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A b str a ct  

C yst ei n e  is r e q uir e d f or s y nt h esis of  gl ut at hi o n e  ( G S H), c o e nz y m e  A,  ot h er  s ulf ur- c o nt ai ni n g 

m et a b olit es,  a n d  m ost  pr ot ei ns.  I n m ost  c ells,  c yst ei n e  c o m es  fr o m e xtr a c ell ul ar  dis ulfi d e  

s o ur c es i n cl u di n g c ysti n e,  gl ut at hi o n e- dis ulfi d e,  a n d  p e pti d es.  T h e  t hi or e d o xi n r e d u ct as e- 1 

( Tr x R 1)- or gl ut at hi o n e- dis ulfi d e  r e d u ct as e ( G S R)- dri v e n e nz y m ati c  s yst e ms c a n  f u el c ysti n e  

r e d u cti o n vi a  t hi or e d o xi ns, gl ut ar e d o xi ns,  or  ot h er  t hi or e d o xi n-f ol d pr ot ei ns.  Fr e e  c ysti n e  

e nt ers  c ells  t h or o u g h t h e c ysti n e- gl ut a m at e  a nti p ort er,  x C T,  b ut  s yst e mi c all y, pl as m a  gl u-

t at hi o n e- dis ulfi d e mi g ht  pr e d o mi n at e  as  a  c ysti n e  s o ur c e. Er asti n,  i n hi biti n g b ot h  x C T  a n d  

v olt a g e- d e p e n d e nt  a ni o n  c h a n n els,  i n d u c es f err o pt oti c c ell  d e at h,  s o n a m e d  b e c a us e  t his 

t y p e of  c ell  d e at h  is a nt a g o niz e d  b y  ir o n- c h el at ors. M a n y  c a n c er  c ells  s e e m t o b e  pr e dis -

p os e d  t o f err o pt osis, w hi c h  h as  b e e n  pr o p os e d  as  a  t ar g et a bl e c a n c er  li a bilit y. F err o pt osis  is 

ass o ci at e d  wit h  li pi d p er o xi d ati o n  a n d  l oss of  eit h er  gl ut at hi o n e  p er o xi d as e- 4  ( G P X 4) or  

f err o pt osis s u p pr ess or pr ot ei n- 1  ( F S P 1), w hi c h  e a c h  pr e v e nt  a c c u m ul ati o n  of  li pi d p er o xi d es.  

It h as  b e e n  s u g g est e d t h at a n  x C T  i n hi biti o n-i n d u c e d c ell ul ar  c yst ei n e- d efi ci e n c y  l o w ers 

G S H  l e v els, st ar vi n g G P X 4  f or r e d u ci n g p o w er  a n d  all o wi n g  m e m br a n e  li pi d p er o xi d es  t o 

a c c u m ul at e,  t h er e b y c a usi n g  f err o pt osis. As p e cts  of  f err o pt osis ar e  h o w e v er  n ot  f ull y 

u n d erst o o d  a n d  n e e d  t o b e  f urt h er s cr uti niz e d, f or e x a m pl e  t h at n eit h er  disr u pti o n  of  G S H  

s y nt h esis, l oss of  G S H,  n or  disr u pti o n  of  gl ut at hi o n e  dis ulfi d e  r e d u ct as e ( G S R), tri g g ers f er-

r o pt osis i n a ni m al  m o d els.  H er e  w e  r e e v al u at e t h e r el ati o ns hi ps b et w e e n  Er asti n,  x C T,  G P X 4,  

c ell ul ar  c yst ei n e  a n d  G S H,  R S L 3  or  M L 1 6 2,  a n d  f err o pt osis. W e  c o n cl u d e  t h at, w h er e as  b ot h  

C ys  a n d  f err o pt osis ar e  p ot e nti al  li a biliti es i n c a n c er,  t h eir r el ati o ns hi p t o e a c h  ot h er  r e m ai ns 

i ns uffi ci e ntl y u n d erst o o d.  

1.  R ol e s  a n d  criti c al  r e q uir e m e nt of  c ell ul ar  c y st ei n e  

Alt h o u g h  t h e a b u n da n c e  of  c yst ei n e  ( C ys) is 2 0t h  o ut  of  t h e 2 1  
tra nslat e d a mi n o a ci ds i n t h e h u ma n  pr ot e o m e,  wit h  o nl y  t h e h y p err ea cti v e  
s el e ni u m ( S e)- c o ntai ni n g C ys-a nal o g  s el e n o c yst ei n e ( S e c) ha vi n g  l o w er 
r e pr es e ntati o n ( S e c o c c urs  i n 2 5  h u ma n  pr ot ei ns,  < 0. 1 %  of  t h e pr ot e o m e);  
9 2 %  of  h u ma n  pr ot ei ns  c o ntai n  at l east o n e  C ys  a n d it r e pr es e nts 2. 2 6 %  of  
t h e a mi n o a ci ds i n t h e h u ma n  pr ot e o m e  (Mis eta  &  Cs ut ora,  2 0 0 0 ). C ys  is 
als o us e d  f or bi os y nt h esis  of  gl utat hi o n e  (γ - L- gl uta m yl- L- c yst ei n yl  gl y ci n e;  
G S H),  c o e n z y m e  A  ( C o A), H 2 S,  ta uri n e, ir o n-s ulf ur cl ust ers,  a n d ot h er  
s ulf ur ( S)- c o ntai ni n g m eta b olit es.  G S H,  t h e m ost  a b u n da nt  i ntra c ell ular l o w 
m ol e c ular  w ei g ht  t hi ol ( 3- 1 0 m M)  (Ha ns e n,  R ot h,  &  Wi nt h er,  2 0 0 9 ), 
is n ot e w ort h y  as its t hi ol- S c o m es  e x cl usi v el y  fr o m C ys  (Sti pa n u k,  D o mi n y,  
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L e e,  &  C ol os o,  2 0 0 6 ). N o  c ell  c o ul d  li k el y s ur vi v e wit h o ut  a r elia bl e s o ur c e 
of  C ys.  C ys  its elf, h o w e v er,  is u nsta bl e  i n t h e e xtra c ell ular  e n vir o n m e nt,  
w h er ei n  it eff e cti v el y  o xi di z es  i nt o t h e dis ulfi d e-li n k e d  di m eri c  f or m of  C ys,  
c ysti n e  ( h er eaft er a b br e viat e d  C S S C;  s e e b el o w).  T h us,  c ells  t y pi call y a c q uir e  
C ys  b y  assi milati n g C S S C  fr o m e xtra c ell ular  s o ur c es a n d r e d u ci n g t his t o 
2  C ys  i n t h e c yt os ol,  alt h o u g h  ca n c er  c ells  ca n  oft e n  u pr e g ulat e  alt er nati v e  
s o ur c es of  C ys,  s u c h as m or e  de  no vo  s y nt h esis t hr o u g h tra nss ulf urati o n d u e  t o 
a cti vati o n  of  tra ns cri pti o n fa ct or “ n u cl ear  fa ct or, er yt hr oi d- d eri v e d- 2,  li k e- 2 ” 
( N R F 2) i n ca n c er  c ells  (B o nifa ci o,  P er eira,  S er pa,  &  Vi c e nt e,  2 0 2 1 ); t h e 
tra nss ulf urati o n pat h wa ys  is dis c uss e d  at f urt h er d etail  b el o w.  

C ell ul ar  d e p e n d e n c e  u p o n  C ys  is c o nsi d er e d  a  p ot e nti all y  t ar g et a bl e 
li a bilit y i n c a n c er  (C o m bs  &  D e Ni c ol a,  2 0 1 9;  D a h er,  V u c eti c,  &  
P o u yss e g ur,  2 0 2 0;  J y ots a n a, T a,  &  D el Gi or n o,  2 0 2 2 ). As  wit h  a n y  t h er a p y, 
t o b e  us ef ul,  c a n c er  c ells  n e e d  t o b e  s u bst a nti all y m or e  s e nsiti v e t o C ys -
t ar g eti n g t h er a pi es t h a n ot h er  c ells  i n t h e b o d y.  M or e o v er,  it is i m p ort a nt 
t o u n d erst a n d  m e c h a nisti c all y  h o w  C ys -t ar g eti n g  i m p a cts c ell  p h ysi ol o g y  
s yst e mi c all y, s u c h t h at its t ar g eti n g f or c a n c er  t h er a p y c a n  b e  eff e cti v el y  
dir e ct e d  t o w ar d h a vi n g  m or e  p ot e nt  i m p a ct o n  t h e c a n c er  c ells  t h a n o n  
ot h er  c ells  i n t h e p ati e nt.  

