  Fluorescein	
  angiography	
  (FA)	
  uses	
  a	
  special	
  dye	
  (fluorescein	
  
solution)	
   and	
   camera	
   to	
   visualize	
   the	
   vascular	
   system	
   in	
   the	
  
retina	
   and	
   choroid	
   after	
   injection	
   (Chopdar	
   and	
   Aung	
   2014).	
  
FA	
   reveals	
   important	
   pathological	
   features	
   of	
   vascular	
  
conditions	
   such	
   as	
   vascular	
   leakage	
   or	
   neovascularization	
  
(Pinhas	
  et	
  al.	
  2013),	
  as	
  CNV	
  characteristically	
  leaks	
  fluorescein	
  
(Ambati	
   et	
   al.	
   2003,	
   Chhablani	
   and	
   Sudhalkar	
   2014).	
   The	
  
fluorescein	
  angiographic	
  leakage	
  patterns	
  of	
  CNV	
  are	
  classified	
  
as	
  either	
  ‘classic’	
  or	
  ‘occult’	
  (Figure	
  7).	
  	
  
	
  

	
  
Figure	
   5	
   	
   	
   Comparison	
   of	
   hard	
   and	
   soft	
   drusen.	
   A:	
   Hard	
   drusen	
   appear	
   as	
   small	
   (<63μm),	
   yellow-­‐white	
  
deposits	
  with	
  relatively	
  distinct	
  margins.	
  B:	
  Soft	
  drusen	
  are	
  larger,	
  typically	
  have	
  less	
  distinct	
  borders	
  and	
  have	
  a	
  
more	
  diffuse	
  and	
  paler	
  appearance	
  (Hageman	
  et	
  al.	
  2001)	
  

	
  
	
  

Figure	
  6	
  	
  	
  Ocular	
  Coherence	
  Tomography	
  images	
  
of	
   a	
   normal	
   retina	
   (top)	
   and	
   a	
   retina	
   with	
  
pigmented	
   epithelium	
   detachment	
   due	
   to	
   CNV	
   in	
  
wet	
   AMD	
   (bottom)	
   (Picture	
   provided	
   by	
   G.	
  
Dijkman,	
  LUMC)	
  
	
  



	
   8	
  

	
  
	
  
IId.	
  	
  	
  Current	
  therapies	
  
	
  	
  	
  	
  	
  Most	
   of	
   the	
   current	
   therapies	
   and	
   emerging	
   treatments	
   are	
   directed	
   at	
   CNV	
   and	
   can	
   halt	
   the	
  
experienced	
   visual	
   impairments.	
   	
   There	
   are	
   currently	
   no	
   established	
   effective	
   treatments	
   for	
   dry	
   AMD	
  
(Nowak	
   et	
   al.	
   2006).	
   At	
   present,	
   there	
   are	
   three	
   acknowledged	
   therapies:	
   thermal	
   laser	
   treatment,	
  
photodynamic	
  therapy	
  (PDT)	
  and	
  the	
  intravitreal	
  injection	
  of	
  anti-­‐VEGF	
  medications.	
  	
  
	
  	
  	
  	
  	
  Thermal	
   laser	
   photocoagulation	
   (TLP)	
   uses	
   a	
   laser	
   to	
   cauterize	
   extrafoveal	
   vessels	
   in	
   CNV,	
   halting	
  
subretinal	
   fluid	
   accumulation	
   and	
   preventing	
   progression	
   of	
   vision	
   loss.	
   TLP	
   is	
   a	
   simple	
   and	
   relatively	
  
inexpensive	
  treatment,	
  suitable	
   for	
  elimination	
  of	
  extrafoveal	
  vessels/lesions.	
  However,	
   the	
   incidence	
  of	
  
recurrent	
  and	
  persistent	
  CNV	
  after	
  laser	
  treatment	
  decreases	
  the	
  long-­‐term	
  effectiveness	
  of	
  TLP	
  (Hanout	
  
et	
  al.	
  2013,	
  Nowak	
  2006).	
  
	
  	
  	
  	
  	
  Photodynamic	
  therapy	
  (PDT)	
  was	
  first	
  approved	
  in	
  2000	
  for	
  subfoveal	
  CNV	
  and	
  has	
  since	
  been	
  a	
  widely	
  
used	
  treatment	
  with	
  generally	
  positive	
  therapeutic	
  effects.	
  PDT	
  uses	
  light-­‐activated	
  Verteporfin	
  to	
  damage	
  
fibrovascular	
   tissue	
   by	
   inducing	
   occlusion	
   of	
   new	
   vessels,	
   thereby	
   temporarily	
   stabilizing	
   the	
   existing	
  
leaky	
  blood	
  vessels.	
  This	
  makes	
  PDT	
  only	
  a	
  palliative	
   therapy,	
  which	
  does	
  not	
  prevent	
   the	
   formation	
  of	
  
new	
   abnormal	
   leaky	
   vessels	
   (Hanout	
   et	
   al.	
   2013,	
   Nowak	
   2006).	
   PDT	
   may	
   sometimes	
   be	
   used	
   in	
  
combination	
  with	
  anti-­‐VEGF	
  medications	
  (as	
  described	
  in	
  the	
  NOG	
  guideline	
  for	
  AMD,	
  2014).	
  
	
  	
  	
  	
  	
  Over	
   the	
   last	
   decade,	
   several	
   anti-­‐VEGF	
   medications	
   have	
   been	
   developed	
   for	
   neovascular	
   AMD.	
  
Vascular	
  endothelial	
  growth	
  factor	
  A	
  (VEGFA)	
  has	
  been	
  implicated	
  in	
  CNV	
  and	
  can	
  result	
  in	
  loss	
  of	
  vision.	
  
It	
   stimulates	
   endothelial	
   cell	
   growth,	
   promotes	
   vascular	
   permeability	
   and	
   induces	
   dissociation	
   of	
   tight	
  
junction	
   components	
   (Zhang	
   et	
   al.	
   2012).	
   Commonly	
   used	
   anti-­‐VEGF	
   medicines	
   are	
   ranibizumab	
  
(Lucentis)	
  and	
  bevacizumab	
  (Avastin)	
  (Figure	
  8).	
  Ranibizumab	
  and	
  bevacizumab	
  are	
  closely	
  related	
  drugs	
  
that	
  target	
  all	
  isotypes	
  of	
  VEGF	
  (Waisbourd	
  et	
  al.	
  2007)	
  and	
  appear	
  to	
  be	
  highly	
  effective	
  in	
  stabilizing	
  the	
  
majority	
   of	
   CNV-­‐cases	
   and	
   even	
   increase	
   vision	
   in	
   a	
   minority	
   of	
   CNV-­‐cases	
   (Singer	
   2014).	
   Anti-­‐VEGF	
  
medication	
  should	
  be	
  used	
  quite	
  early	
  in	
  the	
  onset	
  of	
  the	
  disease	
  (before	
  scar	
  formation	
  has	
  occurred)	
  and	
  
should	
  be	
  administered	
  by	
  repeated,	
  monthly	
   intravitreal	
   injections.	
  Ranibizumab	
  and	
  bevacizumab	
  are	
  
currently	
  the	
  most	
  common	
  therapies	
  for	
  neovascular	
  AMD.	
  
	
  	
  	
  	
  	
  Ranibizumab	
   (Lucentis)	
   is	
   a	
   recombinant,	
   humanized	
  monoclonal	
   antibody	
   fragment	
   that	
   inhibits	
   all	
  
active	
   isoforms	
   of	
   VEGF-­‐A	
   (Hanout	
   et	
   al.	
   2013).	
   Ranibizumab	
   was	
   approved	
   by	
   the	
   FDA	
   in	
   2006	
   and	
  
approved	
   in	
   Europa	
   in	
   2007	
   (Waisbourd	
   et	
   al.	
   2007).	
   Treatment	
   with	
   ranibizumab	
   has	
   a	
   good	
   safety	
  
profile	
   and	
   is	
   associated	
   with	
   improved	
   vision	
   and	
   decreased	
   leakage	
   from	
   CNV	
   (Nowak	
   2006).	
  
Bevacizumab	
   (Avastin)	
   was	
   originally	
   formulated	
   as	
   an	
   intravenously	
   administered	
   drug	
   for	
   the	
  
treatment	
   of	
   metastatic	
   colon	
   cancer	
   in	
   combination	
   with	
   chemotherapy	
   (Waisbourd	
   et	
   al.	
   2007).	
  
Bevacizumab	
  is	
  a	
  full-­‐length	
  humanized	
  monoclonal	
  antibody	
  that	
  targets	
  all	
  isoforms	
  of	
  VEGF-­‐A.	
  In	
  2006,	
  
the	
   cost	
   of	
   a	
   single	
   dose	
   of	
   0,5mg	
   (0,05mL)	
  Ranibizumab	
  was	
   $1950	
   (US),	
  whereas	
   bevacizumab	
   costs	
  
$17-­‐50	
   (US)	
   per	
   injection	
   (Waisbourd	
   et	
   al.	
   2007,	
   Steinbrook	
   2006).	
   This	
   made	
   bevacizumab	
   a	
   very	
  
attractive	
  low-­‐cost	
  alternative	
  treatment	
  for	
  neovascular	
  AMD.	
  The	
  CATT	
  research	
  group	
  was	
  the	
  first	
  to	
  
compare	
  the	
  effects	
  of	
  ranibizumab	
  and	
  bevacizumab,	
  and	
  concluded	
  both	
  drugs	
  had	
  equivalent	
  effects	
  on	
  
visual	
   acuity	
   at	
   1	
   year	
   (Martin	
   et	
   al.	
   2011).	
   Martin	
   et	
   al.	
   (2012)	
   reported	
   that	
   bevacizumab	
   and	
  
ranibizumab	
  had	
  similar	
  effects	
  over	
  a	
  2-­‐year	
  period.	
  Bevacizumab	
  is	
  currently	
  the	
  most	
  widely	
  used	
  anti-­‐

	
  
	
  

Figure	
  7	
  	
  	
  Fluorescent	
  Angiography	
  images	
  	
  
Left:	
   Fluorescein	
   angiogram	
   of	
   a	
   patient	
   with	
   classic	
   CNV,	
   characterized	
   by	
   discrete	
   hyperfluorescent	
   areas.	
  
Right:	
  Fluorescein	
  angiogram	
  of	
  a	
  patient	
  with	
  occult	
  CNV,	
  which	
  appears	
  as	
  irregular	
  stippled	
  hyperfluorescent	
  
patterns	
  (Ambati	
  et	
  al.	
  2003)	
  (Picture	
  provided	
  by	
  G.	
  Dijkman,	
  LUMC).	
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VEGF	
  agent	
  for	
  treatment	
  of	
  neovascular	
  AMD,	
  due	
  to	
  its	
  low	
  costs,	
  proper	
  treatment	
  schedule	
  and	
  similar	
  
efficacy	
   compared	
   to	
   ranibizumab	
   (Hanout	
   et	
   al.	
   2013	
  Martin	
   2011).	
   According	
   to	
   the	
   NOG-­‐guidelines,	
  
intravitreal	
   injection	
  of	
  1,25mg	
  bevacizumab	
   (Avastin)	
   is	
   the	
   first	
   choice	
  of	
   treatment	
   for	
  patients	
  with	
  
wet	
  AMD	
  (NOG	
  guideline	
  for	
  AMD,	
  2014).	
  	
  
	
  	
  	
  	
  	
  Treatment	
   of	
   CNV	
   with	
   radiotherapy	
   has	
   been	
   widely	
   investigated,	
   since	
   ionizing	
   radiation	
  
preferentially	
  damages	
  mitotic	
  tissue.	
  Unfortunately	
  conflicting	
  reports,	
  different	
  radiation	
  doses,	
  type	
  of	
  
radiation	
  and	
  dose	
  fractions	
  have	
  made	
  this	
  an	
  unsuccessful	
  area	
  up	
  to	
  now	
  (Ambati	
  et	
  al.	
  2003).	
  
	
  	
  	
  	
  	
  Surgery	
  may	
  have	
  favourable	
  results	
  in	
  highly	
  selected	
  cases	
  of	
  wet	
  AMD,	
  but	
  in	
  general	
  it	
  has	
  shown	
  
unimpressive	
  results	
  due	
  to	
  the	
  complexity	
  and	
  risks	
  of	
  the	
  surgery.	
  	
  The	
  unimpressive	
  results	
  have	
  been	
  
attributed	
  to	
  the	
  entanglement	
  of	
  RPE	
  with	
  the	
  CNV	
  complex,	
  making	
  it	
  almost	
  obligatory	
  to	
  remove	
  both	
  
structures,	
  which	
  leads	
  to	
  the	
  loss	
  of	
  the	
  underlying	
  choriocapillaris	
  (Ambati	
  et	
  al.	
  2003).	
  
	
  	
  	
  	
  	
  In	
  the	
  field	
  of	
  AMD,	
  there	
  are	
  some	
  new	
  emerging	
  and	
  promising	
  technologies	
   focussing	
  on	
  e.g.	
  small	
  
interfering	
  RNA	
  (siRNA)	
  and	
  other	
  VEGF-­‐antagonists	
  like	
  tyrosine	
  kinase	
  inhibitors	
  (Hanout	
  et	
  al.	
  2013).	
  
In	
  the	
  development	
  of	
  possible	
  treatments	
  for	
  dry	
  AMD,	
  a	
  number	
  of	
  medicines	
  are	
  being	
  investigated	
  that	
  
utilize	
   different	
   mechanisms	
   of	
   action,	
   e.g.	
   neuroprotection,	
   suppression	
   of	
   inflammation,	
   stem	
   cell	
  
replacement	
  and	
  complement	
  inhibition	
  (Singer	
  2014).	
  
	
  	
  	
  	
  	
  Currently,	
  the	
  use	
  of	
  AREDS-­‐based	
  vitamin	
  supplements	
  is	
  the	
  only	
  approved	
  treatment	
  for	
  dry	
  AMD.	
  It	
  
does	
  not	
  halt	
  the	
  vision	
  loss,	
  but	
  may	
  lower	
  the	
  risk	
  of	
  developing	
  advanced	
  stages	
  of	
  AMD	
  and	
  reduces	
  
visual	
  loss	
  in	
  people	
  at	
  risk	
  for	
  the	
  disease	
  (Damico	
  et	
  al.	
  2012).	
  According	
  to	
  the	
  2014	
  NOG	
  guidelines,	
  the	
  
AREDS-­‐supplementation	
  should	
  be	
  recommended	
  to	
  patients	
  with	
  intermediate	
  or	
  advanced	
  AMD	
  in	
  one	
  
or	
  both	
  eyes	
  (as	
  described	
  in	
  the	
  NOG	
  guideline	
  for	
  AMD,	
  2014).	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
Figure	
  8	
  	
  	
  Schematic	
  picture	
  of	
  the	
  humanized	
  antibodies	
  Lucentis	
  
and	
  Avastin	
  (Steinbrook	
  2006)	
  



	
   10	
  

III.	
  PATHOGENIC	
  MECHANISMS	
  IN	
  AMD	
  
	
  	
  	
  	
  	
  The	
   following	
  key	
  processes	
   are	
   likely	
   to	
  play	
   a	
   role	
   in	
  AMD	
  pathology:	
   oxidative	
  damage,	
   lipofuscin	
  
accumulation	
   and	
   impaired	
   function	
   of	
   RPE,	
   increased	
   apoptosis,	
   abnormal	
   immune	
   system	
   activation,	
  
senescent	
   loss	
   of	
   homeostatic	
   control	
   and	
   abnormalities	
   in	
   Bruch’s	
  membrane	
   (Figure	
   9)	
   (Zhang	
   et	
   al.	
  