M eta b oli c  pr o p erti es  of  ma n y  ca n c er  c ells  r es ult i n t h eir ha vi n g  c hr o ni call y  
el e vat e d  l e v els of  r ea cti v e o x y g e n  s p e ci es ( R O S). It is l o gi cal t hat t his is a 
lia bilit y t hat mi g ht  b e  tar g eta bl e f or t h era p y (Tra c h o ot ha m,  Al e xa n dr e,  &  
H ua n g,  2 0 0 9 ). C ell ular  R O S  i n t h e f or m of  p er o xi d es  ( R O O H) ar e d et o xifi e d  
i n ma m malia n  c ells  pr e d o mi na ntl y  b y  t h e t w o fa mili es of  a b u n da nt p er o xi das es,  
t h e G S H  p er o xi das es  ( G P Xs) a n d t h e p er o xir e d o xi ns  ( P R Xs) (Wi nt er b o ur n,  
2 0 1 3 ). T h es e,  i n t ur n, o btai n  el e ctr o ns  t o dri v e  t h eir r e d u cti o n r ea cti o ns fr o m 
r e d u c e d ni c oti na mi d e  a d e ni n e di n u cl e oti d e  p h os p hat e  ( N A D P H), eit h er  via  
G S H  a n d gl utat hi o n e  dis ulfi d e  r e d u ctas e ( G S R; N A D P H → G S R → G S H →  
G P X → R O O H)  or  via  t hi or e d o xi n- 1 ( Tr x 1) a n d t hi or e d o xi n dis ulfi d e  r e d u c-
tas e ( Tr x R 1; N A D P H → Tr x R 1 → T R X 1 → P R X → R O O H)  (Wi nt er b o ur n,  
2 0 1 3 ). B e ca us e  G S H  li n ks N A D P H  wit h  G P Xs,  a n d C ys  is r e q uir e d f or G S H  
s y nt h esis, it has  b e e n  pr o p os e d  t hat li miti n g C ys  will  l o w er c ell ular  G S H  l e v els, 
t h er e b y i n dir e ctl y i m p e di n g G P X  a cti vit y a n d i n cr easi n g R O S  l e v els t o yi el d  
o xi dati v e  str ess a n d c ell  d eat h  (J y otsa na et  al., 2 0 2 2;  R os ell  et  al., 2 0 2 3;  
St o c k w ell  &  Jia n g, 2 0 2 0;  X u  et  al., 2 0 1 9 ). Ca n c er  c ells  g e n erati n g  i n cr eas e d 
l e v els of  R O S,  t h er ef or e, s h o ul d b e  parti c ularl y  s us c e pti bl e t o di mi nis h e d  p er -
o xi das e  a cti vit y. B e ca us e  f err o pt osis is ass o ciat e d wit h  a c c u m ulati o n of  
p h o p h oli pi d  h y dr o p er o xi d es  ( dis c uss e d f urt h er i n S e cti o n  1. 4 ) a n d, of  all t h e 
p er o xi das es  i n eit h er  fa mil y, o nl y  G P X 4  s h o ws s u bsta ntial r e d u cti o n of  
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p h os p h oli pi d  h y dr o p er o xi d es  (Bri g eli us- Fl o h e,  2 0 0 6;  Fl o h e,  T o p p o,  C ozza,  &  
Ursi ni,  2 0 1 1;  S c h warz  et  al., 2 0 2 3 ), it s e e ms r eas o na bl e t hat l o w eri n g t h e G S H  
l e v els mi g ht  b e  parti c ularl y  eff e cti v e  at pr o m oti n g  f err o pt osis e v e n  if t h e 
N A D P H → Tr x R 1 → Tr x 1 → P R X  s yst e m r e mai ns i nta ct. H o w e v er,  s e v eral 
o bs er vati o ns  s u g g est t hat t his n oti o n  ma y  b e  t o o si m plifi e d, as w e  s hall f urt h er 
dis c uss  h er ei n.  

T h e  u ni q u e  attri b ut e  of  C ys  i n t h e pr ot e o m e  is t h e fr e e t hi ol - S ( - S H) i n 
its si d e c h ai n.  M et hi o ni n e  ( M et), t h e ot h er  pr ot ei n o g e ni c  S - a mi n o  a ci d,  
h as  a  t hi o et h er - S w hi c h,  alt h o u g h  b ei n g  at  t h e s a m e r e d o x st at e as  a  t hi ol, is 
m u c h  l ess r e a cti v e wit h  o xi d a nts  c o m p ar e d  wit h  C ys  (K a y a,  L e e,  &  
Gl a d ys h e v,  2 0 1 5 ). T his  all o ws  M et  t o r e m ai n r e d u c e d e xtr a c ell ul arl y  als o  
w h e n  i n g est e d as  a  n utri e nt  i n f o o d, or  w h e n  pr es e nt  i n pr ot ei ns  or  bl o o d  
pl as m a.  H o w e v er,  M et  m a y  n o n et h el ess  b e c o m e  o xi di z e d  i nt o its s ulf o xi d e 
d eri v ati v es,  w hi c h  i n t ur n c a n  b e  r e p air e d b y  Tr x R 1 / Tr x 1 - d e p e n d e nt  
m et hi o ni n e  s ulf o xi d e r e d u ct as es (Ki m  &  Gl a d ys h e v,  2 0 0 7;  L e  et  al.,  2 0 0 8 ). 
C ys  b ei n g  m or e  pr o n e  t o o xi d ati o n  t h a n M et,  is l ess utili z e d  i n pr ot ei ns  
(Mis et a  &  Cs ut or a,  2 0 0 0 ) a n d  is t y pi c all y f o u n d o nl y  i n p ositi o ns  t h at 
r e q uir e t h e u ni q u e  c h e mistr y  of  t h e t hi ol: wit hi n  i) a cti v e  sit es, ii) r e g-
ul at or y  sit es t h at ar e  i nfl u e n c e d b y  d eri v ati z ati o n  of  t h e t hi ol, or  iii) i n 
str u ct ur al p ositi o ns  w h er e  t h e y f or m i ntr a - or  i nt er - m ol e c ul ar dis ulfi d e  
b o n ds  (F o m e n k o,  M ari n o,  &  Gl a d ys h e v,  2 0 0 8 ). 

I n t h e r e d u ci n g e n vir o n m e nt  of  t h e c yt os ol,  n earl y  all  C ys  r esi d u es will  
b e  i n t h e r e d u c e d t hi ol stat e. W h er eas  t h e C ys-t hi ol  is t h er m o d y na mi call y 
s us c e pti bl e t o o xi dati o n  b y  bi ol o gi cal  o xi da nts  li k e s u p er o xi d e ra di cal ( O2

− ) 
or  H 2 O 2 , t h e r e a cti o n rat es f or t h es e o xi da nts  wit h  “t y pi cal  c ell ular  C ys-
t hi ols ” is b et w e e n  1 0 0  a n d  1 0 1 · m ol− 1 ·s e c− 1  (Wi nt er b o ur n  &  Ha m pt o n,  
2 0 0 8;  Wi nt er b o ur n  &  M et o di e wa,  1 9 9 9;  Wi nt er b o ur n,  2 0 1 3 ). W h er eas  
t his rat e is s uffi ci e nt t o eff e cti v el y  o xi di z e  m ost  t hi ols t o dis ulfi d es  i n t h e 
o xi di zi n g  e n vir o n m e nt  of  bl o o d  plas ma,  t h es e rat es ar e  t o o sl o w f or c o n -
tri b uti n g t o i ntra c ell ular pr o c ess es  (Na g y  et  al.,  2 0 1 1;  Wi nt er b o ur n  &  
Ha m pt o n,  2 0 0 8;  Wi nt er b o ur n,  2 0 1 3 ). “ T y pi cal ”  c ell ular  C ys-t hi ols  i n cl u d e 
fr e e C ys,  G S H,  a n d  n earl y  all  pr ot ei n- C ys-t hi ols;  i n d e e d t h e t otal i ntra-
c ell ular  pr ot ei n- d eri v e d  fr e e t hi ol c o n c e ntrati o ns  has  b e e n  esti mat e d  t o b e  
si g nifi ca ntl y hi g h er  t ha n t hat d eri v e d  fr o m G S H  (R e q u ej o,  H ur d,  C osta,  &  
M ur p h y,  2 0 1 0 ). S u c h  t hi ol gr o u ps  o n  pr ot ei ns  ca n  cl earl y  parti ci pat e  i n 
r e d o x r ea cti o ns a n d  t h us c o ntri b ut e  t o t h e t otal a nti o xi da nt  d ef e ns e  ca pa cit y  
of  t h e c ells  (R e q u ej o  et  al.,  2 0 1 0 ). I n a d diti o n,  t h e P R X  a n d  G P X  fa mili es 
of  “ pr of essi o nal  p er o xi das e ”  pr ot ei ns  e x hi bit  a cti v e-sit e  C ys  ( P R Xs) or  S e c  
( m ost G P Xs)  r esi d u es wit h  ~  1 0 7 -f ol d  m or e  r ea cti vit y t o war ds t h eir 
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p er o xi d e  s u bstrat es t ha n t hat s e e n wit h  t y pi cal n o n- catal yti c  t hi ols (Na g y  
et  al.,  2 0 1 1;  Wi nt er b o ur n,  2 0 1 3 ). I n t h e cas e  of  P R X,  t h e H 2 O 2 -r e a cti v e  
C ys,  t er m e d t h e “ p er o xi dati c  C ys ”,  a c hi e v es  its hi g h  rat e t hr o u g h a  s p e-
ci ali z e d  mi cr o e n vir o n m e nt  i n t h e a cti v e  sit e t hat b ot h  a cti vat es  t h e C ys  b y  
l o w eri n g its p Ka,  r es ulti n g i n a  m or e  r ea cti v e n u cl e o p hil c  “t hi olat e  a ni o n ”,  
a n d  a cti vat es  t h e e n z y m e- b o u n d  H 2 O 2  m ol e c ul e  f or fa cilitat e d catal ysis  
(N a g y  et  al.,  2 0 1 1 ). G P Xs  li k el y us e  si milar a cti v e  sit e s p e ciali zati o n, al o n g  
wit h  t h e hi g h er  i ntri nsi c r ea cti vit y of  t h e S e  of  S e c  v ers us  t h e S  at o m  of  C ys,  
c o m bi n e d  wit h  a d diti o nal  e n z y m e  f eat ur es t o a c hi e v e  v er y  hi g h  rat es of  
r e a cti vit y wit h  t h eir p er o xi d e  s u bstrat es (C o z za  et  al.,  2 0 1 7;  T o p p o,  Fl o h e,  
Ursi ni,  Va ni n,  &  Mai ori n o,  2 0 0 9 ). Fi nall y,  a  s mall n u m b er  of  ot h er  pr o -
t ei ns, i n cl u di n g gl y c eral d e h y d e- 3  p h os p hat e  d e h y dr o g e nas e  ( G A P D H) a n d  
pr ot ei n-t yr osi n e  p h os p hatas e  1 B  ( P T P 1 B), ha v e  s p e ciali z e d mi cr o e n vir o n-
m e nt  c o nt e xts  t hat si milarl y i n cr eas e t h eir r ea cti vit y wit h  H 2 O 2  b y  s e v er al 
or d ers  of  ma g nit u d e,  ma ki n g  t h es e als o  dir e ctl y  r ea cti v e wit h  H 2 O 2  at  
p h ysi ol o gi c all y  si g nifi ca nt rat es a n d  c o n c e ntrati o ns  (Da g n ell  et  al.,  2 0 1 7;  
D o k a  et  al.,  2 0 2 0;  N ett o  &  Ma c ha d o,  2 0 2 2;  Tal war  et  al.,  2 0 2 3 ). 

1. 1  S o ur c e s  of  i ntr a c ell ul ar c y st ei n e  a n d  m o d e s  of  it s e ntr y  
i nt o c ell s  

1. 1. 1  D e  n o v o  C y s  s y nt h e si s  
M a n y  pl a nts,  f u n gi, e u b a ct eri a,  a n d  ar c h a e a  r e d u c e i n or g a ni c s ulf ur s p e ci es 
i nt o s ulfi d e, w hi c h  is t h e n us e d  f or pri m ar y  s y nt h esis of  C ys -t hi ol  fr o m 
s eri n e ( S er) (Li u  et  al.,  2 0 2 1 b;  R uss el,  M o d el,  &  H ol m gr e n,  1 9 9 0;  Wr a y,  
C a m p b ell,  R o b erts,  &  G uti err e z - M ar c os,  1 9 9 8 ). M ost  if n ot  all  pl a nts,  
f u n gi, e u b a ct eri a,  a n d  ar c h a e a  ar e  als o  a bl e  t o us e  t h e t hi ol - S fr o m C ys  f or 
d e  n o v o  s y nt h esis of  M et  (Mill er  &  S c h mi dt,  2 0 1 9 ). P er h a ps  d u e  t o t h e 
stri ctl y h et er otr o p hi c  lif e - hist or y of  m et a z o a ns  pr o vi di n g  a n  a d e q u at e  
s o ur c e of  pr ot ei n - C ys,  m et a z o a ns  l a c k t h e a bilit y  t o r e d u c e i n or g a ni c 
s ulf ur, or  t o c o n v ert  C ys  t o M et.  I nst e a d, t h e C ys -t o - M et  p at h w a y  w as  
eff e cti v el y  r e v ers e d at  t h e m et a z o a n  tr a nsiti o n, e x c h a n gi n g  t h e a bilit y  t o 
s y nt h esi z e M et  fr o m C ys  f or t h e a bilit y  t o s y nt h esi z e C ys  d e  n o v o  usi n g  
M et  as  t h e S -s o ur c e  (Mill er  &  S c h mi dt,  2 0 1 9;  Mill er  &  S c h mi dt,  2 0 2 0 ). As  
s u c h, M et  is a n  ess e nti al  a mi n o  a ci d  i n m et a z o a ns.  

D e  n o v o  s y nt h esis of  C ys  fr o m S er  +  M et  i n m etaz oa ns  is a 5-st e p  pr o c ess  i n 
w hi c h  M et- d eri v e d  h o m o c yst ei n e  ( H c y) is s h u nt e d- off of  t h e M et  c y cl e  i nt o t h e 
tra nss ulf urati o n pat h wa y  (Fi g.  1 A ). T h e  e nz y m e  c ystat hi o ni n e- β -s y nt has e ( C B S) 
c o val e ntl y  li gat es H c y  t o S er  b y  eli mi nati o n  of  t h e S er  si d e c hai n- h y dr o x yl a n d 
f or mati o n of  a C- S  b o n d  wit h  t h e H c y-t hi ol,  r es ulti n g i n t h e t hi o et h er 
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Fi g.  1  C ell ul ar  s y nt h e si s  of  C y s  a n d  G S H.  ( A) At o mi c  b all  di a gr a m  of  d e  n o v o  C y s  
s y nt h e si s.  S pl a n c h ni c  or g a n s,  i n p arti c ul ar  li v er, s y nt h e si z e  C y s  d e  n o v o  u si n g  t h e 
S  fr o m M et,  a n  e s s e nti al  a mi n o  a ci d,  a n d  t h e a mi n o  a ci d  b a c k b o n e  fr o m S er.  I n t hi s 
5- st e p  p at h w a y  M et  tr a n sit s t h e M et- c y cl e  t o H c y,  w h er e at  r at h er t h a n b ei n g  
r e- m et h yl at e d t o M et,  it i s s h u nt e d  t o tr a n s s ulf ur ati o n. O nl y  t h e S  fr o m M et  a p p e ar s  i n 
C y s;  m o st  of  t h e M et  a mi n o  a ci d  b a c k b o n e  e v e nt u all y  e nt er s  t h e T C A  c y cl e  w h er e  it s 
o xi d ati o n  g e n er at e s  a n  e sti m at e d  2 2  A T P  p h o s p h o di e st er  b o n d s.  A b br e vi ati o n s  n ot  i n 
t e xt: A d o,  a d e n o si n e;  α- K B,  α- k et o b ut yr at e;  B H M T,  b et ai n e  h y dr o x y m et h yltr a n sf er a s e;  
M A T 1 a,  M et- a d e n o s yltr a n sf er a s e- 1 a;  M e,  m et h yl;  M T a s e,  S A M- d e p e n d e nt  m et h yl-
tr a n sf er a s e s; M T R,  5- m et h ylt etr a h y dr of ol at e- h o m o c y st ei n e  m et h yltr a n sf er a s e;  S A H,  
S- a d e n o s yl h o m o c y st ei n e;  S A H H,  S A H- h y dr ol a s e;  S A M,  S- a d e n o s yl m et hi o ni n e;  ( B) 
At o mi c  b all  di a gr a m  of  d e  n o v o  G S H  s y nt h e si s.  B ot h  C y s  a n d  G S H  bi o s y nt h e si s  ar e  
stri ctl y  c yt o s oli c.  
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c ystat hi o ni n e  ( Ct h). I n a s e c o n d st e p, Ct h  is cl ea v e d  at t h e ot h er  C- S  b o n d  b y  
c ystat hi o ni n e- γ -l yas e ( C S E, c ystat hi o nas e),  r es ulti n g i n C ys,  α - k et o b ut yrat e, a n d 
N H 3  (Mill er,  H ol m gr e n,  Ar n er,  &  S c h mi dt,  2 0 1 8 ). Tra nss ulf urati o n  c o ns u m es  
n o  N A D P H  a n d r e q uir es n o  dis ulfi d e  r e d u cti o n st e p (Mill er  et  al., 2 0 1 8 ). O nl y  
t h e S  at o m of  M et  is pass e d  o n  t o t h e n e wl y  s y nt h esiz e d C ys.  W h er eas  t h e 
pat h wa y  c o ns u m es  M et,  S er,  a n d 3  p h os p h o di est er  b o n ds  fr o m A T P,  t h e M et-
d eri v e d  α - K B is m eta b oliz e d  i nt o s u c ci n yl- C o A, w h os e  s u bs e q u e nt o xi dati o n  i n 
t h e tri car b o x yli c a ci d ( T C A) c y cl e  is pr e di ct e d  t o g e n erat e  2 2  A T P  p h os p h o-
di est er  b o n ds  (Eri kss o n,  Pri g g e,  Tala g o,  Ar n er,  &  S c h mi dt,  2 0 1 5 ), s u g g esti n g 
t hat if M et  a n d S er  ar e n ot  li miti n g, t his pat h wa y  is li k el y t o b e  e n er g eti call y  
fa v ora bl e (Fi g.  1 A ). M or e o v er,  t his u ni q u el y  m etaz oa n  pat h wa y  pr o vi d es  a n 
N A D P H-i n d e p e n d e nt  s o ur c e of  C ys,  w hi c h  c o ntri b ut es  t o l o n g-t er m s ur vi val 
i n m o us e  li v ers ha vi n g  g e n eti c  disr u pti o ns  i n t h e dis ulfi d e  r e d u ci n g s yst e ms 
(Mill er  et  al., 2 0 1 8 ); s h o w n t o c o ntri b ut e  t o t h e s ustai n e d l o n g-t er m h o m e ostasis  
i n m o us e  li v ers la c ki n g b ot h  Tr x R 1  a n d G S R  (Eri kss o n  et  al., 2 0 1 5 ). It is als o 
t h o u g ht t o b e  i m p orta nt i n s u p p orti n g h e pat o c yt e  s ur vi val u n d er  s e v er e o xi -
dati v e  str ess or  u p o n  t o xi c i ns ults t hat eit h er  d e pl et e  N A D P H  or  c o m pr o mis e  
Tr x R 1  a n d G S R  i n t h e li v er (Mill er  &  S c h mi dt,  2 0 2 0 ). H o w e v er,  w h er eas  
tra nss ulf uati o n i n h e pat o c yt es  is s u p p ort e d b y  a n a cti v e M et- c y cl e  i n cl u di n g t h e 
s p e cializ e d li v er-s p e cifi c M et-a d e n os yltra nsf eras e- 1a  e nz y m e  ( M A T 1a), a n d 
pr o vi d es  a n esti mat e d  3 0 – 5 0 %  of  t h e C ys  i n li v er, f e w ot h er  c ell  t y p es, u nl ess  
str ess e d, e x pr ess  s u bsta ntial l e v els of  b ot h  C B S  a n d C S E  (Fi n k elst ei n,  1 9 9 8;  
Ka bil,  Vit vits k y,  Xi e,  &  Ba n erj e e,  2 0 1 1 ). A  pr e di ct e d  rati o nal f or tra nss ulf urati o n 
i n t h e li v er a n d, t o a l ess er e xt e nt,  i n ki d n e y,  pa n cr eas,  a n d s mall i nt esti n e, is t hat 
t h es e s pla n c h ni c or ga ns  s u p p ort i nt er m e diar y m eta b olis m  of  C ys  (Fi n k elst ei n,  
1 9 9 8 ). T h e  a bilit y t o us e  eit h er  di etar y  dis ulfi d es  or  M et  +  S er  i n or d er  t o 
g e n erat e  C ys  mi g ht  h el p  e ns ur e  r elia bl e s yst e mi c C ys  a vaila bilit y. I nt er esti n gl y, it 
has  b e e n  r e p ort e d t hat ca n c ers  arisi n g fr o m n or mall y  tra nss ulf urati o n- pr ofi ci e nt 
c ells  ( e. g., li v er, pa n cr eas,  ki d n e y)  l os e t h e e x pr essi o n  of  o n e  or  b ot h  tra nss ul-
f urati o n e nz y m es  d uri n g  tra nsf or mati o n, ma ki n g  r elia n c e o n  C S S C  r e d u cti o n a 
p ot e ntial  a c q uir e d lia bilit y (C o m bs  &  D e Ni c ola,  2 0 1 9 ). Irr es p e cti v e of  t h e 
s o ur c e of  C ys  i n t h e c yt os ol,  it will  b e  r ea dil y a vaila bl e f or G S H  s y nt h esis i n a 
t w o-st e p pat h wa y  r e q uiri n g gl uta mat e,  gl y ci n e  a n d A T P  (Fi g.  1 B ). 