2012).	
  Also,	
  several	
  risk-­‐alleles	
  associated	
  with	
  AMD	
  have	
  been	
  identified	
  in	
  the	
  past	
  years.	
  	
  
	
  

	
  
	
  
IIIa.	
  	
  	
  Genetics	
  
	
  	
  	
  	
  	
  Both	
  environmental	
  and	
  genetic	
  factors	
  play	
  a	
  role	
  in	
  the	
  development	
  of	
  AMD	
  (Buentello-­‐Volante	
  et	
  al.	
  
2012).	
  A	
  study	
  by	
  Klaver	
  et	
  al.	
  (1998)	
  showed	
  that	
  first-­‐degree	
  relatives	
  of	
  AMD-­‐patients	
  were	
  three	
  times	
  
more	
  likely	
  to	
  develop	
  wet	
  AMD	
  than	
  control,	
  and	
  that	
  more	
  than	
  20%	
  of	
  the	
  proportion	
  of	
   late	
  AMD	
  in	
  
the	
  population	
   could	
  be	
  attributed	
   to	
  genetic	
   factors.	
  The	
  genetic	
  heritability	
  of	
  AMD	
   is	
   estimated	
   from	
  
46%	
  up	
   to	
  71%	
  (Seddon	
  et	
   al.	
   2005).	
  However,	
   only	
  about	
  40%	
  of	
   the	
  genetic	
   variance	
  of	
  AMD	
  can	
  be	
  
explained	
  by	
  the	
  genetic	
  variants	
  known	
  to	
  date	
  (Sobrin	
  et	
  al.	
  2010).	
  	
  
	
  	
  	
  	
  	
  In	
  recent	
  years,	
  great	
  advances	
  have	
  been	
  made	
  in	
  the	
  identification	
  of	
  several	
  genetic	
  regions	
  that	
  are	
  
involved	
   in	
   AMD	
   pathogenesis.	
   Among	
   these	
   are	
   polymorphisms	
   in	
   proteins	
   like	
   complement	
   factor	
   H	
  
(CFH),	
   complement	
   component	
  2	
   (C2),	
   complement	
   component	
  3	
   (C3),	
   complement	
   factor	
  B	
   (CFB)	
   and	
  
age-­‐related	
  maculopathy	
   susceptibility	
   2	
   (ARMS2).	
   Single	
   nucleotide	
   polymorphisms	
   (SNPs)	
   coding	
   for	
  
CFH	
  Y402H,	
  ARMS2	
  A69S,	
  and	
  C3	
  R102G	
  account	
   for	
  approximately	
  76%	
  of	
   the	
  population-­‐attributable	
  
risk	
  of	
   the	
  development	
  of	
  AMD	
  (Buentello-­‐Volante	
  et	
  al.	
  2012),	
   suggesting	
   these	
   three	
  genetic	
  variants	
  
are	
  the	
  most	
  important	
  in	
  the	
  AMD	
  pathogenesis.	
  	
  
	
  	
  	
  	
  	
  CFH,	
  a	
   serum	
  glycoprotein	
  which	
  downregulates	
   the	
  activity	
  of	
   the	
  alternative	
   complement	
  pathway,	
  
can	
  be	
  found	
  in	
  normal	
  human	
  RPE,	
  Bruch’s	
  membrane	
  and	
  choroid	
  (Buentello-­‐Volante	
  et	
  al.	
  2012,	
  Ding	
  et	
  
al.	
  2009,	
  Coleman	
  et	
  al.	
  2008).	
  The	
  CFH	
  gene	
  is	
  located	
  on	
  chromosome	
  1q32.	
  The	
  alternative	
  pathway	
  of	
  
the	
   complement	
   system	
  mediates	
   antibody-­‐independent	
   recognition	
   of	
   pathogens	
   and	
   defence	
   against	
  

	
  
	
  

Figure	
  9	
  	
  	
  Proposed	
  pathophysiology	
  of	
  AMD	
  and	
  locations	
  in	
  the	
  pathway	
  
in	
  which	
  different	
  therapeutic	
  interventions	
  might	
  be	
  effective	
  (Zhang	
  et	
  al.	
  
2012)	
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microbial	
   infections	
   (Johnson	
   et	
   al.	
   2006).	
   CFH	
   binds	
   to	
   C3b,	
   stimulating	
   the	
   decay	
   of	
   the	
   alternative	
  
pathway	
   convertase	
   C3b-­‐Bb,	
   or	
   acts	
   like	
   a	
   cofactor	
   for	
   complement	
   factor	
   I,	
   another	
   C3b	
   inhibitor	
  
(Buentello-­‐Volante	
  et	
  al.	
  2012).	
   CFH	
  dysfunction	
  may	
  lead	
  to	
  excessive	
  inflammation	
  and	
  tissue	
  damage	
  
involved	
  in	
  the	
  pathogenesis	
  of	
  AMD	
  (Johnson	
  et	
  al.	
  2006),	
  but	
  CFH	
  is	
  also	
  suggested	
  to	
  mediate	
  drusen	
  
formation	
   (DeWan	
   et	
   al.	
   2006).	
   The	
   Y402H	
   polymorphism	
   in	
   the	
   CFH	
   gene	
   shows	
   a	
   very	
   strong	
  
association	
  with	
  late	
  AMD,	
  especially	
  in	
  homozygous	
  individuals	
  (Buentello-­‐Volante	
  et	
  al.	
  2012,	
  Seddon	
  et	
  
al.	
   2007).	
  Other	
   factors	
   such	
   as	
  CFB,	
   C2	
   and	
  C3	
   also	
  play	
   central	
   roles	
   in	
   the	
   activation	
  of	
   complement	
  
pathway	
   systems,	
   indicating	
   that	
   AMD	
  might	
   involve	
   a	
  major	
   inflammatory	
   component	
   (Coleman	
   et	
   al.	
  
2008).	
  	
  
	
  	
  	
  	
  	
  Another	
   important	
   locus	
   that	
   has	
   been	
   associated	
   with	
   both	
   neovascular	
   AMD	
   and	
   GA	
   is	
  
LOC387715(ARMS2)/HtrA1	
   (high	
   temperature	
   requirement	
   factor	
   A1),	
   located	
   on	
   chromosome	
   10q26	
  
(Coleman	
   et	
   al.	
   2008,	
   Seddon	
   et	
   al.	
   2007).	
   These	
   two	
   genes	
   seem	
   to	
   have	
   different	
   functions	
   and	
  
expression	
   patterns	
   in	
   the	
   retina,	
   but	
   they	
   are	
   located	
   extremely	
   close	
   and	
   in	
   strong	
   linkage	
  
disequilibrium	
   (Ding	
   et	
   al.	
   2009).	
   Several	
   studies	
   have	
   investigated	
   the	
   functional	
   implications	
   of	
   the	
  
variants	
  rs10490924	
  (ARMS	
  A69S)	
  and	
  rs11200638	
  (HtrA1)	
  and	
  their	
  association	
  with	
  AMD	
  (Fritsche	
  et	
  
al.	
  2008,	
  Katta	
  et	
  al.	
  2007).	
  The	
  exact	
  biological	
  functions	
  of	
  ARMS2	
  and	
  HtrA1	
  are	
  still	
  unclear,	
  but	
  they	
  
may	
  contribute	
  to	
  AMD	
  development	
  through	
  their	
  effect	
  on	
  precursors,	
  such	
  as	
  drusen	
  or	
  changes	
  in	
  RPE	
  
and	
   Bruch-­‐membrane	
   (Coleman	
   et	
   al.	
   2008).	
   HtrA1	
   is	
   a	
   secretory	
   protein	
   and	
   inhibitor	
   of	
   the	
  
transforming	
   growth	
   factor	
   β	
   (TGF-­‐β).	
   The	
   rs11200638	
   allele	
   of	
   HtrA1	
   has	
   shown	
   to	
   cause	
   increased	
  
expression	
  of	
  HtrA1	
   in	
  AMD	
  patients	
   (DeWan	
  et	
  al.	
  2006,	
  Seddon	
  et	
  al.	
  2007).	
  A	
  study	
  showed	
   that	
   the	
  
ARMS2	
   protein	
   localizes	
   to	
   the	
   outer	
   membrane	
   of	
   mitochondria,	
   suggesting	
   the	
   ARMS2	
   A69S	
  
(rs10490924)	
  variant	
  might	
  play	
  a	
  role	
  in	
  AMD	
  through	
  mitochondria-­‐related	
  pathways	
  (Katta	
  et	
  al.	
  2009,	
  
Fritsche	
  et	
  al.	
  2008).	
  	
  	
  
	
  	
  	
  	
  	
  Variations	
  in	
  C3	
  have	
  been	
  associated	
  with	
  increased	
  risk	
  for	
  AMD,	
  of	
  which	
  the	
  R102G	
  polymorphism	
  
appears	
   to	
  be	
  strongest	
  AMD-­‐associated	
  variant.	
  The	
  R102G	
  polymorphism	
   is	
  responsible	
   for	
  a	
  smaller,	
  
but	
  still	
  substantial,	
  portion	
  of	
  the	
  AMD-­‐cases	
  in	
  comparison	
  to	
  the	
  CFH	
  Y402H	
  and	
  LOC386615/ARMS2	
  
A69S	
  variants.	
  The	
  AMD-­‐associated	
  genes	
  CFH	
  and	
  CFB	
  are	
  known	
  to	
  target	
  the	
  alternative	
  complement	
  
cascade,	
  of	
  which	
  C3	
  is	
  a	
  major	
  component	
  (Spencer	
  et	
  al.	
  2008).	
  The	
  R102G	
  polymorphism	
  generates	
  the	
  
‘fast’	
  and	
  ‘slow’	
  electrophoretic	
  allotypes	
  of	
  C3	
  (C3F	
  and	
  C3S).	
  These	
  allotypes	
  affect	
  binding	
  to	
  monocyte-­‐
complement	
  receptor	
  C3F,	
  which	
   is	
  a	
  risk	
  variant	
   for	
  AMD	
  (Buentello-­‐Volante	
  et	
  al.	
  2012,	
  Spencer	
  et	
  al.	
  
2008).	
  A	
  study	
  by	
  Caire	
  et	
  al.	
  (2014)	
  suggested	
  that	
  the	
  C3	
  R102G	
  variant	
  may	
  play	
  an	
  important	
  role	
  in	
  
GA	
  progression,	
  but	
  their	
  findings	
  were	
  only	
  able	
  to	
  show	
  a	
  tendency	
  and	
  no	
  statistical	
  significance	
  was	
  
found.	
  
	
  
IIIb.	
  	
  	
  Oxidative	
  stress	
  
	
  	
  	
  	
  	
  Oxidative	
  stress	
  (OS)	
   is	
  believed	
  to	
  be	
  a	
  key	
  player	
   in	
  the	
   initiation	
  and	
  progression	
  of	
  several	
  ocular	
  
diseases,	
  including	
  AMD	
  (Pinazo-­‐Durán	
  et	
  al.	
  2014a,	
  Tokartz	
  et	
  al.	
  2013,	
  Justilien	
  et	
  al.	
  2007).	
  OS	
  results	
  
from	
  the	
  imbalance	
  between	
  oxidants	
  and	
  antioxidants	
  -­‐	
  in	
  favour	
  of	
  oxidants	
  -­‐	
  leading	
  to	
  cellular	
  damage	
  
and	
  death	
  caused	
  by	
  reactive	
  oxygen	
  species	
  (ROS)	
  (Tokartz	
  et	
  al.	
  2013,	
  Pinazo-­‐Durán	
  et	
  al.	
  2014a).	
  ROS	
  
are	
  partially	
  reduced	
  metabolites,	
   including	
  oxygen	
  free	
  radicals,	
  hydrogen	
  peroxide,	
  singlet	
  oxygen	
  and	
  
their	
  respective	
  metabolic	
  by	
  products.	
  Free	
  radicals	
  are	
  molecules	
   that	
  contain	
  unpaired	
  electron(s)	
  or	
  
have	
  an	
  open	
  electron	
  shell	
   (Beatty	
  et	
  al.	
  2000).	
  The	
  chain	
   reactions	
  of	
  ROS	
   include	
  hydrogen	
  peroxide	
  
(H2O2),	
  superoxide	
  anion	
  (O2•-­‐)	
  and	
  hydroxyl	
  radical	
  (•OH)	
  (Figure	
  10).	
  Singlet	
  oxygen	
  (O2)	
  and	
  hydrogen	
  
peroxide	
  (H2O2)	
  have	
  no	
  unpaired	
  electrons,	
  but	
  are	
  in	
  an	
  unstable	
  and	
  reactive	
  state	
  (Beatty	
  et	
  al.	
  2000).	
  
ROS	
  are	
  by	
  products	
  of	
  cellular	
  metabolism	
  and	
  photochemical	
  reactions	
  (Ambati	
  et	
  al.	
  2003).	
  Normally,	
  
radicals	
  are	
  effectively	
  scavenged	
  by	
  cellular	
  antioxidant	
  defence	
  systems,	
  e.g.	
  macular	
  pigments,	
  making	
  
their	
  presence	
  harmless	
  (Tokartz	
  et	
  al.	
  2013).	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
 
	
  
	
  

	
  
	
  
Figure	
   10	
   	
   	
   The	
   chain	
   reactions	
   of	
   reactive	
   oxygen	
   species	
   (Pinazo-­‐Durán	
   et	
   al.	
   2014a)	
  
Abbreviations:	
  e:	
  electron,	
  SOD:	
  superoxide	
  dismutase,	
  Fe:	
  iron	
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  The	
  retina	
  is	
  particularly	
  vulnerable	
  to	
  oxidative	
  stress	
  because	
  of	
  its	
  high	
  polyunsaturated	
  fatty	
  acids	
  
(PUFAs)	
   concentration	
   in	
   the	
   photoreceptor	
   outer	
   segments	
   (POS),	
   elevated	
   oxygen	
   tension,	
   high	
  
exposure	
   to	
   light	
  and	
   thus	
   irradiation,	
  presence	
  of	
  many	
  chromophores	
   (photosensitive	
  compounds	
  e.g.	
  
lipofuscin)	
  and	
  the	
  generation	
  of	
  ROS	
  by	
  photoreceptor	
  phagocytosis	
  conducted	
  by	
  the	
  RPE	
  (Ambati	
  et	
  al.	
  
2003,	
  Ding	
  et	
  al.	
  2009,	
  Tokartz	
  et	
  al.	
  2013).	
  The	
  PUFAs	
  in	
  cell	
  membranes	
  make	
  them	
  the	
  main	
  target	
  for	
  
ROS	
   induced	
  damage,	
  as	
   their	
  double	
  bounds	
  are	
  an	
  electron-­‐source	
   (Beatty	
  et	
  al.	
  2000).	
   	
  RPE	
  cells	
  are	
  
postmitotic	
   (Campisi	
   and	
  d’Adda	
  di	
  Fagagna	
  2007).	
  Therefore,	
  damage	
   in	
  RPE	
  cells	
   accumulates	
  during	
  
their	
   life	
   span	
   and	
   increases	
   with	
   age.	
   The	
   increasing	
   concentration	
   of	
   ROS	
   may	
   cause	
   damage	
   to	
  
organelles,	
  including	
  lysosomes	
  and	
  mitochondria	
  (Tokartz	
  et	
  al.	
  2013).	
  	