1. 1. 2  C y s  i n c ell s  a n d  i n cir c ul ati o n  
F o o d  pr ot ei ns  pr o vi d e  t h e di et ar y  s o ur c e of  s ulf ur a mi n o  a ci ds.  M et  is 
ess e nti al  ( m ust b e  pr o vi d e d  b y  di et);  C ys  m ust  eit h er  b e  pr o vi d e d  fr o m t h e 
di et  or  s y nt h esi z e d de  n o v o  usi n g  S  d eri v e d  fr o m di et ar y  M et  (s e e a b o v e).  
F oll o wi n g  di g esti o n  t o fr e e a mi n o  a ci ds  or  (s u b - a nti g e ni c) di -  a n d  oli g o -
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p e pti d es  i n t h e g ut  l u m e n, wit h  s u bs e q u e nt a bs or pti o n  b y  t h e s m all 
i nt esti n e, t h es e n utri e nts  e nt er  t h e e nt er o h e p ati c  cir c ul ati o n  (Tr o m m el e n,  
T o m é,  &  v a n  L o o n,  2 0 2 1 ). First - p ass  a bs or pti o n  g o es  fr o m t h e e nt er -
o h e p ati c  cir c ul ati o n  t o s pl a n c h ni c tiss u es (s m all i nt esti n e, li v er, a n d  p a n -
cr e as);  s yst e mi c cir c ul ati n g  a mi n o  a ci ds  a n d  p e pti d es  h a v e  eit h er  es c a p e d  
first - p ass a bs or pti o n,  or  w er e  r e -i ntr o d u c e d t o t h e cir c ul ati o n  b y  t h e 
s pl a n c h ni c tiss u es, i n p arti c ul ar  li v er, f or us e  i n i nt er m e di ar y m et a b olis m  
(Tr o m m el e n  et  al.,  2 0 2 1 ). 

F or  C ys  t o b e  us ef ul  i n i nt er m e di ar y m et a b olis m,  s e v er al crit eri a  m ust  
b e  m et:  (i) T h e  f or m of  C ys  pr es e nt  i n cir c ul ati o n  n e e ds  t o b e  i n a  t hi ol - or 
dis ulfi d e -st at e;  hi g h er  o xi d ati o n  st at es c a n n ot  b e  us e d  as  a mi n o  a ci d  s o ur c es 
i n m a m m als  (Mill er  &  S c h mi dt,  2 0 2 0 ); (ii) c ells  e x p orti n g  C ys  t o cir c ul a -
ti o n n e e d  t o h a v e  a  m e c h a nis m  of  pr o d u ci n g  a n d  e x p orti n g  it i n t h at f or m 
(t hi ol - or  dis ulfi d e -st at e);  a n d  (iii) A  r e ci pi e nt c ell  r e q uiri n g C ys  n e e ds  t o 
h a v e  a  m e c h a nis m  of  assi mil ati n g  C ys  fr o m cir c ul ati o n  as  w ell  as  r e c o v eri n g 

Fi g.  2  C ell ul ar  C y s  e x p ort  r o ut e s. Di a gr a m  s h o w s  e st a bli s h e d  r o ut e s of  C y s  e x p ort  
fr o m c ell s.  Alt h o u g h  C S S C  c a n,  i n pri n ci p al,  b e  e x p ort e d  b y  x C T  i n e x c h a n g e  f or 
e xtr a c ell ul ar  Gl u,  t h er e i s n o  k n o w n  m e c h a ni s m  f or pr o d u ci n g  C S S C  i n t h e c yt o s ol  a n d  
t h e e x c e pti o n all y  l o w C S S C  c o n c e ntr ati o n  i n c yt o s ol  f a v or s C S S C  i m p ort b y  x C T.  Al s o,  
t h e c yt ot o xi cit y  a s s o ci at e d  wit h  di sr u pt e d  C y s- c at a b oli s m  i n di c at e s c ell s  c a n n ot  li k el y 
e x cr et e  C y s  n or  C S S C.  G S S G  i s e x p ort e d  b y  M D R s  i n A T P- d e p e n d e nt  r e a cti o n s. 
Alt h o u g h  G S S G  a n d  G S S R  ar e  v er y  l o w a b u n d a n c e  i n c yt o s ol,  t h e y ar e  c at al yti c all y  
g e n er at e d  b y  G P X,  G L R X,  G S T,  R N R,  a n d  ot h er  e n z y m e s,  w hi c h  mi g ht  dri v e  e x p ort.  
G S H  e xi st s  e xtr a c ell ul arl y  b ut  t hi s c o ul d  b e  d eri v e d  fr o m t hi ol- di s ulfi d e e x c h a n g e  
b et w e e n  G S S G  a n d  pl a s m a  pr ot ei n  t hi ol s; t o d at e  a  G S H  e x p ort er  h a s  n ot  b e e n  
v ali d at e d.  
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t h e fr e e C ys  i n its r e d u c e d t hi ol f or m, i n or d er  t o m a k e  us e  of  it. T o  d at e,  
o nl y  f e w r o ut es ar e  k n o w n  t o m e et  t h es e crit eri a  f or C ys  e x p ort  (Fi g.  2 ). 

T h e  m ost  w ell- esta blis h e d  m e c ha nis ms  of  e x p orti n g  C ys  fr o m c ells  ar e 
via  s e cr eti o n of  C ys- c o ntai ni n g  pr ot ei ns  t hr o u g h s e cr et or y pat h wa ys,  w hi c h  
ca n  t h e n b e  assi milat e d b y  pi n o c yt osis,  a n d via  s e cr eti o n of  G S S G  or  ot h er  
G S H- c o nj u gat es  b y  A T P- bi n di n g  cass ett e  ( A B C) e x p ort ers,  i n parti c ular  t h e 
m ulti dr u g  r esista n c e pr ot ei n- 1  ( M D R 1) (O estr ei c h er  &  M or ga n,  2 0 1 9 ). 

C S S C  is als o  f o u n d i n bl o o d  pl as m a  b ut  its s o ur c es r e m ai n u n cl e ar.  I n 
pri n ci pl e,  C S S C  c o ul d  b e  s e cr et e d b y  h e p at o c yt es  vi a  x C T  i n e x c h a n g e  f or 
e xtr a c ell ul ar  Gl u,  es p e ci all y  if e xtr a c ell ul ar  Gl u  a n d  i ntr a c ell ul ar C S S C  ar e  
b ot h  r el ati v el y hi g h.  H o w e v er,  t his s e e ms u nli k el y  b e c a us e  c yt os oli c  C S S C  
l e v els ar e  e x c e pti o n all y  l o w i n n or m al  c ells  (K a bil  et  al.,  2 0 1 1 ), t h er e b y 
li k el y f a v ori n g x C T  t o i m p ort C S S C  a n d  e x p ort  Gl u  (Fi g.  3 A ). R e c e ntl y,  a  
d e di c at e d  C S S C  e x p ort er,  c ysti n osi n,  h as  b e e n  r e p ort e d all o wi n g  s e cr eti o n 
of  C S S C  fr o m t h e l u m e n of  i ntr a c ell ul ar v esi cl es  i nt o t h e c yt os ol,  e. g.  
f oll o wi n g pi n o c yt osis  or  a ut o p h a g y  (Fi g.  3 B ); h o w e v er  c ysti n osi n  is n ot  
r e p ort e d t o s u p p ort e xtr a c ell ul ar  e x cr eti o n  (G u o  et  al.,  2 0 2 2 ). M or e o v er,  
t h er e is n o  k n o w n  c at al yti c  m e c h a nis m  t o g e n er at e  C S S C  fr o m c yt os oli c  
C ys  t o all o w  f or its e x cr eti o n.  T h e or eti c all y,  t h e m or e  o xi di zi n g  e n vir -
o n m e nt  i n t h e l u m e n of  t h e e n d o pl as mi c  r eti c ul u m ( E R) mi g ht  s u p p ort a n  
E R - m e di at e d  r o ut e of  C S S C  e x cr eti o n  (R e z ni k  &  F ass,  2 0 2 2 ); h o w e v er,  
w e  r e m ai n u n a w ar e  of  e vi d e n c e  s u p p orti n g t his r o ut e, as  y et.  B as e d  o n  
c urr e nt  k n o wl e d g e,  pl as m a  C S S C  a p p e ars  t o pr e d o mi n a ntl y  aris e  dir e ctl y  
fr o m i nt esti n al pr ot ei n  di g esti o n.  