  
	
  	
  	
  	
  	
  Macular	
   pigments	
   protect	
   the	
  macula	
   against	
   oxidative	
   damage	
   by	
   constituting	
   an	
   optical	
   filter	
   that	
  
absorbs	
   short-­‐wavelength	
   visible	
   light	
   (Tokarz	
   et	
   al.	
   2013,	
   Pinazo-­‐Durán	
   et	
   al.	
   2014a).	
   The	
  majority	
   of	
  
light	
   is	
   absorbed	
   by	
  melanin,	
   present	
   in	
  melanosomes.	
   The	
   remaining	
   light	
   is	
   mainly	
   absorbed	
   by	
   the	
  
hydroxycarotenoids,	
   lutein	
   and	
   zeaxanthin	
   (Tokartz	
   et	
   al.	
   2013).	
   AMD	
   patients	
   have	
   considerably	
   less	
  
macular	
  pigment	
  in	
  their	
  eyes	
  and	
  therefore	
  a	
  greater	
  risk	
  of	
  oxidative	
  damage	
  compared	
  to	
  healthy	
  eyes	
  
(Wu	
   et	
   al.	
   2006).	
   As	
   mentioned	
   before,	
   AMD	
   is	
   more	
   prevalent	
   in	
   the	
   white	
   population.	
   It	
   has	
   been	
  
hypothesized	
   that	
   an	
   increased	
   amount	
   of	
   choroidal	
   melanin	
   in	
   black	
   patients’	
   eyes	
   could	
   have	
   a	
  
protective	
   effect	
   on	
   the	
   RPE,	
   photoreceptors	
   and	
   Bruch’s	
   membrane,	
   possibly	
   through	
   an	
   antioxidant	
  
effect	
  of	
   its	
   ability	
   to	
  absorb	
   light	
   rays	
   that	
  damage	
   the	
  posterior	
   layers	
  of	
   the	
   retina.	
  Pigment	
  or	
  other	
  
factors	
  in	
  darkly	
  pigmented	
  RPE	
  or	
  choroid	
  may	
  also	
  have	
  an	
  inhibitory	
  effect	
  on	
  leakage,	
  migration	
  and	
  
proliferation	
  of	
  endothelial	
  cells	
  (Jampol	
  and	
  Tielsch	
  1992).	
  Blue	
   iris	
  colour	
  has	
  also	
  been	
   implicated	
  as	
  
another	
   risk	
   factor	
   for	
   AMD,	
   because	
   of	
   lower	
   pigment	
   content	
   in	
   the	
   retinal	
   pigment	
   epithelium	
  
compared	
  to	
  other	
  iris	
  colours	
  (Coleman	
  et	
  al.	
  2008).	
  
	
  	
  	
  	
  	
  PUFA	
  oxidation	
   can	
   lead	
   to	
   additional	
  ROS	
   generation	
   in	
   the	
   retina.	
   The	
  major	
  PUFA	
   in	
   the	
   retina	
   is	
  
docosahexaenoic	
   acid	
   (DHA22:6ω-­‐3).	
   In	
   normal	
   conditions,	
   the	
   RPE	
   constantly	
   phagocytizes	
   the	
   POS	
  
membranes,	
  but	
   in	
  AMD	
  the	
  oxidized	
  PUFAs	
  are	
  not	
  correctly	
  cleaved	
   in	
   the	
   lysosomes	
  of	
   the	
  RPE	
  cells	
  
and	
  therefore	
  accumulate	
  in	
  the	
  form	
  of	
  lipofuscin	
  (Pinazo-­‐Durán	
  et	
  al.	
  2014b,	
  Blasiak	
  et	
  al.	
  2013).	
  This	
  is	
  
thought	
   to	
   be	
   important	
   in	
   the	
   formation	
   of	
   drusen	
   (Beatty	
   et	
   al.	
   2000).	
   Lipofuscin	
  mainly	
   consists	
   of	
  
lipids,	
  proteins	
  and	
  pigment	
  derivates	
  such	
  as	
  N-­‐retinylidene-­‐N-­‐retinylethanolamine	
  (A2E)	
  (Tokartz	
  et	
  al.	
  
2013).	
   	
   It	
   is	
  deposited	
   into	
   insoluble	
  aggregates	
   in	
  RPE	
  cells	
  and	
  functions	
  as	
  a	
  photosensitiser,	
   thereby	
  
evoking	
  and	
  enhancing	
  OS	
  in	
  the	
  retina	
  (Pinazo-­‐Durán	
  et	
  al.	
  2014b,	
  Blasiak	
  et	
  al.	
  2013).	
  Because	
  lipofuscin	
  
accumulates	
  with	
  age,	
  it	
   is	
  referred	
  to	
  as	
  an	
  ‘age	
  pigment’	
  and	
  considered	
  a	
  marker	
  of	
  cellular	
  biological	
  
aging	
  (Beatty	
  et	
  al.	
  2000).	
   
	
  	
  	
  	
  	
  Blue	
   light	
  seems	
  to	
  be	
   the	
  most	
  dangerous	
  to	
   the	
  RPE,	
  since	
   this	
   light	
   is	
   the	
  most	
  energetic	
  radiation	
  
reaching	
   the	
  RPE	
  and	
   it	
  promotes	
  photo-­‐oxidation	
  of	
   lipofuscin.	
  Photo-­‐oxidation	
  of	
   lipofuscin	
  generates	
  
reactive	
  products	
  including	
  A2E,	
  cell	
  apoptosis	
  and	
  DNA	
  oxidation	
  (Sparrow	
  et	
  al.	
  2000).	
  A2E	
  is	
  known	
  to	
  
be	
  an	
  initiator	
  of	
  blue-­‐light	
  induced	
  apoptosis	
  in	
  RPE	
  cells	
  (Sparrow	
  et	
  al.	
  2000).	
  A2E	
  accumulation	
  leads	
  
to	
   dysfunction	
   of	
   lysosomes	
   in	
   a	
   dose	
   dependent	
   manner	
   (Tokartz	
   et	
   al.	
   2013)	
   and	
   the	
   generation	
   of	
  
singlet	
   oxygen	
   may	
   be	
   involved	
   in	
   the	
   mechanisms	
   leading	
   to	
   apoptosis	
   of	
   A2E-­‐containing	
   RPE	
   cells	
  
(Sparrow	
  et	
  al.	
  2002).	
  	
  
	
  	
  	
  	
  	
  Mitochondria	
  are	
  major	
  sources	
  of	
  ROS,	
  as	
  ROS	
  are	
  produced	
  in	
  their	
  electron	
  transport	
  chain	
  (Tokartz	
  
et	
  al.	
  2013,	
  Blasiak	
  et	
  al.	
  2013).	
  Mitochondrial	
  DNA	
  (mtDNA)	
  is	
  more	
  susceptible	
  to	
  oxidative	
  damage	
  than	
  
nuclear	
  DNA	
  (nDNA),	
  because	
  of	
  its	
  lack	
  of	
  protection	
  by	
  histones	
  or	
  other	
  proteins,	
  the	
  lack	
  of	
  introns	
  in	
  
some	
   regions,	
   high	
   transcription	
   rate	
   and	
   the	
   less	
   effective	
   mtDNA	
   repair	
   systems	
   in	
   comparison	
   to	
  
nuclear	
  DNA	
   (Blasiak	
   et	
   al.	
   2014).	
   For	
   these	
   reasons,	
  mtDNA	
   rapidly	
   accumulates	
  mutations	
   leading	
   to	
  
generation	
  of	
  ROS	
  (Cui	
  et	
  al.	
  2012).	
  Increased	
  ROS	
  damages	
  lipids,	
  proteins	
  and	
  nucleic	
  acids.	
  A	
  study	
  by	
  
Blasiak	
  et	
  al.	
  (2013)	
  showed	
  an	
  increase	
  in	
  mtDNA	
  damage	
  and	
  mutations,	
  higher	
  sensitivity	
  to	
  H2O2	
  and	
  
UV-­‐radiation	
  and	
  a	
  decrease	
  in	
  DNA	
  repair	
  efficacy	
  in	
  AMD	
  patients.	
  Their	
  data	
  suggested	
  that	
  the	
  cellular	
  
response	
   to	
   both	
   mtDNA	
   and	
   nDNA	
   damage	
   may	
   be	
   involved	
   in	
   AMD	
   pathogenesis	
   and	
   that	
   mtDNA	
  
accumulates	
   more	
   DNA	
   lesions	
   than	
   nDNA	
   in	
   AMD.	
   A	
   study	
   by	
   Justilien	
   et	
   al.	
   (2007)	
   showed	
   that	
  
knockdown	
   of	
   manganese	
   superoxide	
   (mnSOD),	
   an	
   antioxidant	
   mitochondrial	
   enzyme	
   involved	
   in	
  
replication	
   and	
   repair	
   of	
   mtDNA	
   (Bakthavatchalu	
   et	
   al.	
   2012),	
   stimulates	
   long-­‐term	
  mitochondrial	
   OS,	
  
increased	
  O2•-­‐	
  and	
  apoptosis,	
  degeneration	
  of	
  RPE	
  cells,	
  thickening	
  of	
  Bruch’s	
  membrane,	
  shortening	
  and	
  
disorganisation	
  of	
  photoreceptor	
  segments.	
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IIIc.	
  	
  	
  Apoptosis	
  
	
  	
  	
  	
  	
  Apoptosis,	
   or	
   programmed	
   cell	
   death,	
   is	
   a	
   highly	
   ordered	
   and	
   regulated	
   cell	
   suicide	
   pathway	
   that	
   is	
  
essential	
   for	
   normal	
   development	
   and	
   cell	
   survival.	
   In	
   apoptosis,	
   the	
   permeability	
   of	
   the	
  mitochondrial	
  
membrane	
   increases	
   and	
   induces	
   release	
   of	
   proapoptotic	
   factors	
   into	
   the	
   cytosol,	
   such	
   as	
   procaspases,	
  
caspase	
  activators	
  and	
  caspase-­‐independent	
  factors.	
  This	
  leads	
  to	
  cell	
  death	
  (Pinazo-­‐Durán	
  et	
  al.	
  2014a).	
  
In	
   apoptosis,	
   chromatin	
   is	
   typically	
   fragmented	
   and	
   caspase	
   enzymes	
   degrade	
   the	
   cell.	
   Fragmented	
  
chromatin	
   can	
   be	
   detected	
   by	
   the	
   terminal	
   deoxynucleotidyl	
   transferase	
   dUTP	
   nick	
   end	
   labelling	
  
(TUNEL)-­‐technique,	
  labelling	
  the	
  terminal	
  ends	
  of	
  nucleic	
  acids	
  (Negoescu	
  et	
  al.	
  1996).	
  A	
  study	
  by	
  Dunaief	
  
et	
  al.	
   (2002)	
  suggested	
  that	
  cells	
  of	
   the	
  RPE,	
  photoreceptors	
  and	
  inner	
  nuclear	
   layer	
  die	
  by	
  apoptosis	
   in	
  
AMD.	
   Their	
   results	
   showed	
   a	
   significant	
   increase	
   in	
   TUNEL-­‐positive	
   cells	
   in	
   the	
   inner	
   choroid,	
   RPE,	
  
photoreceptors	
   and	
   inner	
   nuclear	
   layers	
   in	
   macula’s	
   with	
   AMD.	
   Most	
   TUNEL-­‐positive	
   RPE	
   and	
  
photoreceptor	
  cells	
  were	
  present	
  near	
  the	
  edges	
  of	
  RPE	
  and	
  photoreceptor	
  atrophy,	
  the	
  area	
  predicted	
  to	
  
be	
  at	
  risk	
  of	
  cell	
  death.	
  Moreover,	
  photoreceptors	
  in	
  AMD	
  eyes	
  upregulated	
  Fas,	
  a	
  mediator	
  of	
  apoptosis,	
  
suggesting	
  the	
  Fas/FasL	
  may	
  be	
  involved	
  in	
  photoreceptor	
  apoptosis.	
  	
  
	
  	
  	
  	
  	
  Jun	
  kinases	
  (JNKs)	
  may	
  play	
  a	
  key	
  role	
  in	
  the	
  development	
  of	
  CNV	
  (Du	
  et	
  al.	
  2013).	
  JNKs	
  regulate	
  cell	
  
proliferation,	
   migration,	
   survival	
   and	
   cytokine	
   production	
   and	
   can	
   be	
   activated	
   by	
   ROS	
   (Kamata	
   et	
   al.	
  
2005).	
   JNK1	
   is	
   involved	
   in	
   cell	
   stress	
   responses,	
   apoptosis,	
   inflammation	
   and	
   VEGF	
   production.	
   JNK1	
  
deficiency	
  or	
  JNK	
  inhibition	
  leads	
  to	
  a	
  decrease	
  in	
  apoptosis,	
  VEGF	
  expression	
  and	
  reduction	
  of	
  CNV	
  in	
  a	
  
murine	
  model	
  of	
  wet	
  AMD	
  (Du	
  et	
  al.	
  2013).	
  JNK	
  inhibition	
  might	
  be	
  a	
  promising	
  target	
  in	
  future	
  treatment	
  
strategies	
  for	
  AMD.	
  
	
  	
  	
  	
  	
  Antioxidants	
  and	
  free	
  radical	
  scavengers	
  have	
  been	
  demonstrated	
  to	
  inhibit	
  or	
  delay	
  apoptosis	
  (Matés	
  
2000	
  and	
  Salganik	
  2001),	
  indicating	
  ROS	
  may	
  be	
  involved	
  in	
  the	
  signal	
  transduction	
  pathways	
  involved	
  in	
  
apoptosis	
  (Figure	
  12)	
  (Pinazo-­‐Durán	
  et	
  al.	
  2014a).	
  ROS	
  has	
  been	
  suggested	
  to	
  result	
  in	
  apoptosis	
  of	
  retinal	
  
ganglion	
  cells	
  in	
  AMD	
  eyes	
  (Dunaief	
  et	
  al.	
  2002).	
  	
  
	
  

Figure	
  11	
  	
  	
  Schematic	
  presentation	
  of	
  ROS	
  involvement	
  in	
  AMD	
  pathology	
  (Tokartz	
  et	
  al.	
  2013)	
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IIId.	
  	
  	
  Angiogenesis	
  
	
  	
  	
  	
  	
  Angiogenesis	
  is	
  the	
  development	
  of	
  new	
  capillaries	
  from	
  pre-­‐existing	
  vessel	
  networks,	
  which	
  plays	
  an	
  
important	
   role	
   in	
   embryonic	
   development,	
   somatic	
   growth	
   and	
   tissue	
   repair	
   (Ambati	
   et	
   al.	
   2003).	
  
However,	
  angiogenesis	
  can	
  also	
  be	
  harmful	
  and	
  is	
  involved	
  in	
  many	
  diseases,	
  including	
  neovascular	
  AMD.	
  
The	
   key	
   regulators	
   of	
   angiogenesis	
   are	
   the	
   vascular	
   endothelial	
   growth	
   factor	
   (VEGF),	
   pigment	
  
epithelium-­‐derived	
   growth	
   factor	
   (PEDF),	
   fibroblast	
   growth	
   factor	
   2	
   (FGF2),	
   angiopoietins	
   and	
  
extracellular	
   matrix	
   (ECM)	
   molecules.	
   VEGF	
   appears	
   to	
   serve	
   as	
   the	
   molecular	
   switch	
   for	
   a	
   variety	
   of	
  
neovascular	
   conditions,	
   because	
   of	
   its	
   actions	
   on	
   the	
   proliferation	
   and	
   survival	
   of	
   endothelial	
   cells,	
  
vascular	
  permeability	
  and	
  ocular	
   inflammation	
  (Table	
  1)	
  (Eugene	
  and	
  Adamis	
  2005,	
  Pinazo-­‐Durán	
  et	
  al.	
  
2014a).	
  	
  
	
  	
  	
  	
  	
  Endothelial	
  cells	
  are	
  particularly	
  susceptible	
  to	
  exogenous	
  and	
  circulatory	
  agents	
  (Pinazo-­‐Durán	
  et	
  al.	
  
2014a).	
   VEGF	
   is	
   a	
   member	
   of	
   the	
   platelet	
   derived	
   growth	
   factor	
   (PDGF)	
   family	
   that	
   can	
   activate	
  
endothelial	
   cell	
   growth	
   and	
   induce	
   angiogenesis	
   (neovascularization)	
   by	
   causing	
   a	
   variety	
   of	
   signalling	
  
cascades	
   in	
   the	
  capillaries	
  of	
   the	
   retina	
  and	
  choroid	
   (Nakao	
  et	
  al.	
  2012,	
  Eugene	
  and	
  Adamis	
  2005).	
  The	
  
Blue	
  Mountains	
  Eye	
  Study	
  suggests	
   that	
   the	
  relative	
   risk	
   for	
  neovascular	
  AMD	
  among	
  women	
   is	
  double	
  
that	
   of	
   men	
   (1,2%vs.0,6%)	
   (Mitchell	
   et	
   al.	
   2002).	
   Some	
  models	
   suggest	
   that	
   female	
   animals	
   are	
   more	
  
susceptible	
  to	
  CNV-­‐induction,	
  because	
  of	
  higher	
  expression	
  of	
  kinase	
  insert	
  domain	
  receptor	
  (KDR),	
  which	
  
is	
  a	
  receptor	
  for	
  VEGF	
  (Tanemura	
  et	
  al.	
  2001).	
  
	
  	
  	
  	
  	
  PEDF	
   functions	
   as	
   a	
   neurotrophic	
   factor	
   and	
   a	
   potent	
   angiogenic	
   inhibitor	
   in	
   the	
   retina	
   by	
  
downregulating	
  VEGF.	
   It	
  has	
  been	
  shown	
  that	
   there	
   is	
  a	
  balance	
  between	
  VEGF	
  and	
  PEDF	
   in	
   the	
  retina,	
  
which	
  plays	
  a	
  critical	
  role	
  in	
  the	
  regulation	
  of	
  vascular	
  permeability	
  and	
  angiogenesis	
  (Zhang	
  et	
  al.	
  2006,	
  
Bhutto	
  et	
  al.	
  2005).	
  In	
  AMD,	
  PEDF	
  levels	
  are	
  significantly	
  lowered	
  in	
  RPE	
  cells,	
  RPE	
  basal	
  lamina,	
  Bruch’s	
  
membrane	
   and	
   choroidal	
   stroma	
   (Bhutto	
   et	
   al.	
   2005).	
   This	
   decrease	
   in	
   PEDF	
   in	
   the	
   retina	
   is	
   partially	
  
responsible	
   for	
   an	
   increase	
   in	
   VEGF	
   expression	
   and	
   disruption	
   of	
   the	
   VEGF/PEDF	
   balance	
   (Gao	
   et	
   al.	
  
2001).	
  This	
  disturbed	
  balance	
  correlates	
  with	
  the	
  formation	
  of	
  CNV	
  in	
  AMD	
  (Zhang	
  et	
  al.	
  2006,	
  Bhutto	
  et	
  
al.	
  2005).	
  	
  	
  	
  
	
  	
  	
  	
  	
  Studies	
  investigating	
  the	
  role	
  of	
  VEGF	
  in	
  ocular	
  angiogenesis	
  have	
  led	
  to	
  the	
  design	
  of	
  new	
  therapeutic	
  
strategies	
  for	
  angiogenic	
  eye	
  disorders,	
  such	
  as	
  anti-­‐VEGF	
  agents.	
  As	
  PEDF	
  has	
  been	
  shown	
  to	
  protect	
  the	
  
RPE	
   and	
   photoreceptors	
   against	
   cell	
   death	
   from	
   various	
   pathological	
   insults,	
   Popp	
   et	
   al.	
   (2013)	
  
hypothesized	
  that	
  intravitreal	
  injection	
  of	
  PEDF	
  may	
  decrease	
  AMD-­‐lesion	
  progression	
  in	
  the	
  eye.	
   	
  Their	
  
results	
  showed	
  that	
  PEDF	
  had	
  a	
  healing	
  effect	
  on	
  AMD-­‐lesions	
  by	
  its	
  anti-­‐inflammatory,	
  anti-­‐apoptotic	
  and	
  
neuroprotective	
   role	
   and	
   that	
   PEDF	
  
may	
   be	
   a	
   new	
   potential	
   treatment	
  
therapy	
  for	
  AMD.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  

Figure	
  12	
  	
  	
  ROS-­‐mediated	
  apoptosis	
  	
  
Cells	
   have	
   a	
   wide	
   spectrum	
   of	
  
intracellular	
  signal	
  transduction	
  systems	
  
to	
   transmit	
   ROS-­‐mediated	
   signals	
   and	
  
accommodate	
   to	
   the	
   OS.	
   These	
   systems	
  
include	
   protein	
   kinase	
   cascades	
   and	
  
many	
  of	
   these	
  pathways	
  are	
   engaged	
   in	
  
the	
   route	
   to	
   apoptosis,	
   including	
   MAP	
  
kinases/ASK1	
   upstream	
   regulator	
   (1),	
  
PKB/Akt-­‐ERK/JNK	
   (2),	
   MKP/1	
   and	
  
glutamate-­‐induced	
   cell	
   death	
   (3)	
  
(Pinazo-­‐Durán	
  2014a).	
  
	
  

Table	
  1	
  	
  	
  Properties	
  of	
  VEGF	
  (Eugene	
  and	
  Adamis	
  2005)	
  
Propert ies of VEGF 
- Stimulator of angiogenesis 
- Potent inducer of vascular permeability and fenestration 
- Proinflammatory agent 
- Neuroprotective agent 
- Vessel survival factor 
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IIIe.	
  	
  	
  Inflammation	
  
	
  	
  	
  	
  	
  The	
   immune-­‐inflammatory	
   response	
   (IIR)	
   attempts	
   to	
   defend	
   an	
   organism	
   from	
   cell	
   injury	
   and	
   its	
  
related	
   effects.	
   The	
   IIR	
   involves	
   cells	
   of	
   the	
   innate	
   immunity	
   (phagocytic	
   cells	
   such	
   as	
   neutrophils,	
  
monocytes,	
  macrophages	
  and	
  NK	
  cells)	
   and	
   cells	
  of	
   the	
  adaptive	
   immunity	
   (lymphocytes	
  T,	
  B,	
   and	
  NK),	
  
interacting	
   among	
   them	
   by	
   cytokines,	
   chemokines,	
   nitric	
   oxide	
   (NO)	
   etc.	
   (Pinazo-­‐Durán	
   et	
   al.	
   2014a).	
  
Antigen-­‐presenting	
  cells	
  (APCs)	
  function	
  as	
  a	
  ‘bridge’	
  between	
  the	
  innate	
  and	
  adaptive	
  immune	
  response	
  
(Gourbeyre	
  et	
  al.	
  2009).	
  Tissue	
  damage	
  results	
  from	
  uncontrolled	
  chronic	
  inflammation	
  (Figure	
  13).	
  	
  
	
  	
  	
  	
  	
  Increased	
   inflammatory	
   plasmatic	
   markers	
   and	
   immune	
   mediator	
   molecules,	
   such	
   as	
   TNF-­‐alpha,	
   E-­‐
selectin	
   and	
   interleukin	
   6	
   are	
   positively	
   correlated	
   with	
   age	
   and	
   contribute	
   to	
   a	
   pro-­‐inflammatory	
  
environment	
  that	
  helps	
  to	
  develop	
  vascular	
  dysfunction	
  and	
  promotes	
  endothelial	
  apoptosis	
  (Ungvari	
  et	
  
al.	
   2007).	
   AMD	
   lesions	
   demonstrate	
   signs	
   of	
   persistent	
   chronic	
   inflammatory	
   damage,	
   including	
  
infiltration	
  and	
  recruitment	
  of	
  macrophages,	
   complement	
  activation	
  and	
  pro-­‐inflammatory	
  cytokines	
  or	
  
chemokines	
   in	
   AMD	
   lesions	
   and	
   drusen.	
   Furthermore,	
   AMD	
   occurrence	
   is	
   associated	
   with	
   microglial	
  
activation	
  and	
  accumulation	
  in	
  the	
  macula	
  (Ding	
  et	
  al.	
  2009,	
  Pinazo-­‐Durán	
  et	
  al.	
  2014a).	
  
	
  	
  	
  	
  	
  Drusen	
   contain	
   lipids,	
   proteins	
   and	
   oxidation	
  products	
   for	
   lipids	
   and	
   carbohydrates.	
   These	
   oxidative	
  
components	
   in	
   drusen,	
   as	
   well	
   as	
   retinal	
   lesions	
   in	
   advanced	
   AMD,	
   can	
   activate	
   pattern	
   recognition	
  
receptors	
   that	
   initiate	
   an	
   inflammatory	
   and	
   immune	
   response,	
   such	
   as	
   macrophage	
   recruitment,	
  
microglial	
  accumulation,	
  complement	
  activation,	
  release	
  of	
  cytokines	
  and	
  chemokines	
  and	
  inflammatory	
  
oxidative	
  stress	
  (Tuo	
  et	
  al.	
  2012).	
  Altered	
  cytokine	
  profiles	
  of	
  the	
  RPE	
  have	
  been	
  associated	
  with	
  the	
  aging	
  
eye	
  and	
  AMD	
  (Pinazo-­‐Durán	
  et	
  al.	
  2014a).	
  A	
   study	
  by	
  Anderson	
  et	
  al.	
   (2002)	
   supported	
  a	
   role	
   for	
   local	
  
inflammation	
  in	
  drusen	
  biogenesis.	
  Their	
  results	
  indicated	
  that	
  cellular	
  remnants	
  and	
  debris	
  derived	
  from	
  
degenerated	
   RPE	
   cells	
   become	
   isolated	
   between	
   the	
   RPE	
   basal	
   lamina	
   and	
   Bruch’s	
   membrane.	
   This	
  
cellular	
  debris	
  may	
  constitute	
  a	
  chronic	
  inflammatory	
  stimulus	
  and	
  a	
  potential	
  ‘nucleation’	
  site	
  for	
  drusen	
  
formation.	
  Hageman	
  et	
  al.	
  (2001)	
  reviewed	
  the	
  role	
  of	
  inflammatory,	
  immune-­‐,	
  and	
  cell-­‐mediated	
  events	
  
in	
  drusen	
  biogenesis.	
  In	
  their	
  model,	
  injured	
  RPE	
  serves	
  as	
  the	
  most	
  likely	
  source	
  of	
  soluble	
  cytokines	
  or	
  
other	
  stimulatory	
  factors	
  that	
  recruit	
  and	
  activate	
  dendritic	
  cells	
  (Figure	
  14).	
  	
  
	
  

	
  
 
 
 
 
 
 
 
 
 

	
  
Figure	
  13	
   	
   	
   	
  The	
   inflammatory-­‐immune	
   response	
   (IIR)	
  Cytokines,	
   interleukins	
  (IL)	
   IL-­‐1	
  and	
   IL-­‐6	
  and	
  TNF-­‐
alpha	
   are	
   inducers	
   of	
   the	
   IIR	
   through	
   the	
   regulation	
   of	
  monocytes.	
  Macrophages,	
   neutrophils,	
   fibroblasts	
   and	
  
endothelial	
  cells	
  are	
  essential	
  for	
  an	
  adequate	
  immune	
  system	
  function.	
  Uncontrolled	
  chronic	
  inflammation	
  can	
  
cause	
  tissue	
  damage	
  (Pinazo-­‐Durán	
  et	
  al.	
  2014a)	
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  Pathogenic	
  mechanisms	
  of	
  AMD	
  related	
  to	
  inflammation	
  include	
  variations	
  in	
  complement	
  factors,	
  like	
  
CFH,	
  CFB,	
  C2	
  and	
  C3	
  (Coleman	
  et	
  al.	
  2008).	
  The	
  complement	
  system	
  is	
  part	
  of	
  the	
  innate	
  immune	
  system	
  
and	
  can	
  be	
  activated	
  through	
  three	
  distinct	
  pathways:	
   the	
  classical	
  pathway,	
   involving	
  antigen-­‐antibody	
  
complexes	
   and	
   complement,	
   the	
   alternative	
   pathway,	
   and	
   lectin-­‐mediated	
   pathway,	
   leading	
   to	
   the	
  
destruction	
  of	
  foreign	
  proteins	
  or	
  damaged	
  cells	
  by	
  the	
  host	
  defence	
  system	
  (Anderson	
  et	
  al.	
  2002,	
  Donoso	
  
et	
   al.	
   2006).	
   As	
   previously	
   described,	
   CFH	
   plays	
   a	
   critical	
   role	
   in	
   the	
   alternative	
   pathway	
   of	
   the	
  
complement	
  system	
  by	
  binding	
  and	
  inactivating	
  C3b	
  (Johnson	
  et	
  al.	
  2006,	
  Buentello-­‐Volante	
  et	
  al.	
  2012).	
  
C3b	
   is	
   deposited	
   on	
   intact	
   host	
   cells,	
   thereby	
   preventing	
   destruction	
   of	
   these	
   cells	
   but	
   allowing	
  
destruction	
   of	
   foreign	
   or	
   damaged	
   host	
   cells.	
   CFH	
  dysfunction	
  may	
   lead	
   to	
   excessive	
   inflammation	
   and	
  
tissue	
   damage	
   involved	
   in	
   the	
   pathogenesis	
   of	
   AMD.	
   The	
   Y2402H	
   residue	
   is	
   located	
   within	
   the	
   CFH	
  
complement	
  activation	
  locus,	
  a	
  site	
  strongly	
  associated	
  with	
  AMD	
  (Figure	
  15)	
  (Donoso	
  et	
  al.	
  2006,	
  Seddon	
  
et	
  al.	
  2007,	
  Johnson	
  et	
  al.	
  2006).	
  	