It h as  b e e n  pr o p os e d  t h at fr e e C ys  i n pl as m a  c a n  b e  assi mil at e d  i nt o c ells  
vi a  n e utr al - a mi n o  a ci d  tr a ns p ort ers a n d  p er h a ps  S L C 1 A 1  (C o m bs  &  
D e Ni c ol a,  2 0 1 9 ), alt h o u g h  e vi d e n c e  s u p p orti n g eit h er  y et  r e m ai ns u n cl e ar  
(Fi g.  3 A ). R e g ar dl ess,  b e c a us e  C ys  is n eit h er  st a bl e n or  a b u n d a nt  i n pl as m a,  
s u c h dir e ct  u pt a k e  li k el y c o ntri b ut es  i nsi g nifi c a ntl y t o c ell ul ar  C ys  p o ols.  
Of  i nt er est, t h e tra ns p ort er S L C 1 A 5,  ori gi nall y  na m e d  “ Ala,  S er,  a n d C ys  
Tra ns p ort er- 2 ”  ( A S C T 2) is n o w  k n o w n  t o b e  a Na + - d e p e n d e nt  a nti p ort er  
t hat i m p orts Gl n  i n e x c ha n g e  f or S er,  As n,  or  T hr;  C ys  is n ot  a s u bstrat e b ut  
i n cr eas e d i ntra c ell ular C ys  m o d ulat es  A S C T 2,  ca usi n g  it t o, i nst ea d, e x p ort  
Gl n  (S calis e,  P o c hi ni,  C o ns ol e,  L oss o,  &  I n di v eri, 2 0 1 8 ). T h e  i nsta bilit y a n d 
l o w c o n c e ntrati o n  of  C ys  i n e xtra c ell ular  fl ui ds is d u e  t o t h e o xi di zi n g  plas ma  
e n vir o n m e nt,  w hi c h  fa v ors o xi dati o n  of  C ys  i nt o eit h er  C S S C  or  mi x e d  
dis ulfi d es;  t h e fla v o e n z y m e q ui es ci n-s ulf h y dr yl  o xi das e  1  ( Q S O X 1, ~ 2 5  n M  
i n h u ma n  s er u m) als o effi ci e ntl y  catal y z es  o xi dati o n  of  plas ma  t hi ols t o dis-
ulfi d es  wit h  t h e c oi n ci d e nt  r e d u cti o n of  m ol e c ular  o x y g e n  t o H 2 O 2  
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Fi g.  3  C ell ul ar  C y s  a c q ui siti o n.  ( A) C y s  c a n  b e  a c q uir e d  b y  a s si mil ati o n  of  cir c ul ati n g  
G S S G  or  C S S C  vi a  G G T  or  x C T,  r e s p e cti v el y. E xtr a c ell ul ar  G S H  c a n  al s o  b e  a s si mil at e d  
b y  G G T  a n d  e xtr a c ell ul ar  C y s  mi g ht  b e  a s si mil at e d  b y  n e utr al  a mi n o  a ci d  tr a n s p ort er s 
or  S L C 1 A 1,  w h e n  pr e s e nt.  H o w e v er  C y s  a n d  ot h er  t hi ol s ar e  l o w- a b u n d a n c e i n t h e 
pl a s m a  d u e  t o c h e mi c al  o xi d ati o n  a n d  e n z y m ati c  o xi d ati o n  vi a  Q s o x 1  w hi c h,  i n t h e 
c a s e  of  C y s,  g e n er at e  C S S C.  A st eri s k,  C y s  o xi d ati o n  i n t h e e xtr a c ell ul ar  e n vir o n m e nt  
c a st s  d o u bt  o n  t h e p h y si ol o gi c al  a v ail a bilit y  of  e xtr a c ell ul ar  C y s;  q u e sti o n  m ar k s,  
u n c ert ai n  a cti viti e s.  ( B) Pl a s m a  pr ot ei n s  c a n  b e  a s si mil at e d  b y  pi n o c yt o si s.  F oll o wi n g  
pr ot e ol y si s  t o a mi n o  a ci d s  i n t h e l y s o s o m e, t h e C S S C  i s e x p ort e d  i nt o t h e c yt o s ol  b y  
c y sti n o si n.  R e g ar dl e s s  t h e r o ut e of  e ntr y,  C S S C  n e e d s  t o b e  c o n v ert e d  t o C y s  i ntr a-
c ell ul arl y.  T R P 1 4,  f u el e d b y  N A D P H- Tr x R 1,  a p p e ar s  t o b e  t h e pr e d o mi n a nt  C S S C  
r e d u ct a s e. ( A) A s si mil ati o n  of  L M W  s o ur c e s.  ( B) A s si mil ati o n  of  H M W  s o ur c e s.  
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(Fi g.  3 A ) (Isra el, Jia n g, Ga n n o n,  &  T h or p e,  2 0 1 4 ). M or e o v er,  alt h o u g h  
di etar y  s o ur c es mi g ht  r el eas e s o m e r e d u c e d C ys  i nt o t h e e nt er o h e pati c  cir -
c ulati o n,  t h er e is n o  m ea ns  f or c ells  t o e x cr et e  r e d u c e d C ys  i nt o plas ma  or  
i nt erstitial fl ui ds t o s u p p ort its us e  i n i nt er m e diar y m eta b olis m.  N o  C ys  
e x p ort er  is k n o w n,  a n d t h e c yt ot o xi c  p h e n ot y p e  ass o ciat e d  wit h  li v ers or  
c ells  ha vi n g  C ys  cata b olis m  d efi ci e n ci es  i n di cat e t hat C ys,  its elf, ca n n ot  b e  
e x p ort e d  fr o m c ells.  Rat h er,  eli mi nati o n  of  e x c ess  i ntra c ell ular C ys  pr o c e e ds  
b y  C ys- di o x y g e nas e  ( C D O)- catal y z e d o xi dati o n  t o C ys-s ulfi nat e,  a n o n-
r e v ersi bl e o xi dati o n  stat e, f oll o w e d b y  m eta b olis m  t o h y p ota uri n e  ( Hta u) a n d 
t h e n ta uri n e ( Ta u) pri or  t o fi nal e x cr eti o n  (Sti pa n u k  &  U e ki,  2 0 1 1;  Sti pa n u k  
et  al., 2 0 0 6 ). T h us,  it e vi d e nt  t hat tiss u es c o ntri b uti n g  t o C ys  i nt er m e diar y 
m eta b olis m  e x cr et e  f or ms ot h er  t ha n fr e e C ys  (f or m or e  dis c ussi o ns  o n  t his 
t o pi c, s e e b el o w).  

1. 2  G S H  i n c ell s  a n d  i n cir c ul ati o n  

G S H  is f o u n d a cr oss all p h yla;  i n m ost  c ells  it is t h e m ost  a b u n da nt  l o w 
m ol e c ular  w ei g ht  ( L M W) t hi ol, pr es e nt  i n t h e c yt os ol  at a st ea d y stat e 
c o n c e ntrati o n  of  3 – 1 0  m M  (O estr ei c h er  &  M or ga n,  2 0 1 9;  St e n ers e n,  
K o br o,  Bj er k e,  &  Ar e n d,  1 9 8 7;  T h uilli er  et  al., 2 0 1 1 ). B y  c o ntrast,  C ys  
c o n c e ntrati o ns  ar e o nl y  2 0 – 1 0 0  µ M  (Sti pa n u k  et  al., 2 0 0 6 ), i. e. ~ 0. 2 – 3 %  t hat 
of  G S H.  N eit h er  G S H  n or  C ys  ar e parti c ularl y  r ea cti v e wit h  c ell ular  o xi da nts  
i n dir e ct  r ea cti o ns (s e e a b o v e) (Wi nt er b o ur n  &  M et o di e wa,  1 9 9 9 ); h o w e v er,  
u nli k e  fr e e C ys,  G S H  ca n  s u p p ort G P Xs  t o dri v e  r e d u cti o n of  p er o xi d es  
(Bri g eli us- Fl o h e  &  Mai ori n o,  2 0 1 3;  T o p p o  et  al., 2 0 0 9 ). T h us,  w h er eas  it is 
u nli k el y  t hat C ys  c o ul d  r e pla c e G S H  f or pr ot e cti n g  c ells  a gai nst o xi dati v e  
str ess, it is pla usi bl e  t hat C ys  r estri cti o n mi g ht  l ea d t o s e c o n dar y G S H  
d e pl eti o n.  C o nsist e nt  wit h  t his, it has  b e e n  s u g g est e d t hat c yt os oli c  C ys  
d e pl eti o n,  b y  l ea di n g t o G S H  d e pl eti o n,  hi n d ers  t h e fl o w of  r e d u ci n g p o w er  
via  G S H  t o G P Xs  (C hia n g  et  al., 2 0 2 2 ). 

O n e  of  t h e m ost  s ur prisi n g fi n di n gs a b o ut  G S H  c a m e  wit h  t h e dis -
c o v er y  n e arl y  5 0  y e ars  a g o  of  t h e dr u g  b ut hi o ni n e  s ulf o xi mi n e ( B S O), 
w hi c h  eff e cti v el y  i n hi bits Gl u - C ys  li g as e ( G C L), t h e first c o m mitt e d  a n d  
r at e -li miti n g st e p i n G S H  bi os y nt h esis  (Fi g.  1 B ) (Griffit h  &  M eist er,  1 9 7 9 b;  
L u,  2 0 1 3 ). B S O  tr e at m e nt of  c ells  r es ults i n a  pr e ci pit o us  dr o p  i n G S H  
l e v els, oft e n  t o a  f e w p er c e nt  of  t h e n or m al  l e v el; i m p ort a ntl y, us u all y  
wit h o ut  c a usi n g  c ell  d e at h  (Griffit h  &  M eist er,  1 9 7 9 a ). I n d e e d, l o n g -t er m 
hi g h - d os e  B S O  tr e at m e nt i n mi c e  r es ults i n s e v er e s yst e mi c G S H  d e pl eti o n  
t hr o u g h o ut m ost  or g a ns,  y et  is w ell  t ol er at e d (Griffit h  &  M eist er,  1 9 7 9 a ). 
Als o,  B S O  is a p pr o v e d  f or us e  i n h u m a n  p ati e nts,  w h er ei n  it h as  b e e n  us e d  
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o v er  t h e p ast  4 0  y e ars  (Gr e e n  et  al.,  1 9 8 4 ). M or e  r e c e ntl y, g e n eti c all y  
e n gi n e er e d  m o us e  m o d els  w er e  d e v el o p e d  wit h  eit h er  att e n u at e d  or  dis -
r u pt e d G C L  a cti vit y  i n s p e cifi c c ell  t y p es. C o nsist e nt  wit h  t h e mil d  c o n -
s e q u e n c es of  p h ar m a c ol o gi c  i n hi biti o n of  G C L  b y  B S O,  h o w e v er,  
r e p ort e d p h e n ot y p es  d o  n ot  i n cl u d e c at astr o p hi c  c ell  d e at h  (B ott a  et  al.,  
2 0 0 8;  Fr a n kli n  et  al.,  2 0 0 9;  H arris  et  al.,  2 0 1 5;  K ur ni a w a n  et  al.,  2 0 2 0;  
N a k a m ur a  et  al.,  2 0 1 1 ). M u c h  cl e arl y  r e m ai ns t o b e  u n d erst o o d  a b o ut  h o w  
di v ers e  c ells  as  w ell  as  c o m pl e x  m ulti c ell ul ar  or g a nis ms  t ol er at e t h e l oss of  
t his n or m all y  a b u n d a nt  t hi ol – n e arl y u ni v ers all y,  G S H  d e pl eti o n  is b e ni g n.  
T his  s h o ul d b e  c o nsi d er e d  w h e n  e v al u ati n g  m o d els  w h er ei n  a  m o d est  
disr u pti o n  i n s y nt h esis r at es or  sli g htl y l o w er e d st e a d y st at e l e v els of  G S H  
mi g ht  i n d u c e o xi d ati v e  str ess or  c ell  d e at h  (L e e  &  R o h,  2 0 2 2 ). 

I n t h e c yt os ol,  t h e G S H: G S S G  rati o is hi g hl y  fa v or e d t o war ds t h e 
r e d u c e d stat e a n d has  b e e n  esti mat e d  t o b e  b et w e e n  1 0 0: 1  a n d 1 0 0 0: 1  
(M or ga n  et  al., 2 0 1 3 ), or  e v e n  as m u c h  as u p  t o 4 0, 0 0 0: 1  (M or ga n,  S o b otta,  
&  Di c k,  2 0 1 1 ); b y  c o ntrast,  i n bl o o d  plas ma  t h e rati o is ~ 2 0: 1  (J o n es et  al., 
2 0 0 0 ). W e  ar e a war e of  n o  r e p orts of  bl o o d  plas ma  ha vi n g  m eas ura bl e  l e v els 
of  N A D P H,  a n N A D P H- g e n erati n g  s yst e m, n or  a pri mar y  N A D P H-
d e p e n d e nt  dis ulfi d e  r e d u ctas e s yst e m. T h us,  plas ma  t hi ols m ust  aris e eit h er  
fr o m c yt os oli c  dis ulfi d e  r e d u ci n g p o w er  or  fr o m pri mar y  pr ot ei n  di g esti o n  i n 
t h e g ut  (s e e a b o v e). I n c o m bi nati o n,  t his s u g g ests t hat c ells  ca n  e x cr et e  
r e d u c e d G S H;  h o w e v er,  a m e c ha nis m  f or t his r e mai ns t o b e  f o u n d (Fi g.  2 ). 
Pr e vi o us  r e p orts of  or ga ni c-a ni o n  tra ns p ort er pr ot ei ns  ( O A T P), M D R 1,  or  
ot h er  tra ns p ort ers e x cr eti n g  G S H,  ha v e  m or e  r e c e ntl y b e e n  e x p eri m e ntall y  
u ns u p p ort e d  or  r ef ut e d (Ma ha gita,  Grassl,  Pi ya c hat ura wat,  &  Ballat ori,  
2 0 0 7 ). U ntil  a G S H  e x p ort er  is vali dat e d,  t h e o nl y  k n o w n  s o ur c es of  plas ma  
t hi ols ar e t h us eit h er  d yi n g  c ells  or  ot h er  m e c ha nis ms  bl u ntl y  r el easi n g all or  
parts  of  t h eir c yt os oli c  c o nt e nts,  s e cr et e d pr ot ei ns  wit h  r e d u c e d C ys,  or  fr o m 
pri mar y  di g esti o n  of  pr ot ei n  i n t h e g ut.  H o w e v er,  w e  s h o ul d n ot  e x cl u d e  
t hat a d e di cat e d  G S H  e x p ort er  mi g ht  e xist  a n d b e  i d e ntifi e d i n t h e f ut ur e. 
I n d e e d, alt h o u g h  t h e ma c hi n er y  f or G S H  s y nt h esis e xists  o nl y  i n t h e c ell  
c yt os ol,  G S H  is f o u n d als o i n or ga n ell es,  i n cl u di n g mit o c h o n dria.  O nl y  v er y  
r e c e ntl y has  a p utati v e  tra ns p ort er b e e n  i d e ntifi e d f or m o vi n g  G S H  i nt o t h e 
mit o c h o n dria  (Li u  et  al., 2 0 2 3 ). I nsi d e t h e mit o c h o n dria,  mit o c h o n drial  
G S R  r e c y cl es G S S G  wit hi n  t h e mit o c h o n drial  matri x  i n d e p e n d e nt of  t h e 
c yt os oli c  G S H / G S S G  p o ol  (K el n er  &  M o nt o ya,  2 0 0 0 ). 

E xtra c ell ular  G S S G  ca n  u n d er g o  dis ulfi d e-t hi ol  e x c ha n g e  wit h  plas ma  
t hi ols –i n parti c ular  wit h  pr ot ei n  t hi ols o n  s e cr et e d pr ot ei ns –t h er e b y  li b er-
ati n g o n e  r e d u c e d G S H  m oi et y  w hil e  als o gl utat hi o n ylati n g  t h e pr ot ei n  t hi ol 
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wit h  w hi c h  it ma y  ha v e  r ea ct e d. As  s u c h, e xtra c ell ular  G S H  mi g ht  aris e n ot  
fr o m G S H  e x cr eti o n,  b ut  fr o m G S S G  e x cr eti o n  f oll o w e d b y  e xtra c ell ular  
dis ulfi d e-t hi ol  e x c ha n g e.  B y  t his m e c ha nis m,  h o w e v er,  t h e c yt os ol  of  t h e c ell  
e x p orti n g  a pr ot ei n  wit h  a r e d u c e d C ys  m ust  ha v e  s u p pli e d t h e r e d u ci n g 
p o w er  f or c o n v erti n g  G S S G  +  pr ot ei n- S H  i nt o pr ot ei n- S S G  +  G S H.  T h us,  
dis ulfi d e-t hi ol  e x c ha n g e  r ea cti o ns li k e t his ca n n ot  g e n erat e  a n et  i n cr eas e i n 
fr e e t hi ols, b ut  ca n  m o v e  t h e r e d u c e d t hi ol gr o u p  b et w e e n  c ells  a n d o nt o  a 
diff er e nt  m ol e c ular  s p e ci es. 

1. 3  G S S G  i n c ell s  a n d  i n cir c ul ati o n  

G S S G  is f o u n d i n bl o o d  plas ma  a n d, i m p orta ntl y, t h er e ar e k n o w n  r o ut es of  
e x p ort  of  G S S G  fr o m h e pat o c yt es.  Li k e  C S S C,  G S S G  is n ot  a b u n da nt  i n 
c yt os ol  (at l east 1: 1 0 0 – 1: 1 0 0 0  rati o f or G S H: G S S G,  s e e a b o v e);  h o w e v er  
u nli k e  f or C S S C,  h e pat o c yt es  ha v e  n u m er o us  effi ci e nt  e n z y m es  f or o xi di zi n g  
r e d u c e d G S H  i nt o eit h er  G S S G  or  diff er e nt  mi x e d  dis ulfi d e  gl utat hi o n ylat e d  
m ol e c ular  s p e ci es ( G S S R). T h es e  e n z y m es  i n cl u d e gl utar e d o xi ns  ( G L R X), 
G P Xs,  gl utat hi o n e- S-tra nsf eras es  ( G S Ts), ri b o n u cl e oti d e r e d u ctas e ( R N R), 
a n d ot h ers  (Cassi er- C ha u vat,  Mar c ea u,  Far ci,  O u c ha n e,  &  C ha u vat,  2 0 2 3 ). 
T h e  pr o d u cti o n  of  dis ulfi d es  f or m e d u p o n  t h e catal yti c  c y cl es  of  t h es e 
e n z y m es  will  b e  c o u nt era ct e d  b y  t h e dis ulfi d e  r e d u ctas e s yst e ms; y et,  ha vi n g  
catal yti c  ma c hi n eri es  pr o d u ci n g  G S S G  or  G S S R  will,  i n c o ntrast  t o t h e cas e  
f or C S S C,  ma k e  it pla usi bl e  t hat t h es e pr o d u cts  ca n  als o b e  e x cr et e d  fr o m 
c ells  as a r es ult of  t h eir c o nti n u o us  pr o d u cti o n  (Fi g.  2 ). F urt h er m or e,  u nli k e  
f or eit h er  G S H  or  C S S C,  t h er e ar e w ell- c hara ct eri z e d  eff e cti v e  e x p ort ers  f or 
m o vi n g  eit h er  G S S G  or  G S S R  t o t h e bl o o d  plas ma.  S e v eral  M ulti- Dr u g  
R esista n c e  ( M D R, als o call e d  A T P- Bi n di n g  Cass ett e,  A B C)  e x p ort ers  
s e cr et e gl utat hi o n ylat e d  s u bstrat es o ut  of  c ells  (Va n  D er  K ol k,  V ell e n ga,  
M ull er,  &  d e  Vri es,  1 9 9 9 ). W h er eas  t h eir s u bstrat e s p e cifi citi es ar e l o w, o n e  
k e y  e x cr et e d  c o nj u gat e  is G S S G  (Fi g.  2 ) (Ballat ori,  Kra n c e,  Mar c ha n,  &  
Ha m m o n d,  2 0 0 9;  C ol e  &  D e el e y,  2 0 0 6 ). I n d e e d, eff e cti v e  e x p ort  of  G S S G  
mi g ht  c o ntri b ut e  t o t h e mai nt e na n c e  of  a hi g hl y  r e d u c e d st ea d y-stat e rati o of  
G S H: G S S G  i n c ells  or  i n s u b c ell ular c o m part m e nts  als o u n d er  c o n diti o ns  
w h er ei n  dis ulfi d e  r e d u cti o n is c o m pr o mis e d  (Eri kss o n  et  al., 2 0 1 5;  K oj er  
et  al., 2 0 1 2;  Mill er  &  S c h mi dt,  2 0 2 0;  M or ga n  et  al., 2 0 1 3 ). 

T h er e  is als o a w ell  c hara ct eri z e d  m e c ha nis m  f or c ells  t o a c q uir e  C ys  fr o m 
cir c ulati n g  G S S G  or  G S H  (Fi g.  3 A ). T h e  u bi q uit o us  o ut er  m e m bra n e  
pr ot ei n  γ - gl uta m yl-tra ns p e pti das e  ( G G T) ta k es G S S G  or  G S H  fr o m t h e 
bl o o d  plas ma,  cl ea v es  t h e γ - gl uta m yl  b o n d  a n d t h er e b y g e n erat es,  i n t h e cas e  
of  G S S G,  2  Gl u  +  di gl y ci n yl c ysti n e  ( Gl y- C S S C- Gl y). T h e  2  Gl u  a n d t h e 

Q u esti o ns  r e g ar di n g c ell ul ar  c yst ei n e  s o ur c es 1 3  



Gl y- C S S C- Gl y  ar e t h e n i m p ort e d i nt o t h e c ell,  w h er ei n  t h e p e pti d e  b o n ds  
b et w e e n  Gl y  a n d C S S C  ar e cl ea v e d  b y  c yt os oli c  di p e pti das es  (K o ba yas hi,  
I k e da, S hi g e n o,  K o n n o,  &  F ujii,  2 0 2 0;  Tat e  &  M eist er,  1 9 8 1 ). T h e  n et  r es ult 
is i m p ort of  C S S C,  2  Gl y  a n d 2  Gl u;  t h e C S S C  is t h e n r e d u c e d b y  t h e 
c yt os oli c  dis ulfi d e  r e d u ctas e s yst e ms t o gi v e  2  C ys.  I n t h e cas e  of  G S H,  t h e 
pr o d u cts  a c q uir e d  b y  t h e c ell  ar e i nst ea d Gl u,  Gl y,  a n d C ys.  Of  n ot e,  u nli k e  
t h e sit uati o n f or x C T,  w hi c h  m ust  e x p ort  Gl u  t o o btai n  C S S C,  G G T  
i m p orts C S S C,  2  Gl u  a n d 2  Gl y,  t h us pr o vi di n g  all t hr e e a mi n o a ci ds t hat ar e 
n e e d e d  f or G S H  bi os y nt h esis  i n t h e c ell  (A n d ers o n  &  M eist er,  1 9 8 0;  D e n e k e  
&  Fa n b ur g,  1 9 8 9;  Griffit h  &  M eist er,  1 9 7 9a;  Griffit h,  Bri d g es,  &  M eist er,  
1 9 8 1;  M eist er,  Griffit h,  N o v o gr o ds k y,  &  Tat e,  1 9 7 9 ). H e n c e,  G S S G  a p p ears  
t o b e  a fa v ora bl e m ol e c ul e  f or m e diati n g  t h e i nt er m e diar y m eta b olis m  of  C ys  
d uri n g  e x p ort,  i m p ort, a n d utili zati o n  (Fi g.  3 A ). 