  
	
  
 
	
  
	
  
	
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

	
  
Figure	
  14	
   	
   	
  The	
   integrated	
  hypothesis	
  proposed	
  by	
  Hageman	
  et	
   al,	
   depicting	
   the	
  role	
  of	
   inflammatory-­‐,	
  
immune-­‐	
  and	
  cell-­‐mediated	
  events	
  in	
  drusen	
  biogenesis.	
  A:	
  RPE,	
  Bruch’s	
  membrane	
  and	
  choroid	
  in	
  a	
  normal	
  
condition.	
   B:	
   RPE	
   injury	
   caused	
   by	
   gene	
   mutations,	
   light	
   damage,	
   oxidative	
   stress,	
   lipofuscin	
   accumulation,	
  
complement	
   mediated	
   cell	
   injury	
   etc.	
   Damage	
   results	
   in	
   cytokine	
   release	
   and/or	
   RPE	
   ‘debris’	
   into	
   Bruch’s	
  
membrane.	
  C:	
  Adjacent	
  RPE	
  cells	
  form	
  a	
  seal	
  over	
  the	
  RPE	
  debris	
  and	
  synthesize	
  a	
  novel	
  basal	
  lamina.	
  D:	
  Soluble	
  
molecules	
   are	
  released	
  by	
   injured	
  RPE	
  and	
  serve	
   as	
  chemoattractants	
   for	
  choroidal	
  or	
  blood	
   lymphocytes.	
  The	
  
latter	
  migrate	
   to	
   the	
  site	
  of	
   injury	
  (lesion)	
   and	
  develop	
   into	
  mature	
  dendritic	
   cells	
   E:	
   Formation	
  of	
   the	
  drusen	
  
‘core‘.	
  F/G:	
  Response	
  of	
  the	
  underlying	
  RPE,	
  perhaps	
  to	
  reduce	
  the	
  growth	
  of	
  the	
  druse.	
  H:	
  the	
  mature	
  choroidal	
  
dendritic	
  cells	
  withdraw	
  their	
  drusen-­‐associated	
  processes	
  and	
  migrate	
  away	
  from	
  the	
  lesion,	
  I:	
  leaving	
  behind	
  a	
  	
  	
  
composition	
  of	
  extracellular	
  material	
  (druse)	
  (Hageman	
  et	
  al.	
  2001).	
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Figure	
  15	
  	
  	
  Complement	
  Factor	
  H	
  and	
  the	
  effects	
  of	
  time,	
  genetics	
  and	
  environment	
  on	
  retinal	
  aging	
  and	
  AMD	
  (Donoso	
  et	
  
al.	
  2006)	
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IV.	
  NUTRITIONAL	
  SUPPLEMENTS	
  AND	
  AMD	
  
	
  
	
  	
  	
  	
  	
  The	
  first	
  study	
  that	
  evaluated	
  the	
  relationship	
  between	
  dietary	
  intake,	
  nutritional	
  factors	
  and	
  AMD	
  was	
  
performed	
  in	
  the	
  Eye	
  Disease	
  Case-­‐Control	
  Study	
  (EDCCS)	
  in	
  1986	
  (Seddon	
  et	
  al.	
  1994).	
  The	
  hypothesis	
  of	
  
this	
  study	
  was	
  that	
  antioxidants	
  dietary	
  and	
  nutritional	
  factors	
  could	
  influence	
  AMD.	
  Their	
  hypothesis	
  was	
  
based	
   on	
   the	
   known	
   influence	
   of	
   daily	
   insults	
   on	
   free	
   radical	
   formation	
   and	
   oxidation,	
   and	
   on	
   the	
  
assumption	
  that	
  the	
  retina	
  was	
  a	
  set	
  up	
  for	
  these	
  oxidative	
  processes	
  due	
  to	
  the	
  abundance	
  of	
  PUFAs	
  in	
  
the	
  POS	
  membranes.	
  	
  
	
  
IVa.	
  	
  	
  Antioxidants	
  (vitamins	
  A,	
  C	
  and	
  E)	
  
	
  	
  	
  	
  	
  The	
  deposit	
   of	
   oxidized	
   compounds	
   in	
  healthy	
   tissue	
   could	
   lead	
   to	
   cell	
   death	
   and	
   could	
   theoretically	
  
lead	
   to	
   impaired	
   function	
  of	
   the	
  RPE	
  and	
  eventually	
   to	
  degeneration	
   involving	
   the	
  macula.	
  A	
   review	
  by	
  
Sobrin	
  and	
  Seddon	
  (2014)	
  proposed	
  that	
  dietary	
  antioxidants	
  could	
  potentially	
  block	
  this	
  damaging	
  effect	
  
of	
  oxidation	
  and	
  scavenge,	
  decompose	
  or	
  reduce	
  the	
  formation	
  of	
  harmful	
  compounds	
  in	
  the	
  macula.	
  	
  	
  
	
  
Vitamins	
  (A,	
  B,	
  C	
  and	
  E)	
  
	
  	
  	
  	
  	
  Vitamin	
  E	
  is	
  an	
  antioxidant	
  that	
  exists	
  in	
  several	
  forms	
  in	
  nature,	
  of	
  which	
  the	
  α-­‐tocopherol	
  is	
  the	
  most	
  
abundantly	
  concentrated	
  in	
  both	
  plasma	
  and	
  retinal	
  tissue	
  (Olson	
  et	
  al.	
  2011).	
  Vitamin	
  E	
  is	
  the	
  major	
  lipid-­‐
soluble	
  antioxidant	
  protecting	
  lipids	
  against	
  peroxidative	
  damage	
  in	
  plasma	
  and	
  red	
  blood	
  cells	
  (Sies	
  and	
  
Stahl	
   1995).	
   Vitamin	
  C,	
   also	
   known	
  as	
   L-­‐ascorbic	
   acid,	
   is	
   considered	
   the	
  most	
   important	
   antioxidant	
   in	
  
extracellular	
   fluids	
   (Sies	
  et	
  al.	
  1992)	
  and	
   functions	
  as	
  a	
  cofactor	
   in	
   the	
  regeneration	
  of	
  Vitamin	
  E	
   in	
   the	
  
retina.	
  Vitamins	
  C	
  and	
  E	
  were	
  included	
  in	
  the	
  AREDS	
  trials.	
  AREDS	
  reported	
  a	
  benefit	
  from	
  vitamin	
  C	
  and	
  
E,	
  but	
  this	
  was	
  in	
  combination	
  with	
  the	
  other	
  supplements	
  contained	
  in	
  the	
  AREDS	
  formulation.	
  Vitamin	
  C	
  
and	
  E	
  alone	
  were	
  not	
  found	
  to	
  significantly	
  affect	
  the	
  course	
  of	
  AMD	
  (AREDS	
  Research	
  Group	
  2001).	
  Two	
  
large,	
   randomized	
  controlled	
   trials	
  assessing	
   the	
   role	
  of	
  vitamin	
  E	
   in	
  AMD	
  prevention	
  showed	
  no	
  effect	
  
(Teikari	
   et	
   al.	
   1998,	
   Taylor	
   et	
   al.	
   2002).	
   Interestingly,	
   a	
   meta-­‐analysis	
   combining	
   both	
   trials	
   found	
   a	
  
significant	
   protective	
   effect	
   of	
   Vitamin	
   E	
   in	
   the	
   prevention	
   of	
   early	
   AMD	
   (Chong	
   et	
   al.	
   2007).	
   Yet,	
   the	
  
overall	
   conclusion	
   of	
   Chong	
   et	
   al.	
   stated	
   there	
  was	
   insufficient	
   evidence	
   to	
   support	
   the	
   role	
   of	
   dietary	
  
antioxidants	
  for	
  the	
  prevention	
  of	
  early	
  AMD.	
  The	
  study	
  by	
  Seddon	
  et	
  al.	
  (1994)	
  investigated	
  the	
  effects	
  of	
  
vitamins	
   A,	
   C	
   and	
   E	
   and	
   their	
   results	
   showed	
   that	
   intake	
   of	
   preformed	
   vitamin	
   A	
   (retinal)	
   was	
   not	
  
associated	
  with	
  AMD	
  and	
  there	
  was	
  no	
  significant	
  association	
  between	
  vitamin	
  C	
  and	
  E	
  consumption	
  and	
  
AMD.	
   However,	
   the	
   researchers	
   did	
   suggest	
   a	
   possible	
   lower	
   risk	
   for	
   AMD	
   among	
   those	
   with	
   higher	
  
dietary	
  intake	
  of	
  vitamin	
  C.	
  Although	
  vitamin	
  supplements	
  are	
  generally	
  regarded	
  as	
  safe,	
  they	
  may	
  have	
  
harmful	
   effects.	
   A	
   high	
   dose	
   of	
   vitamin	
   A	
   seems	
   to	
   be	
   associated	
   with	
   increased	
   risk	
   of	
   mortality,	
  
congestive	
   heart	
   failure,	
   prostate	
   cancer,	
   and	
   β-­‐carotene	
   with	
   an	
   increased	
   risk	
   of	
   lung	
   cancer	
   among	
  
active	
  smokers	
   (Pinazo-­‐Durán	
  et	
  al.	
  2014a).	
   In	
  AREDS,	
  skin	
  and	
  subcutaneous	
   tissue	
  conditions	
   (yellow	
  
skin)	
  were	
  more	
  frequent	
  in	
  the	
  antioxidant	
  arms	
  (P=0,03)	
  (AREDS	
  Research	
  Group	
  2001).	
  
	
  	
  	
  	
  	
  Vitamin	
  B	
   is	
  another	
  antioxidant	
   that	
   is	
  hypothesized	
   to	
  have	
  a	
  protective	
  effect	
   in	
   the	
  human	
  retina	
  
(Olson	
  et	
  al.	
  2011).	
  Hyperhomocystein	
  is	
  thought	
  to	
  induce	
  vascular	
  endothelial	
  dysfunction,	
  which	
  may	
  
play	
  a	
  role	
  in	
  development	
  of	
  neovascular	
  AMD	
  (Axer-­‐Siegel	
  et	
  al.	
  2004).	
  Vitamin	
  B	
  supplementation	
  has	
  
shown	
  to	
  decrease	
  serum	
  levels	
  of	
  homocystein,	
  (Seddon	
  et	
  al.	
  2006b,	
  Kamburoglu	
  et	
  al.	
  2006)	
  and	
  could	
  
thereby	
   have	
   a	
   protective	
   macular	
   function.	
   The	
   Women’s	
   Antioxidant	
   and	
   Folic	
   Acid	
   Cardiovascular	
  
Study	
   (WAFACS)	
   showed	
   an	
   unexpected	
   benefit	
   of	
   AMD	
   development	
   in	
   women	
   who	
   received	
   a	
  
combination	
   of	
   B-­‐vitamins	
   (Christen	
   et	
   al.	
   2009).	
  However,	
   this	
   study	
   had	
   a	
   number	
   of	
   limitations	
   and	
  
further	
  investigation	
  into	
  the	
  role	
  of	
  vitamin	
  B	
  in	
  AMD	
  risk	
  is	
  needed.	
  	
  
	
  
Carotenoids	
  (β-­‐carotene,	
  lutein,	
  zeaxanthin)	
  
	
  	
  	
  	
  	
  Carotenoids	
  are	
  macular	
  pigments	
  that	
  absorb	
  light	
  energy	
  and	
  act	
  as	
  antioxidants.	
  There	
  are	
  over	
  600	
  
known	
   carotenoids,	
   but	
   only	
   a	
   few	
   can	
   be	
   found	
   in	
   the	
   human	
   body	
   (Olson	
   et	
   al.	
   2011).	
   Lutein	
   and	
  
zeaxanthin	
  are	
  the	
  only	
  two	
  carotenoids	
  present	
  in	
  the	
  retina	
  and	
  are	
  the	
  main	
  components	
  of	
  the	
  human	
  
macular	
  pigment,	
  and	
  are	
  highly	
  concentrated	
  in	
  the	
  macula	
  (Olson	
  et	
  al.	
  2011).	
  Carotenoids	
  reduce	
  the	
  
amount	
  of	
  light	
  reaching	
  the	
  photoreceptors	
  by	
  approximately	
  40%	
  (Tokartz	
  et	
  al.	
  2013).	
  
	
  	
  	
  	
  	
  The	
   carotenoid	
   β-­‐carotene	
   is	
   not	
   present	
   in	
   the	
   macula	
   (Seddon	
   et	
   al.	
   1994),	
   but	
   since	
   lutein	
   and	
  
zeaxanthin	
  have	
  only	
  been	
  available	
  for	
  manufacturing	
  in	
  a	
  research	
  formulation	
  for	
  a	
  few	
  years,	
  several	
  
studies	
  have	
  investigated	
  the	
  effect	
  of	
  β-­‐carotene	
  in	
  AMD.	
  However,	
  in	
  the	
  study	
  by	
  Seddon	
  et	
  al.	
  (1994)	
  a	
  
higher	
   dietary	
   intake	
   of	
   β-­‐carotene	
   did	
   not	
   reduce	
   the	
   risk	
   of	
   advanced	
   AMD.	
   Several	
   other	
   studies	
  
demonstrated	
   an	
   increased	
   incidence	
   of	
   lung	
   cancer	
   and	
   mortality	
   in	
   smokers	
   assigned	
   to	
   β-­‐carotene	
  
supplementation	
  (Omenn	
  et	
  al.	
  1996,	
  ATBC	
  Cancer	
  Prevention	
  Study	
  Group	
  1994b).	
  



	
   19	
  

	
  	
  	
  	
  	
  The	
   association	
   between	
  AMD	
   risk	
   and	
   lutein	
   and	
   zeaxanthin	
   supplementation	
   has	
   been	
   explored	
   in	
  
several	
   large-­‐scale	
   epidemiological	
   studies	
   and	
   prospective	
   randomized	
   controlled	
   trials.	
   Lutein	
   and	
  
zeaxanthin	
  can	
  primarily	
  be	
  obtained	
   from	
  dark	
  green,	
   leafy	
  vegetables	
   (Seddon	
  et	
  al.	
  1994).	
  Gale	
  et	
  al.	
  
(2003)	
  studied	
  280	
  man	
  and	
  women	
  and	
  found	
  that	
  lower	
  plasma	
  levels	
  of	
  zeaxanthin	
  could	
  be	
  associated	
  
with	
  an	
  increased	
  risk	
  of	
  early	
  AMD.	
  The	
  results	
  of	
  Seddon	
  et	
  al.	
  (1994)	
  showed	
  that	
  participants	
  in	
  the	
  
highest	
  quintile	
  of	
  lutein	
  and	
  zeaxanthin	
  intake	
  (6mg)	
  had	
  a	
  43%	
  lower	
  risk	
  for	
  AMD	
  compared	
  to	
  those	
  in	
  
the	
   lowest	
   quintile.	
   In	
   2006,	
   the	
   Carotenoids	
   in	
   Age-­‐related	
   Macular	
   Degeneration	
   Study	
   (CAREDS)	
  
concluded	
  that	
  lutein-­‐	
  and	
  zeaxanthin-­‐rich	
  diets	
  may	
  protect	
  against	
  intermediate	
  AMD	
  in	
  female	
  patients	
  
less	
  than	
  75	
  years	
  of	
  age	
  (Moeller	
  et	
  al.	
  2006).	
  The	
  Blue	
  Mountain	
  Eye	
  Study	
  reported	
  that	
  higher	
  dietary	
  
lutein	
  and	
  zeaxanthin	
   intake	
  reduced	
   the	
  risk	
  of	
   incident	
  AMD	
  over	
  5	
  and	
  10	
  years	
   (Tan	
  et	
  al.	
  2008).	
  A	
  
large	
   randomized	
   controlled	
   trial	
   by	
  Richer	
   et	
   al.	
   (2004)	
   reported	
   that	
   lutein	
   had	
   a	
   protective	
   effect	
   in	
  
slowing	
  the	
  progression	
  of	
  AMD	
  when	
  used	
  alone	
  or	
   in	
  combination	
  with	
  other	
  nutritional	
  supplements	
  
(zinc,	
  β-­‐carotene,	
  vitamin	
  C	
  and	
  E).	
  However,	
   there	
  are	
  also	
   studies	
   that	
  did	
  not	
   report	
  any	
  statistically	
  
significant	
  correlation	
  between	
  lutein	
  and	
  AMD	
  (Bartlett	
  and	
  Eperjesi	
  2007).	
  	
  
	
  
IVb.	
  	