1. 4  Ot h er  p o s si bl e  s o ur c e s  of  c yt o s oli c  c y s  

A  r e c e nt st u d y o n  pa n cr eati c  d u ctal  a d e n o car ci n o ma  s u g g est e d t hat n o n-
ca n c er  c ells  i n t h e t u m or mi cr o e n vir o n m e nt  ( T M E) mi g ht  dir e ctl y  tra nsf er 
C ys  or  C S S C  t o t h e ca n c er  c ell  c yt os ol  i n a c ell-t o- c ell  tra nsf er r ea cti o n 
(M eira  et  al., 2 0 2 1 ). T h e  m e c ha nis ms,  c ell-t y p e  c o m pati bilit y,  a n d pr o p or -
ti o nal c o ntri b uti o ns  of  t his s yst e m r e mai n t o b e  r es ol v e d, b ut  it w o ul d  b e  
c o nsist e nt  wit h  c yt os oli c  e x c ha n g e  b et w e e n  ca n c er  a n d n o n- ca n c er  T M E  
c ells,  e. g.,  via  d es m os o m es  or  mi cr o v esi cl e- m e diat e d  i nt er c ell ular tra ns p ort. 

1. 5  R ol e s  of  N A D P H,  t h e N A D P H- d e p e n d e nt  di s ulfi d e  r e d u ct a s e 
s y st e m s,  a n d  r e d o xi n s i n C S S C  r e d u cti o n 

N A D P H  is t h e “ u ni v ersal  c urr e n c y ”  f or a na b oli c  r e d u cti o n r ea cti o ns (Mill er  
et  al., 2 0 1 8 ). F or  dis ulfi d e  r e d u cti o n, i n cl u di n g t h e r e d u cti o n of  C S S C  →  2  
C ys,  n earl y  all r e d u ci n g p o w er  is tra nsit e d t o t h e pr o c ess  fr o m N A D P H  b y  
o n e  of  ma m malia n  c ells  o nl y  t w o fa mili es of  N A D P H- d e p e n d e nt  dis ulfi d e  
r e d u ctas es –t h e G S R  a n d Tr x R  fa mili es (Fi g.  4 ) (Ar n er  &  H ol m gr e n,  2 0 0 0;  
H ol m gr e n,  2 0 0 0;  Mill er  et  al., 2 0 1 8 ). C ells  a n d m o us e  m o d el  s yst e ms 
g e n eti call y  la c ki n g eit h er  G S R  or  Tr x R 1  ar e via bl e  a n d r o b ust (B o n dar e va  
et  al., 2 0 0 7;  Ja k u p o gl u et  al., 2 0 0 5;  Ma n dal  et  al., 2 0 1 0;  R o g ers,  Ta m ura,  
R o g ers,  W elt y,  &  Ha ns e n,  2 0 0 4;  S u v or o va  et  al., 2 0 0 9 ), a n d Tr x R 1  i n hi-
bit ors,  i n cl u di n g a ura n ofi n  ( A F N) a n d t h e m or e  s p e cifi c Tr x R 1-i n hi bit or- 1  
( T Ri- 1) ar e w ell-t ol erat e d  b y  h ealt h y  c ells,  a ni mals, a n d f or A F N  h u ma ns  
(Ar n ér,  2 0 0 9 b;  Sa bati er  et  al., 2 0 2 1;  Staff or d  et  al., 2 0 1 8 ), i n di cati n g t hat l oss 
of  eit h er  Tr x R 1  or  G S R  d o es  n ot  ca us e  eit h er  a C ys-i ns uffi ci e n c y  n or  
catastr o p hi c  c ell  d eat h  i n a n y of  t h es e sit uati o ns. 
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N eit h er  G S R  n or  Tr x R 1  c a n  dir e ctl y  r e d u c e C S S C  (Ar n er  &  
H ol m gr e n,  2 0 0 0;  Ar n er  &  H ol m gr e n,  2 0 0 6;  Ar n ér,  2 0 0 9 b ). I nst e a d, 
r e d u ci n g p o w er  m ust  b e  tr a nsf err e d fr o m t h es e “ pri m ar y  r e d u ct as es ” vi a  
t h eir d o w nstr e a m  r e d o xi n -f a mil y m e m b ers  of  Tr x -f ol d  pr ot ei ns  ( G L R Xs, 
T R Xs,  or  m or e  dist a ntl y  r el at e d f a mil y m e m b ers)  t h at fi n all y w o ul d  b e  
a bl e  t o r e d u c e t h e C S S C  dis ulfi d e  b o n d.  T h e  d et ails  of  h o w  C S S C  is 
r e d u c e d i n c ells  r e m ai ns u n cl e ar;  h o w e v er  n ot  all  r e d o xi ns s h o w e q u al  
r e a cti vit y wit h  C S S C  (Fi g.  4 ). T h e  T R X -r el at e d  pr ot ei n  of  1 4  k D a  
( T R P 1 4, e n c o d e d  b y  T X N D C 1 7 ), alt h o u g h  u n a bl e  t o r e d u c e dis ulfi d es  
i n m a n y  pr ot ei n - dis ulfi d es  t h at ar e  s u bstr at es f or T R X 1,  s h o ws at  l e ast a  
5 -f ol d  gr e at er  r e a cti vit y wit h  C S S C  t h a n d o es  T R X 1  (Eri kss o n  et  al.,  
2 0 1 5;  P a d er  et  al.,  2 0 1 4 ). T R P 1 4  is u bi q uit o usl y  e x pr ess e d  a n d  c o ns er v e d  
a cr oss  p h yl a,  s u g g esti n g t h at T R P 1 4  mi g ht  b e  t h e pr e d o mi n a nt  C S S C  
r e d u ct as e i n vi v o,  w hi c h  w e  h a v e  r e c e ntl y c o nfir m e d  (M arti - A n dr es,  
2 0 2 4 ). N ot wit hst a n di n g,  it is n ot e w ort h y  t h at T R P 1 4 - n ull  c ells  a n d  mi c e  
ar e  vi a bl e  (D o k a  et  al.,  2 0 1 6;  D o k a  et  al.,  2 0 2 0 ), s h o wi n g t h at l oss of  
T R P 1 4  c a us es  n eit h er  C ys -i ns uffi ci e n c y  n or  c at astr o p hi c  c ell  d e at h.  
Cl e arl y  t h er e m ust  b e  ot h er  u bi q uit o us  pr o c ess es  t h at c ells  c a n  us e  t o 
o bt ai n  s uffi ci e nt C ys  i n t h e a bs e n c e  of  T R P 1 4.  E v e n  m or e  dr a m ati c all y,  
w e  h a v e  f o u n d t h at li v ers l a c ki n g b ot h  Tr x R 1  a n d  G S R  “ T R / G R - n ull ”)  
(Eri kss o n  et  al.,  2 0 1 5;  M c L o u g hli n  et  al.,  2 0 1 9 ), T R X 1 / T R / G R - n ull  

Fi g.  4  C yt o s oli c  di s ulfi d e  r e d u ct a s e s y st e m s.  G e n er ati o n  of  c yt o s oli c  di s ulfi d e  
r e d u ci n g p o w er  u s e s  N A D P H,  g e n er at e d  l ar g el y fr o m o xi d ati o n  of  gl u c o s e  i n t h e 
P e nt o s e  P h o s p h at e  P at h w a y.  Tr x R 1  a n d  G S R  ar e  t h e o nl y  t w o e n z y m e s  t h at c a n  u s e  
N A D P H  t o dri v e  r e d u cti o n of  a  di s ulfi d e  b o n d.  Tr x R 1  r e d u c e s Tr x 1-,  T R P 1 4- a n d  ot h er  
c yt o s oli c  T R X- di s ulfi d e s;  G S R  r e d u c e s G S S G.  G S H  a n d  r e d u c e d r e d o xi n s s u st ai n  t h e 
c h e mi c all y  r e d u ci n g st at u s  of  t h e c yt o s ol  a n d  dri v e  s p e cifi c  ot h er  r e d u cti o n r e a cti o n s. 
R e d o xi n s  r e d u c e C S S C  →  2  C y s,  wit h  T R P 1 4  b ei n g  t h e pr e d o mi n a nt  C S S C  r e d u ct a s e. 
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li v ers (M c L o u g hli n  et  al.,  2 0 1 9;  Pri g g e  et  al.,  2 0 1 7 ), or  e v e n  T R P 1 4 /  
T R X 1 / T R / G R - n ull  li v ers ( E E S, u n p u blis h e d  d at a)  r e m ai n vi a bl e,  
i n di c ati n g t h at li v er h e p at o c yt es  ar e  a bl e  t o o bt ai n  C ys  i n t h e c o m pl et e  
a bs e n c e  of  c yt os oli c  N A D P H - d e p e n d e nt  dis ulfi d e  r e d u ct as e s yst e ms 
(Mill er  &  S c h mi dt,  2 0 1 9 ). S ust ai n e d  h e p ati c  C ys  l e v els i n s o m e of  t h es e 
dis ulfi d e  r e d u ct as e - d efi ci e nt li v er m o d els  w as  als o  v erifi e d  b y  m et a b o -
l o mi c m e as ur e m e nts  (M c L o u g hli n  et  al.,  2 0 1 9 ). T h es e  o bs er v ati o ns  
s u g g est t h at de  n o v o  s y nt h esis of  C ys  c a n  f ull y s u p p ort li v er h o m e ost asis  i n 
t h e a bs e n c e  of  C S S C  r e d u cti o n. F urt h er  s u p p orti n g t h e i m p ort a n c e of  de  
n o v o  C ys  s y nt h esis i n t h es e s yst e ms, i n hi biti o n of  t h e tr a nss ulf ur ati o n 
e n z y m e  C S E  b e c o m es  hi g hl y  c yt ot o xi c  t o t h e r e d u ct as e - d efi ci e nt, b ut  
n ot  t o h e alt h y  wil dt y p e  li v ers (Eri kss o n  et  al.,  2 0 1 5 ). T h es e  di v ers e  
r e d u ct as e - c o m pr o mis e d m o us e  a n d  c ell  m o d els  s h o w t h at s o m e, or  m ost,  
n or m al  a n d  h e alt h y  c ell  t y p es c a n  t hri v e u n d er  c o n diti o ns  of  li mit e d or  
e v e n  f ull y i n hi bit e d C S S C  r e d u cti o n c a p a cit y  (Eri kss o n  et  al.,  2 0 1 5;  
Mill er  &  S c h mi dt,  2 0 2 0;  P a d er  et  al.,  2 0 1 4 ). 