  	
  Zinc	
  
	
  	
  	
  	
  	
  High	
  concentrations	
  of	
  zinc	
  can	
  be	
  found	
  in	
  ocular	
  tissues,	
  particularly	
  in	
  the	
  retina,	
  pigment	
  epithelium	
  
and	
  choroid	
  (Newsome	
  et	
  al.	
  1988).	
  Zinc	
  is	
  a	
  co-­‐factor	
  for	
  many	
  metabolically	
  active	
  enzymes	
  within	
  the	
  
eye,	
   including	
   superoxide	
   dismutase	
   (SOD)	
   and	
   catalase,	
   which	
   are	
   important	
   in	
   protecting	
   the	
   retina	
  
from	
  oxidative	
  damage.	
  It	
  also	
  fulfills	
  a	
  role	
  as	
  co-­‐factor	
  in	
  the	
  metabolism	
  of	
  vitamin	
  A	
  and	
  in	
  rhodopsin	
  
synthesis	
  (Olson	
  et	
  al.	
  2011,	
  Newsome	
  et	
  al.	
  1988).	
  Zinc	
  interacts	
  with	
  taurine	
  and	
  vitamin	
  A	
  in	
  the	
  retina,	
  
modifies	
   plasma	
   membranes	
   in	
   the	
   photoreceptors,	
   regulates	
   the	
   light	
   rhodopsin	
   reaction	
   within	
   the	
  
photoreceptor,	
  modulates	
  synaptic	
  transmission	
  and	
  serves	
  as	
  an	
  antioxidant	
  in	
  both	
  the	
  RPE	
  and	
  retina	
  
(Figure	
  16)	
   (Grahn	
  et	
  al.	
  2001).	
  Elderly	
  are	
  at	
  higher	
  risk	
  of	
  zinc	
  deficiency,	
  which	
  might	
   increase	
   their	
  
risk	
  of	
  vision	
  loss	
  in	
  AMD	
  (Olson	
  et	
  al.	
  2011,	
  Newsome	
  et	
  al.	
  1988).	
  	
  
	
  	
  	
  	
  	
  Multiple	
   studies	
   have	
   investigated	
   the	
   effects	
   of	
   zinc	
   on	
   AMD.	
   However,	
   studies	
   have	
   reported	
  
inconsistent	
   associations	
   between	
   zinc	
   and	
   AMD.	
   Reports	
   range	
   from	
   zinc	
   having	
   no	
   significant	
  
relationship	
  with	
  AMD,	
   to	
  serving	
  a	
  protective	
  role.	
  The	
  Blue	
  Mountains	
  Eye	
  Study	
   initially	
  reported	
  no	
  
significant	
  association	
  between	
  zinc	
  intake	
  and	
  patients	
  (Flood	
  et	
  al.	
  2002),	
  but	
  their	
  10-­‐year	
  data	
  showed	
  
that	
  high	
  zinc	
  intake	
  significantly	
  reduced	
  the	
  development	
  of	
  early	
  AMD	
  in	
  individuals	
  (Tan	
  et	
  al.	
  2008).	
  
AREDS	
  did	
  not	
   find	
  a	
   statistically	
   significant	
  effect	
  of	
   zinc	
  on	
   the	
   rates	
  of	
  AMD	
  when	
  zinc	
  was	
  analyzed	
  
individually	
  (AREDS	
  Research	
  Group,	
  2001).	
  AREDS	
  also	
  provided	
  evidence	
  on	
  adverse	
  effects	
  of	
  zinc.	
  The	
  
main	
  adverse	
  effect	
  was	
  that	
  people	
  taking	
  high-­‐dose	
  zinc	
  were	
  at	
   increased	
  risk	
   for	
  hospital	
  admission	
  
due	
  to	
  genitourinary	
  diseases	
  or	
  experienced	
  circulatory	
  adverse	
  effects.	
  	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
   	
  
Figure	
  16	
  	
  	
  The	
  functions	
  of	
  zinc	
  in	
  the	
  retina	
  and	
  retinal	
  pigment	
  
epithelium	
  (Grahn	
  et	
  al.	
  2001)	
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IVc.	
  	
  	
  Omega	
  3	
  fatty	
  acids	
  	
  
	
  	
  	
  	
  	
  Omega-­‐3	
  fatty	
  acids	
  have	
  been	
  proposed	
  to	
  alter	
  retinal	
  cell	
  membranes	
  and	
  confer	
  protection	
  against	
  
oxidative,	
  inflammatory	
  and	
  vasogenic	
  processes	
  that	
  play	
  a	
  key	
  role	
  in	
  the	
  pathogenesis	
  of	
  AMD	
  (Evans	
  
and	
  Lawrenson	
  2014).	
  Docosahexaenoic	
  acid	
   (DHA)	
  and	
   its	
  precursor,	
  eicosapentaenoic	
  acid	
   (EPA),	
  are	
  
examples	
  of	
  omega-­‐3	
   long	
  chain	
  polyunsaturated	
  acids	
   (ω3-­‐LCPUFA)	
   (Olson	
  et	
  al.	
  2011).	
  DHA	
  accounts	
  
for	
  50-­‐60%	
  of	
  the	
  total	
  fatty	
  acid	
  content	
  of	
  the	
  outer	
  segments	
  of	
  photoreceptors	
  (Evans	
  and	
  Lawrenson	
  
2014).	
  DHA	
  plays	
  a	
  key	
  role	
  in	
  the	
  homeostasis	
  and	
  function	
  of	
  photoreceptors	
  and	
  RPE	
  (Pinazo-­‐Duran	
  et	
  
al.	
   2014b)	
   and	
   helps	
   regulate	
   gene	
   expression,	
   thereby	
   initiating	
   antioxidant,	
   neuroprotective,	
   anti-­‐
inflammatory	
  and	
  anti-­‐angiogenic	
  effects	
  (Ramkumar	
  et	
  al.	
  2013,	
  Mukherjee	
  et	
  al.	
  2007,	
  Block	
  et	
  al.	
  2012).	
  
EPA	
  might	
  be	
  involved	
  in	
  vascular	
  permeability,	
  inflammation,	
  retinal	
  neovascularization	
  and	
  suppression	
  
of	
   VEGF	
   (SanGiovanni	
   and	
   Chew	
   2005).	
   The	
   constant	
   turnover	
   of	
   outer	
   segment	
   membranes	
   requires	
  
continuous	
  dietary	
  supply	
  of	
  DHA	
  and	
  its	
  precursors,	
  since	
  humans	
  are	
  unable	
  to	
  synthesize	
  them	
  de	
  novo	
  
(Olson	
  et	
  al.	
  2011).	
  A	
  deficiency	
  of	
  ω3-­‐LCPUFA	
  may	
  predispose	
  the	
  development	
  of	
  AMD.	
  	
  
	
  	
  	
  	
  	
  Studies	
  have	
  reported	
  that	
  the	
  consumption	
  of	
  ω3-­‐LCPUFA	
  and	
  fish	
  products	
  could	
  reduce	
  the	
  risk	
  of	
  
developing	
  advanced	
  AMD.	
  For	
  example,	
  Chua	
  et	
  al.	
  (2006)	
  and	
  Cho	
  et	
  al.	
  (2001a)	
  reported	
  a	
  reduced	
  risk	
  
of	
   early	
   AMD	
   with	
   higher	
   intake	
   of	
   ω3-­‐LCPUFA.	
   A	
   recent	
   population-­‐based	
   cross-­‐sectional	
   study	
   by	
  
Augood	
   et	
   al.	
   (2008)	
   identified	
   an	
   inverse	
   association	
   between	
   the	
   rate	
   of	
   dietary	
   DHA	
   and	
   EPA	
  
consumption	
  with	
   neovascular	
   AMD.	
   Their	
   results	
   showed	
   a	
   50%	
   reduction	
   in	
   the	
   risk	
   of	
   neovascular	
  
AMD	
  in	
  individuals	
  that	
  consumed	
  oily	
  fish	
  at	
  least	
  once	
  per	
  weak,	
  compared	
  to	
  those	
  consuming	
  oily	
  fish	
  
less	
  than	
  once	
  per	
  week	
  (Augood	
  et	
  al.	
  2008).	
  A	
  meta-­‐analysis	
  by	
  Chong	
  et	
  al.	
  (2008)	
  pooled	
  data	
  from	
  six	
  
observational	
   studies	
   and	
   reported	
   a	
   38%	
   reduced	
   rate	
   of	
   progression	
   to	
   late	
   AMD	
   in	
   participants	
  
consuming	
  the	
  highest	
  amount	
  of	
  dietary	
  ω3-­‐LCPUFA	
  (Olson	
  et	
  al.	
  2011).	
  However,	
  although	
  the	
  authors	
  
found	
  an	
   inverse	
  association	
   in	
   the	
  progression	
  of	
  AMD,	
   they	
  concluded	
   there	
  was	
   insufficient	
  evidence	
  
from	
  current	
  literature	
  to	
  support	
  a	
  routine	
  consumption	
  of	
  ω3-­‐LCPUFA	
  for	
  AMD	
  prevention	
  (Chong	
  et	
  al.	
  
2008).	
  The	
  Nutritional	
  AMD	
  Treatment	
  2	
  (NAT-­‐2)	
  study	
  was	
  a	
  randomised	
  controlled	
  trial	
  that	
  specifically	
  
investigated	
  whether	
  ω3-­‐LCPUFA	
  supplementation	
  could	
  decrease	
  the	
  risk	
  of	
  developing	
  advanced	
  AMD.	
  
However,	
  the	
  trial	
  provided	
  high	
  quality	
  evidence	
  that	
  people	
  taking	
  ω3-­‐LCPUFA	
  supplements	
  were	
  not	
  at	
  
a	
   decreased	
   or	
   increased	
   risk	
   of	
   developing	
   advanced	
   AMD	
   (Souied	
   et	
   al.	
   2013,	
   Evans	
   and	
   Lawrenson	
  
2014).	
  	
  
	
  
Table	
   2	
   summarizes	
   the	
   main	
   publications	
   on	
   the	
   effects	
   of	
   several	
   nutritional	
   supplements	
   for	
   AMD.	
  	
  
Although	
  several	
  trials	
  have	
  been	
  done,	
  they	
  have	
  generally	
  been	
  small	
  and	
  of	
  short	
  duration,	
  resulting	
  in	
  
inconclusive	
  results.	
  	
  
	
  
	
  
IVd.	
  	
  Age-­‐Related	
  Eye	
  Disease	
  Study	
  (AREDS)	
  
	
  
AREDS1	
  
	
  	
  	
  	
  Because	
  of	
   inconsistent	
   evidence	
   from	
  observational	
   studies	
   and	
   the	
  public	
   health	
   concern	
   regarding	
  
the	
  widespread	
  use	
  of	
  unproven,	
  high-­‐dose	
  antioxidant	
  and	
  zinc	
  supplements	
  for	
  AMD,	
  the	
  National	
  Eye	
  
Institute	
   (NEI)	
   incorporated	
  a	
  clinical	
   trial	
  as	
  part	
  of	
   the	
  Age-­‐Related	
  Eye	
  Disease	
  Study.	
  This	
  11-­‐center	
  
double	
  masked	
  clinical	
  trial	
  is	
  the	
  largest	
  study	
  on	
  the	
  effects	
  of	
  nutritional	
  supplements	
  in	
  AMD-­‐patients	
  
and	
  was	
  published	
  in	
  2001	
  (AREDS	
  Research	
  Group,	
  2001).	
  The	
  AREDS	
  Research	
  group	
  aimed	
  to	
  evaluate	
  
the	
  effect	
  of	
  high-­‐dose	
  vitamins	
  C	
  and	
  E,	
  β-­‐carotene,	
   and	
  zinc	
   supplement	
  on	
  AMD	
  progression	
  a	
  visual	
  
acuity.	
  The	
  study	
  randomized	
  3640	
  patients	
  into	
  four	
  treatment	
  groups,	
  receiving	
  daily	
  tablets	
  containing:	
  	
  

(1)	
  Antioxidants	
  (vitamin	
  C,	
  500	
  mg,	
  vitamin	
  E,	
  400	
  IU	
  and	
  β-­‐carotene,	
  15	
  mg)	
  	
  
(2)	
  Zinc	
  (80	
  mg	
  zinc	
  oxide)	
  and	
  copper	
  (2mg	
  cupric	
  oxide,	
  to	
  prevent	
  potential	
  anaemia)	
  
(3)	
  Antioxidants	
  plus	
  zinc	
  
(4)	
  Placebo	
  
	
  

	
  	
  	
  	
  	
  In	
   total,	
  4757	
  participants	
  (aged	
  55-­‐80	
  years)	
  were	
  enrolled	
   in	
  AREDS	
  (Figure	
  17).	
  Participants	
  were	
  
enrolled	
  if	
  they	
  had	
  extensive	
  small	
  drusen,	
  intermediate	
  drusen,	
  large	
  drusen,	
  non-­‐central	
  GA,	
  or	
  pigment	
  
abnormalities	
  in	
  1	
  or	
  both	
  eyes,	
  or	
  advanced	
  AMD	
  or	
  vision	
  loss	
  due	
  to	
  AMD	
  in	
  1	
  eye.	
  All	
  participants	
  had	
  
a	
   best-­‐corrected	
   visual	
   acuity	
   of	
   20/32	
   or	
   better	
   in	
   at	
   least	
   1	
   eye	
   (study	
   eye).	
   The	
   participants	
   were	
  
divided	
  into	
  4	
  categories,	
  determined	
  by	
  the	
  size	
  and	
  extend	
  of	
  drusen	
  and	
  RPE	
  abnormalities	
  in	
  each	
  eye,	
  
the	
  presence	
  of	
  advanced	
  AMD	
  and	
  visual	
  acuity	
  (Appendix	
  Figure	
  19):	
  	
  
	
  
	
   Cat.	
  1	
  	
   =	
  Few	
  or	
  no	
  drusen	
  
	
   Cat.	
  2	
  	
   =	
  Extensive	
  small	
  drusen,	
  pigment	
  abnormalities,	
  or	
  at	
  least	
  1	
  intermediate	
  size	
  druse	
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Cat.	
  3	
  	
   =	
  Extensive	
  intermediate	
  drusen,	
  GA	
  not	
  involving	
  the	
  centre	
  of	
  the	
  macula,	
  or	
  at	
  least	
  1	
  	
  
large	
  druse	
  

	
   Cat.	
  4	
  	
   =	
  Advanced	
  AMD	
  or	
  visual	
  acuity	
  less	
  than	
  20/32	
  due	
  to	
  AMD	
  in	
  1	
  eye	
  
	
  
Because	
  the	
  effects	
  of	
  antioxidants	
  in	
  category	
  1	
  could	
  not	
  be	
  assessed,	
  the	
  report	
  focussed	
  on	
  the	
  3640	
  
participants	
   enrolled	
   in	
   the	
   AMD	
   clinical	
   trial.	
   There	
   were	
   no	
   significant	
   differences	
   in	
   demographics,	
  
socioeconomic	
  status,	
  smoking	
  status	
  or	
  comorbidities	
  noted	
  between	
  Category	
  2,	
  3,	
  and	
  4	
  participants.	
  
	
  

	
  
	
  
	
  	
  	
  	
  	
  The	
   primary	
   outcome	
   of	
   this	
   study	
   was	
   progression	
   to	
   advanced	
   AMD	
   (central	
   GA	
   or	
   choroidal	
  
neovascularization)	
  and	
  at	
  least	
  moderate	
  functional	
  visual	
  loss	
  of	
  ≥	
  15	
  letters	
  on	
  an	
  ETDRS	
  logMAR	
  chart.	
  
Serum	
  levels	
  of	
  each	
  of	
  the	
  vitamins	
  or	
  minerals	
  and	
  estimated	
  pill	
  counts	
  suggested	
  good	
  adherence	
  to	
  
the	
  medication	
  regimes.	
  Because	
  75%	
  of	
   the	
  participants	
  wanted	
   to	
   take	
  or	
  continue	
   to	
   take	
   their	
  daily	
  
multivitamin	
   during	
   the	
   AREDS	
   screening	
   examination,	
   Centrum	
  without	
   lutein	
   was	
   provided.	
   Hereby,	
  
these	
   persons	
   had	
   an	
   increase	
   of	
   approximately	
   100%	
   of	
   the	
   RDA	
   for	
   each	
   of	
   the	
   study	
   ingredients,	
  
whether	
  assigned	
  to	
  placebo	
  or	
  active	
  intervention.	
  Any	
  increase	
  in	
  serum	
  levels	
  resulting	
  form	
  this	
  intake	
  
was	
  negligible	
  compared	
  with	
  serum	
  increases	
  from	
  the	
  use	
  of	
  study	
  supplements.	
  The	
  treatment	
  effect	
  of	
  
the	
  study	
  formulations	
  was	
  beneficial	
  for	
  both	
  the	
  group	
  of	
  participants	
  supplementing	
  with	
  Centrum	
  as	
  
for	
  the	
  group	
  not	
  choosing	
  to	
  use	
  Centrum.	
  	
  
	
  
	
  	
  	
  	
  	
  In	
   Category	
   3,	
   the	
   probability	
   of	
   developing	
   advanced	
  AMD	
  by	
   5	
   years	
   among	
   participants	
   receiving	
  
placebo	
   varied	
   from	
   about	
   6%	
   to	
   27%.	
   Participants	
   in	
   Category	
   4	
   had	
   the	
   highest	
   probability	
   of	
  
progression	
   in	
   the	
  group	
  receiving	
  placebo,	
  with	
  an	
  estimated	
  probability	
  of	
  43%	
  at	
  5	
  years.	
  Data	
   from	
  
AREDS	
  demonstrate	
  that	
  treatment	
  with	
  zinc	
  alone	
  or	
  in	
  combination	
  with	
  antioxidants	
  reduced	
  the	
  risk	
  
of	
   progression	
   to	
   advanced	
  AMD	
   in	
  participants	
   in	
  Categories	
  3	
   and	
  4.	
  Those	
   taking	
   antioxidants	
   alone	
  
showed	
   a	
   risk	
   reduction	
   of	
   17%,	
   those	
   taking	
   zinc	
   alone	
   showed	
   a	
   risk	
   reduction	
   of	
   21%.	
   The	
   risk	
  
reduction	
   for	
   those	
   taking	
   antioxidants	
   plus	
   zinc	
   was	
   25%	
   (probability	
   of	
   progression	
   was	
   28%	
   for	
  
placebo	
  versus	
  20%	
  for	
  antioxidants	
  plus	
  zinc).	
  These	
  findings	
  are	
  partly	
  supported	
  by	
  the	
  effect	
  on	
  the	
  
visual	
  acuity:	
  only	
  participants	
  in	
  Categories	
  3	
  and	
  4	
  assigned	
  to	
  antioxidants	
  plus	
  zinc	
  had	
  a	
  statistically	
  
significant	
   reduction	
   (27%)	
   in	
   odds	
   of	
   a	
   15-­‐letter	
   of	
   greater	
   visual	
   acuity	
   decrease	
   (OR,	
   0.73;	
   99%	
   CI,	
  
0.54–0.99.	
  	
  
	
  	
  	
  	
  	
  There	
  were	
  too	
  few	
  advanced	
  AMD	
  events	
  occurring	
  in	
  Category	
  2	
  participants	
  to	
  assess	
  whether	
  any	
  
treatments	
   tested	
   could	
   slow	
   the	
   progression	
   to	
   advanced	
   AMD.	
   Participants	
   in	
   Category	
   2	
   only	
   had	
   a	
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1.3%	
  5-­‐year	
  probability	
  of	
  progression	
  to	
  advanced	
  AMD.	
  There	
  was	
  no	
  statistically	
  significant	
  evidence	
  of	
  
a	
  benefit	
  in	
  delaying	
  the	
  progression	
  of	
  Category	
  2	
  eyes	
  to	
  more	
  severe	
  drusen	
  pathology.	
  The	
  removal	
  of	
  
this	
   group	
   provided	
   more	
   appropriate	
   estimates	
   of	
   odds	
   reduction	
   within	
   participants	
   at	
   risk	
   for	
  
advanced	
  AMD	
  development.	
  	
  
	
  	
  	
  	
  	
  No	
  statistically	
  significant	
  serious	
  adverse	
  effect	
  was	
  associated	
  with	
  any	
  of	
  the	
  formulations.	
  
	
  
	
  	
  	
  	
  	
  The	
  AREDS	
  study	
  suggested	
  that	
  non-­‐smokers	
  with	
  extensive	
  intermediate	
  size	
  drusen,	
  at	
  least	
  1	
  large	
  
druse,	
   noncentral	
   GA	
   in	
   1	
   or	
   both	
   eyes	
   or	
   advanced	
   AMD	
   or	
   vision	
   loss	
   due	
   to	
   AMD	
   in	
   1	
   eye	
   should	
  
consider	
  taking	
  a	
  supplement	
  of	
  antioxidants	
  plus	
  zinc	
  similar	
  to	
  the	
  supplement	
  used	
  in	
  this	
  study.	
  	
  
	
  
AREDS2	
  
	
  	
  	
  	
  	
  Several	
  observational	
  studies	
  suggest	
   that	
  higher	
   intake	
  of	
   lutein	
  and	
  zeaxanthin	
   is	
  associated	
  with	
  a	
  
decreased	
  risk	
  of	
  progressing	
  to	
  advanced	
  AMD.	
  The	
  carotenoids	
  were	
  considered	
  for	
  the	
  original	
  AREDS	
  
formula,	
   but	
   at	
   the	
   time	
   neither	
   carotenoid	
  was	
   available	
   for	
  manufacturing	
   in	
   a	
   research	
   formulation.	
  
Therefore	
   β-­‐carotene	
  was	
   in	
   the	
   formula.	
  However,	
   other	
   studies	
   using	
   a	
   similar	
   dose	
   of	
   β-­‐carotene	
   in	
  
persons	
  at	
  high	
  risk	
  for	
   lung	
  cancer	
  (smokers)	
  have	
  demonstrated	
  an	
  increased	
  incidence	
  of	
  cancer	
  and	
  
mortality	
   in	
   persons	
   assigned	
   to	
   β-­‐carotene	
   supplementation	
   (Omenn	
   et	
   al.	
   1996,	
   ATBC	
   Cancer	
  
Prevention	
  Study	
  Group	
  1994b).	
  
	
  	
  	
  	
  	
  As	
   mentioned	
   earlier,	
   epidemiologic	
   studies	
   and	
   observational	
   data	
   suggest	
   that	
   increased	
   dietary	
  
intake	
  of	
  the	
  ω3-­‐LCPUFAs	
  DHA	
  and	
  EPA	
  is	
  associated	
  with	
  a	
  decreased	
  risk	
  of	
  developing	
  advanced	
  AMD	
  
(SanGiovanni	
  and	
  Chew	
  2005).	
  Furthermore,	
  the	
  high	
  doses	
  of	
  zinc	
  used	
  in	
  the	
  AREDS	
  study	
  might	
  not	
  be	
  
necessary,	
  because	
  date	
  suggests	
   that	
   the	
  systemic	
  absorption	
  of	
  zinc	
   is	
   limited	
  to	
  about	
  25	
  mg	
  per	
  day	
  
(Krishnadev	
  et	
  al.	
  2010).	
  This	
  information	
  provides	
  biological	
  bases	
  for	
  the	
  testing	
  of	
  these	
  nutrients	
  in	
  a	
  
follow-­‐up	
  study.	
  The	
  National	
  Institute	
  of	
  Health	
  (NIH)	
  commissioned	
  the	
  NEI	
  to	
  conduct	
  the	
  Age-­‐Related	
  
Eye	
  Disease	
  Study	
  2	
  (AREDS2)	
  (AREDS2	
  Research	
  Group,	
  2012,	
  Pinazo-­‐Durán	
  et	
  al.	
  2104a).	
  	
  
	
  
	
  	
  	
  	
  	
  AREDS2	
  is	
  a	
  multicentre	
  phase-­‐3	
  randomized	
  controlled	
  clinical	
  trial	
  conducted	
  in	
  2006	
  to	
  2012.	
  The	
  
aim	
  of	
   the	
  study	
  was	
   to	
  evaluate	
   the	
  efficacy	
  and	
  safety	
  of	
   lutein+zeaxanthin	
   (L+Z)	
  an/or	
  omega-­‐3	
   long	
  
chain	
  polyunsaturated	
  fatty	
  acids	
  (LCPUFA)	
  supplementation	
  in	
  reducing	
  the	
  risk	
  of	
  developing	
  advanced	
  
AMD.	
  The	
  study	
  also	
  evaluated	
  the	
  effect	
  of	
  lowering	
  zinc	
  component	
  and/or	
  eliminating	
  β-­‐carotene	
  from	
  
the	
  original	
  AREDS	
  formulation	
  (AREDS2	
  Research	
  Group,	
  2012).	
  	
  
All	
   4203	
  participants	
   (aged	
  50-­‐85)	
   had	
   bilateral	
   intermediate	
  AMD	
  or	
   advanced	
  AMD	
   in	
   one	
   eye.	
   They	
  
were	
  randomly	
  divided	
  into	
  4	
  groups	
  (Figure	
  18):	
  
	
   (1)	
  Placebo	
  
	
   (2)	
  Lutein	
  (10mg)	
  +	
  Zeaxanthin	
  (2mg)	
  
	
   (3)	
  ω3-­‐LCPUFA	
  	
  

-­‐	
  650mg	
  EPA	
  
	
   	
   -­‐	
  350	
  mg	
  DHA	
  
	
   (4)	
  Lutein	
  (10mg)	
  +	
  Zeaxanthin	
  (2mg)	
  +	
  EPA	
  (650	
  mg)	
  +	
  DHA	
  (350	
  mg)	
  
	
  
All	
   participants	
   were	
   also	
   asked	
   to	
   take	
   the	
   original	
   AREDS	
   formulation	
   or	
   accept	
   a	
   secondary	
  
randomization	
  to	
  4	
  variations	
  of	
  the	
  AREDS	
  formulation,	
  including	
  elimination	
  of	
  β-­‐carotene,	
  lowering	
  of	
  
zinc	
  dose,	
  or	
  both	
  (Appendix	
  Figure	
  20,	
  Appendix	
  Figure	
  21).	
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  After	
  a	
  median	
  follow-­‐up	
  of	
  5	
  years,	
  1940	
  study	
  eyes	
  (1608	
  participants)	
  progressed	
  to	
  advanced	
  AMD.	
  
Kaplan-­‐Meier	
  probabilities	
  of	
  progression	
   to	
  advanced	
  AMD	
  by	
  5	
  years	
  were	
  31%	
   for	
  placebo,	
  29%	
   for	
  
lutein+zeaxanthin,	
   31%	
   for	
   DHA+EPA	
   and	
   30%	
   for	
   lutein+zeaxanthin	
   and	
   DHA+EPA.	
   Comparison	
  with	
  
placebo	
  in	
  the	
  primary	
  analyses	
  demonstrated	
  no	
  statistically	
  significant	
  reduction	
  in	
  the	
  progression	
  to	
  
advanced	
  AMD	
  ((hazard	
  ratio	
  [HR],	
  0.90	
  [98.7%	
  CI,	
  0.76-­‐	
  1.07];	
  P	
  =	
  .12	
  for	
  lutein+zeaxanthin;	
  0.97	
  [98.7%	
  
CI,	
   0.82-­‐1.16];	
   P	
   =	
   .70	
   for	
   DHA+EPA;	
   0.89	
   [98.7%	
   CI,	
   0.75-­‐1.06];	
   P=	
   .10	
   for	
   lutein+zeaxanthin	
   and	
  
DHA+EPA).	
  There	
  was	
  some	
  benefit	
  to	
  the	
  subgroup	
  of	
  patients	
  who	
  did	
  not	
  get	
  β-­‐carotene	
  and	
  to	
  patients	
  
who	
  were	
  given	
   lutein	
  and	
  zeaxanthin,	
  but	
  only	
  when	
  the	
  patients'	
  normal	
  diets	
  were	
  deficient	
   in	
   these	
  
nutrients	
   (Singer	
  et	
  al.	
  2014).	
   	
  There	
  was	
  no	
  apparent	
  effect	
  of	
  β-­‐carotene	
  elimination	
  or	
   lower-­‐dose	
  of	
  
zinc	
  on	
  progression	
  to	
  advanced	
  MD.	
  However,	
  more	
  lung	
  cancers	
  were	
  noted	
  in	
  the	
  β-­‐carotene	
  vs.	
  no	
  β-­‐
carotene	
  group	
  (23	
  [2.0%]	
  vs.	
  11	
  [0.9%],	
  nominal	
  P=0.04),	
  mostly	
  in	
  former	
  smokers.	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  The	
  AREDS2	
  trial	
  results	
  were	
  not	
  able	
  to	
  show	
  overall	
  improvement	
  of	
  the	
  original	
  AREDS	
  formula	
  by	
  
adding	
   lutein,	
   zeaxanthin	
   and	
  ω3-­‐LCPUFA.	
  However,	
   because	
  of	
   a	
   potential	
   increased	
   incidence	
  of	
   lung	
  
cancer	
   in	
   smokers	
   and	
   former	
   smokers,	
   lutein	
   and	
   zeaxanthin	
   could	
   be	
   an	
   appropriate	
   carotenoid	
  
substitute	
  in	
  the	
  AREDS	
  formulation.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  

	
  
	
  

	
  
Figure	
  18	
  	
  	
  Age-­‐related	
  Eye	
  Disease	
  Study	
  2	
  (AREDS2)	
  study	
  design	
  	
  
DHA:	
  docosahexanoic	
  acid,	
  EPA:	
  eicosapentaneoic	
  acid	
  
a	
  The	
  original	
  AREDS	
  supplement:	
  vitamin	
  C	
  (500	
  mg),	
  vitamin	
  E	
  (400	
  IU),	
  β-­‐carotene	
  (15	
  mg),	
  zinc	
  (80	
  mg	
  zinc	
  oxide)	
  
and	
  copper	
  (2	
  mg	
  cupric	
  oxide)	
  
b	
  β-­‐carotene:	
  smokers	
  were	
  randomly	
  assigned	
  to	
  one	
  of	
  these	
  two	
  groups	
  without	
  β-­‐carotene	
  in	
  the	
  formulation	
  

Primary	
  Randomization	
  

Secondary	
  Randomization	
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Table	
  2	
  	
  	
  Publication	
  on	
  the	
  effects	
  of	
  antioxidants,	
  ω3-­‐LCPUFAs	
  and	
  zinc	
  supplements	
  for	
  AMD	
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V.	
  DISCUSSION	
  
	
  
	
  	
  	
  	
  	
  The	
  AMD	
  pathogenesis	
  involves	
  a	
  complex	
  interaction	
  of	
  cellular	
  and	
  molecular	
  factors,	
  which	
  may	
  be	
  
induced	
  by	
  light	
  damage,	
  oxidative	
  stress,	
  apoptosis,	
  angiogenesis	
  and	
  inflammation.	
  There	
  is	
  increasing	
  
evidence	
  that	
  modifiable	
  risk	
  factors,	
  such	
  as	
  smoking	
  and	
  possibly	
  diet,	
  can	
  alter	
  genetic	
  susceptibility	
  for	
  
AMD	
   (Sobrin	
   and	
   Seddon	
  2014).	
   Since	
   current	
   therapies	
   are	
   not	
   sufficient	
   enough	
   to	
   treat	
   all	
   forms	
   of	
  
AMD,	
  AMD	
  is	
  a	
  growing	
  field	
  of	
  interest	
  and	
  many	
  studies	
  have	
  investigated	
  the	
  importance	
  of	
  nutritional	
  
supplements	
   in	
  AMD	
  progression.	
  The	
  effects	
  of	
  antioxidants,	
  zinc	
  and	
  ω3-­‐LCPUFA	
  on	
  AMD	
  progression	
  
have	
  been	
  discussed	
  (Table	
  2).	
  Numerous	
  small	
   trials	
  have	
   investigated	
  the	
  role	
  of	
  dietary	
  antioxidants,	
  
ω3-­‐LCPUFA	
  and	
  zinc	
  in	
  AMD.	
  Although	
  several	
  studies	
  have	
  reported	
  beneficial	
  results,	
  there	
  are	
  also	
  data	
  
demonstrating	
  no	
  effects	
  or	
  even	
  negative	
  effects	
  of	
  nutritional	
  supplements.	
  The	
  AREDS	
  study	
  was	
  one	
  of	
  
the	
  major	
  clinical	
  studies	
  in	
  this	
  area	
  and	
  clinical	
  recommendations	
  have	
  primarily	
  been	
  based	
  on	
  the	
  data	
  
of	
  this	
  study.	
  	
  
	
  
	
  	
  	
  	
  	
  Several	
   factors	
   should	
   be	
   considered	
   when	
   interpreting	
   the	
   AREDS-­‐data.	
   First,	
   the	
   population	
  
participating	
   in	
   the	
  AREDS	
   studies	
  may	
   differ	
   from	
   the	
   general	
   population,	
   since	
   the	
   participants	
  were	
  
relatively	
   well-­‐nourished,	
   and	
   the	
   education	
   level	
   was	
   high	
   (32%	
   and	
   45%	
   of	
   the	
   participants	
   had	
   a	
  
bachelor’s	
  degree	
   in	
  AREDS1	
  and	
  AREDS2	
  resp.).	
   In	
  both	
  trials,	
  96%	
  of	
   the	
  study	
  population	
  was	
  white.	
  
Dietary	
  habits,	
  environmental	
  factors,	
  medical	
  conditions,	
  lifestyles,	
  and	
  genetic	
  background	
  are	
  different	
  
in	
  the	
  European	
  countries	
  from	
  the	
  American	
  population	
  involved	
  in	
  the	
  AREDS.	
  A	
  European-­‐based	
  study	
  
would	
  be	
  very	
  helpful	
  to	
  determine	
  the	
  effect	
  of	
  nutritional	
  supplements	
  on	
  AMD	
  progression.	
  	
  
	
  	
  	
  	
  	
  Also,	
   the	
   population	
   studied	
   in	
  AREDS1	
   and	
  AREDS2	
  differs	
   in	
   some	
   aspects.	
   In	
  AREDS2,	
   the	
   rate	
   of	
  
diabetes	
  was	
  higher	
  (13%)	
  compared	
  to	
  AREDS	
  (6%).	
  Also,	
  44%	
  of	
  the	
  AREDS2	
  participants	
  were	
  taking	
  
statin-­‐class	
  cholesterol	
  lowering	
  drugs	
  while	
  only	
  9%	
  of	
  the	
  AREDS2	
  participants	
  took	
  drugs	
  of	
  this	
  kind.	
  
	
  	
  	
  	
  	
  Furthermore,	
   AREDS	
  was	
   not	
   capable	
   to	
   assess	
   the	
   treatment	
   effect	
   in	
   all	
   AMD	
   patient-­‐groups.	
   The	
  
results	
   of	
   AREDS1	
   did	
   not	
   demonstrate	
   beneficial	
   effects	
   of	
   the	
   AREDS	
   formula	
   in	
   Categories	
   1	
   and	
   2	
  
participants,	
  while	
  for	
  Americans	
  older	
  than	
  age	
  70	
  around	
  80%	
  falls	
  in	
  these	
  low-­‐risk	
  groups	
  (Klein	
  et	
  al.	
  
2007).	
  Participants	
  in	
  these	
  categories	
  had	
  low	
  rates	
  of	
  progression	
  to	
  advanced	
  AMD	
  (≤1,3%	
  in	
  5	
  years)	
  
and	
  therefore	
  the	
  study	
  had	
  very	
  low	
  power	
  to	
  assess	
  the	
  effect	
  of	
  these	
  treatments	
  on	
  the	
  development	
  of	
  
advanced	
  AMD.	
  The	
  study	
  was	
  also	
  not	
  designed	
   to	
  address	
  whether	
   supplementation	
  benefits	
  persons	
  
who	
  already	
  have	
  advanced	
  neovascular	
  AMD	
  in	
  both	
  eyes.	
  	
  
	
  	
  	
  	
  	
  Besides,	
  the	
  AREDS	
  data	
  suggest	
  that	
  7	
  years	
  of	
  follow-­‐up	
  combination	
  therapy	
  in	
  participants	
  confers	
  a	
  
treatment	
   benefit,	
   but	
   it	
   is	
   not	
   known	
   how	
   long	
   someone	
   at	
   risk	
   for	
   advanced	
   AMD	
   should	
   use	
   the	
  
supplements	
  to	
  confer	
  a	
  beneficial	
  effect.	
  
	
  	
  	
  	
  	
  The	
  AREDS	
  results	
  seem	
  very	
  promising,	
  but	
  one	
  should	
  be	
  careful	
  with	
  the	
  interpretation	
  of	
  the	
  given	
  
results.	
  For	
  example,	
  the	
  researchers	
  suggested	
  that	
  removal	
  of	
  category	
  1	
  and	
  2	
  patients	
  would	
  provide	
  
more	
   appropriate	
   estimates	
   of	
   odds	
   reduction	
   within	
   participants	
   at	
   risk	
   for	
   advanced	
   AMD.	
   In	
   some	
  
cases,	
  these	
  categories	
  are	
  not	
  taken	
  into	
  account	
  when	
  results	
  are	
  given.	
  Also,	
  the	
  AREDS	
  presents	
  many	
  
beneficial	
  results,	
  but	
  does	
  not	
  always	
  mention	
  whether	
  they	
  are	
  significant	
  or	
  not.	
  	
  
	
  	
  	
  	
  	
  A	
  misconception	
  about	
  AREDS	
   is	
   that	
   the	
  study	
  claims	
  to	
  provide	
  evidence	
  of	
  a	
  preventative	
  effect	
  of	
  
nutritional	
   supplements	
   in	
  AMD.	
  However,	
   the	
  AREDS	
  study	
  was	
  never	
  designed	
   to	
  determine	
  whether	
  
supplements	
  could	
  prevent	
  the	
  onset	
  of	
  AMD,	
  but	
  aimed	
  to	
  evaluate	
  the	
  effect	
  of	
  nutritional	
  supplements	
  
on	
   the	
   progression	
   of	
   AMD.	
   To	
   test	
   the	
   preventative	
   effects	
   of	
   dietary	
   patterns,	
   observational	
   (non-­‐
randomized)	
   studies	
   need	
   to	
   be	
   done.	
   The	
   interpretation	
   of	
   observational	
   studies	
   can	
   however	
   be	
  
problematic	
  since	
  these	
  study	
  designs	
  are	
  more	
  prone	
  to	
  bias	
  and	
  confounding.	
  	
  
	
  	
  
	
  	
  	
  	
  	
  The	
  2014	
  NOG-­‐guidelines	
  recommend	
  ophthalmologists	
  to	
  advise	
  a	
  nutritional	
  supplement	
  consisting	
  
of	
   vitamin	
  C,	
   E,	
   zeaxanthin,	
   zinc,	
   cupper	
   and	
   lutein	
   to	
  AREDS	
   category	
   3	
   or	
   4	
   patients	
   or	
   patients	
  with	
  
severe	
  AMD	
  in	
  one	
  or	
  two	
  eyes,	
  noncentral	
  GA	
  in	
  one	
  eye	
  or	
  severe	
  AMD	
  or	
  vision	
  loss	
  because	
  of	
  AMD.	
  
The	
  guideline	
  also	
  advises	
  to	
  discourage	
  smoking	
  patients	
  to	
  supplement	
  with	
  β-­‐carotene.	
  Some	
  studies	
  
have	
  shown	
  beneficial	
  effects	
  of	
  these	
  nutrients	
  indeed,	
  but	
  so	
  far	
  supplementation	
  has	
  only	
  been	
  effective	
  
in	
  a	
  small	
  proportion	
  of	
  patients.	
  Harmful	
  secondary	
  effects	
  of	
  not	
  only	
  β-­‐carotene,	
  but	
  also	
  high	
  dose	
  of	
  
zinc	
  have	
  been	
  reported.	
  Moreover,	
  the	
  AREDS	
  formula	
  and	
  similar	
  products	
  are	
  quite	
  expensive	
  and	
  are	
  
not	
   covered	
   by	
   most	
   patients’	
   health	
   insurances.	
   Taking	
   these	
   notes	
   into	
   consideration,	
   the	
   current	
  
guidelines	
  can	
  be	
  questioned.	
  
	
  	
  	
  	
  	
  However,	
  a	
  healthy	
  lifestyle	
  is	
  always	
  recommended.	
  A	
  balanced	
  diet	
  consisting	
  of	
  enough	
  ω3-­‐LCPUFA	
  
and	
  dark	
  green	
   leafy	
  vegetables,	
  no	
  smoking,	
  a	
  healthy	
  weight	
  and	
  enough	
  exercise	
  might	
  be	
   important	
  
key	
  players	
  in	
  a	
  healthy	
  lifestyle	
  and	
  could	
  possibly	
  influence	
  susceptibility	
  of	
  various	
  diseases.	
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  In	
  conclusion,	
  current	
  recommendations	
  are	
  primarily	
  based	
  on	
  the	
  results	
  of	
  AREDS.	
  Although	
  other	
  
trials	
   have	
   been	
   done,	
   they	
   have	
   generally	
   been	
   small	
   and	
   of	
   short	
   duration,	
   resulting	
   in	
   inconclusive	
  
results.	
   Although	
   some	
   results	
   have	
   been	
   very	
   promising,	
   there	
   is	
   still	
   insufficient	
   evidence	
   in	
   the	
  
literature	
  to	
  recommend	
  routine	
  nutritional	
  supplementation	
  for	
  slowing	
  down	
  AMD	
  progression.	
  Further	
  
large	
   scale	
   and	
   sample	
   randomised	
   controlled	
   trials	
   need	
   to	
   be	
   done	
   in	
   this	
   area	
   to	
   provide	
   sufficient	
  
evidence	
  for	
  the	
  use	
  of	
  nutritional	
  supplements	
  in	
  AMD.	
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Figure	
  19	
  	
  	
  AMD	
  Eligibility	
  Categories	
  in	
  AREDS1	
  	
  (AREDS	
  Research	
  Group	
  2001)	
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Figure	
  20	
  	
  	
  AREDS2	
  study	
  flow	
  and	
  randomization	
  (primary	
  and	
  secondary)	
  	
  (AREDS	
  Research	
  Group	
  2013)	
  
	
  
	
  
	
  
	
  
	
  
	
  

Figure 1. Study Flow and Randomization

1007 Included in analysis (1691 eyes)
5 Excluded (no follow-up AMD data)

3 Bilateral advanced AMD
1 Died
1 Lost to follow-up

1038 Included in analysis (1709 eyes)
6 Excluded (no follow-up AMD data)

2 Bilateral advanced AMD
3 Died
1 Lost to follow-up

1062 Included in analysis (1749 eyes)
6 Excluded (no follow-up AMD data)

4 Bilateral advanced AMD
1 Died
1 Lost to follow-up

1069 Included in analysis (1742 eyes)
10 Excluded (no follow-up AMD data)

2 Bilateral advanced AMD
3 Died
5 Lost to follow-up

81 Total deaths
68 Discontinued supplement
31 Lost to follow-up

87 Total deaths
72 Discontinued supplement
30 Lost to follow-up

96 Total deaths
84 Discontinued supplement
38 Lost to follow-up

104 Total deaths
81 Discontinued supplement
42 Lost to follow-up

5178 Patients assessed for eligibility

975 Excluded
494 Did not meet inclusion criteria
481 Other a

247 Refused randomization
211 Found ineligible by fundus center
77 Poor adherence to run-in phase
1 Declined to participate

Primary Randomization (AREDS With Lutein and Zeaxanthin, DHA and EPA, or Both)

4203 Randomized (6916 eyes)

1012 Randomized to receive placebo b
1012 Received intervention

(1695 eyes)

1044 Randomized to receive lutein +
zeaxanthin
1044 Received intervention

(1714 eyes)

 1079 Randomized to receive lutein +
zeaxanthin and DHA + EPA
 1079 Received intervention

(1754 eyes)

1068 Randomized to receive DHA + EPA
1068 Received intervention

(1753 eyes)

656 Included in analysis (1096 eyes)
3 Excluded (no follow-up AMD data)

2 Died
1 Lost to follow-up

858 Included in analysis (1405 eyes) c
5 Excluded (no follow-up AMD data)

2 Bilateral advanced AMD
1 Died
2 Lost to follow-up

685 Included in analysis (1125 eyes)
4 Excluded (no follow-up AMD data)

3 Bilateral advanced AMD
1 Lost to follow-up

818 Included in analysis (1343 eyes) c
7 Excluded (no follow-up AMD data)

3 Bilateral advanced AMD
2 Died
2 Lost to follow-up

58 Total deaths
41 Discontinued supplement
21 Lost to follow-up

82 Total deaths
68 Discontinued supplement
30 Lost to follow-up

60 Total deaths
40 Discontinued supplement
26 Lost to follow-up

81 Total deaths
43 Discontinued supplement
28 Lost to follow-up

4203 Eligible for secondary randomization

1167 Excluded (refused randomization) (1929 eyes)
1148 Taking original AREDS supplement (1897 eyes)

19 Not taking AREDS supplement (32 eyes)

Secondary Randomization (AREDS With No Beta Carotene, With Low-Dose Zinc, or Both)

3036 Randomized (4987 eyes)

863 Randomized to receive AREDS
supplement with no beta carotene
863 Received intervention

(1410 eyes)

659 Randomized to receive AREDS
supplement
659 Received intervention

(1101 eyes)

825 Randomized to receive AREDS
supplement with no beta carotene
and with low-dose zinc
825 Received intervention

(1349 eyes)

689 Randomized to receive AREDS
supplement with low-dose zinc
689 Received intervention

(1127 eyes)

The original Age-Related Eye Disease Study (AREDS) supplement comprised vitamin C (500 mg), vitamin E (400 IU), beta carotene (15 mg), zinc (80 mg, as zinc oxide),
and copper (2 mg, as cupric oxide). DHA indicates docosahexaenoic acid; EPA, eicosapentaenoic acid.
aPatients could be excluded for more than 1 reason.
bThe participants assigned to the placebo group were also given the AREDS supplement either within or outside of the secondary randomization for the 4 variations
of the AREDS supplements; thus, there is no true placebo group.
cSmokers were not randomized to groups receiving beta carotene (n=181, AREDS with no beta carotene; n =166, AREDS with no beta carotene and with low-dose
zinc).
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Figure	
   21	
   	
   	
   Overview	
   of	
   the	
   four	
   alternative	
   AREDS	
   formulations	
   used	
   in	
   the	
   secondary	
   randomization	
   of	
  
AREDS2	
  (Krishnadev	
  et	
  al.	
  2010)	
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