2.  F err o pt o si s  

I n 2 0 0 3,  as a part  of  a lar g e s cr e e n f or s mall m ol e c ul es  t hat w o ul d  kill  
ca n c er  c ells  b ut  n ot  n or mal  c o ntr ol  c ells,  a n o v el  c o m p o u n d  na m e d  “ Erasti n ”  
(f or Era di cat or  of  R A S  a n d s mall- T a nti g e n- e x pr essi n g  c ells)  was  i d e ntifi e d 
t hat i n d u c e d a n o n-a p o pt oti c  t y p e of  c ell  d eat h,  parti c ularl y  i n c ells  t hat 
e x pr ess  m uta nt  H R A S  a n d s mall- T a nti g e n (D ol ma,  L ess ni c k,  Ha h n,  &  
St o c k w ell,  2 0 0 3 ). I n 2 0 1 2,  it was  f o u n d t hat Erasti n-i n d u c e d  c ell  d eat h  i n 
H R A S  m uta nt  ca n c er  c ells  c o ul d  b e  a nta g o ni z e d  b y  ir o n- c h elat ors (Di x o n  
et  al., 2 0 1 2 ). Bas e d  o n  t h e ir o n-ass o ciati o n, t his f or m of  c ell  d eat h,  w hi c h  
was  als o f o u n d t o b e  r elat e d t o li pi d p er o xi dati o n,  was  e ntitl e d  “f err o pt osis ”  
(Di x o n  et  al., 2 0 1 2 ). E x p eri m e ntall y,  f err o pt osis ca n  t h us b e  d efi n e d  as t h e 
t y p e of  c ell  d eat h  t hat is pr e v e nt e d  b y  ir o n c h elat ors  ( e. g., d ef eri pr o n e,  
d ef er o xa mi n e)  or  s mall li p o p hili c a nti o xi da nts  ( e. g., f err ostati n, li pr o xstati n) 
(Jia n g, St o c k w ell,  &  C o nra d,  2 0 2 1;  Ya n  et  al., 2 0 2 1 ). 

I n t h e f oll o wi n g s e cti o ns w e  will  dis c uss  t h e p arti c ul ar  f e at ur es a n d  
o bs er v ati o ns  r el ati n g t o e x p eri m e nt al  f err o pt osis st u di es, r el at e t h es e fi n d-
i n gs t o t h e m et a b olis m  of  C ys  a n d  G S H,  als o  c o nsi d eri n g  c yt os oli c  r e d u-
ci n g  e n z y m es,  a n d  w e  will  s u g g est w h er e  f urt h er s cr uti n y mi g ht  b e  w ar -
r a nt e d d u e  t o a  n u m b er  of  y et  o utst a n di n g  q u esti o ns  wit h  r e g ar ds t o t h e 
m e c h a nis ms  i n v ol v e d (Fi g.  5 ). 
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2. 1  Er a sti n  

Erasti n  ( P u b C h e mI D: 1 1 2 1 4 9 4 0)  is a q ui na z oli n e  c o m p o u n d  t hat i n hi bits 
mit o c h o n drial  v olta g e  gat e d  a ni o n c ha n n els  ( V D A Cs) a n d was  s u bs e q u e ntl y 
pr o p os e d  as a n irr e v ersi bl e i n hi bit or of  x C T.  I n t h e latt er cas e,  bri ef  e x p os ur e  
of  c ells  t o erasti n  was  s uffi ci e nt t o s e e a str o n g i n hi bit or y eff e ct  o n  C S S C  
u pta k e,  alt h o u g h  it c o ul d  n ot  b e  d e m o nstrat e d  if or  h o w  erasti n  dir e ctl y  
mi g ht  ha v e  m o difi e d  a n y c o m p o n e nt  of  x C T  (Sat o  et  al., 2 0 1 8 ). I nt er est-
i n gl y, a m or e  r e c e nt st u d y s u g g est e d t hat erasti n’s  i n hi biti o n of  V D A Cs  
dir e ctl y  l ea ds t o o xi dati v e  str ess a n d c ell  d eat h,  wit h o ut  i n v ol v e m e nt of  
i n hi bit or y eff e cts  o n  C S S C  u pta k e  (D e Hart  et  al., 2 0 1 8 ). K n o c k d o w n  of  
eit h er  T R X- d o mai n  pr ot ei n  1 2  ( T X N D C 1 2) (Y u,  Z h u,  Wa n g,  &  Jia n g, 
2 0 2 3 ) or  G L R X 5  (L e e,  Y o u,  S hi n,  &  R o h,  2 0 2 0 ) ha v e  f urt h er m or e b e e n  
s h o w n t o s e nsiti z e c ells  t o f err o pt osis as tri g g er e d b y  erasti n,  s h o wi n g h o w  
t h e diff er e nt  c ell ular  r e d o x s yst e ms ar e f u n cti o nall y li n k e d a n d t hat t h e e xa ct  
m ol e c ular  m e c ha nis ms  of  erasti n  l ea di n g t o f err o pt osis ar e y et  n ot  f ull y 
u n d erst o o d.  I n t his s e cti o n, w e  ai m t o s p e cifi call y s cr uti ni z e a f e w as p e cts of  
erasti n  m e c ha nis ms  of  a cti o n t hat warra nt  f urt h er st u di es. 

Fi g.  5  F err o pt o si s  m e c h a ni s m s  a n d  o ut st a n di n g  q u e sti o n s  r e m ai ni n g t o b e  
a n s w er e d.  Wit h  f err o pt o si s d efi n e d  a s  a  c ell  d e at h  tri g g er e d b y  ir o n- d e p e n d e nt li pi d 
p er o xi d ati o n,  t h e r ol e s of  F e 2 + , ir o n- c h el at or s, H O· − , a n d  li pi d-r a di c al s/li pi d p er o x-
i d ati o n ar e  cl e ar,  a s,  v er y  li k el y, i s t h e r ol e of  G P X 4,  a s  a  li pi d- p er o xi d a s e ( c e nt er of  
di a gr a m)  a n d  F S P 1  +  C o Q 1 0  s h o w n  t o si mil arl y  r e p air li pi d r a di c al s p e ci e s.  H o w e v er,  
b e c a u s e  f err o pt o si s w a s  i d e ntifi e d b a s e d  o n  d at a  fr o m tr e ati n g c ult ur e d  c ell s  wit h  
s m all  m ol e c ul e s,  i n cl u di n g er a sti n  or  S S Z,  a n d  d e s cri b e d  a s  b ei n g  a  n o n- a p o pt oti c  c ell  
d e at h,  t h e cl a s si c al  m o d el  of  c ell ul ar  pr ot e cti o n  a g ai n st  f err o pt o si s ( bl u e arr o w)  h a s  
m a n y  c o m p o n e nt s  f or w hi c h  c o nfli cti n g  e x p eri m e nt al  fi n di n g s ar e  n o w  k n o w n  
( c o m p o n e nt s i n r e d f o nt, a n d  li k el y ot h er s).  T a bl e  1  o utli n e s  s o m e  of  t h e o ut st a n di n g  
q u e sti o n s  r el at e d t o t h e s e c o m p o n e nt s.  
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2. 1. 1  O n-  a n d  off-t ar g et  a cti viti e s  of  er a sti n  
Wit h  V D A Cs  a n d x C T  ha vi n g  b e e n  i m pli cat e d as tar g ets of  erasti n,  as dis -
c uss e d  a b o v e,  o n e  s h o ul d c o nsi d er  t hat t h e c o m p o u n d,  as f or all s mall 
m ol e c ul es,  mi g ht  als o ha v e  ot h er  pr ot ei n  tar g ets i n c ells.  I n r e c e nt n o n- bias e d  
pr ot e o m e  a nal ys es  p erf or m e d  wit h  cr u d e  c ell  l ysat es, erasti n  was  f o u n d t o 
cl earl y  aff e ct 3 0 6 1  pr ot ei ns,  w hil e  a n ot h er  f err o pt osis-i n d u ci n g c o m p o u n d  
M L 2 1 0  i m pa ct e d 2 8 2 8  pr ot ei ns,  a n d 2 5 5 0  pr ot ei ns  w er e  alt er e d  u p o n  
tr eat m e nt wit h  B S O;  a m o n g t h es e pr ot ei ns  as ma n y  as 2 2 7 8  w er e  alt er e d  i n 
all t hr e e e x p eri m e nts  (K u dr yas h o va  et  al., 2 0 2 3 ). S u c h  data  s u g g est t hat 
pr ot e o m e  c ha n g es  d uri n g  f err o pt osis ar e far-r ea c hi n g, a n d p er ha ps  s ur pris-
i n gl y r e pr o d u ci bl e, b ut  t h e a ct ual pr ot ei n  tar g ets of  t h e c o m p o u n ds  us e d  i n 
t h es e cas es  t o tri g g er t h e c ell  d eat h  ar e n ot  i d e ntifi e d t hr o u g h s u c h a nal ys es.  A  
m or e  dir e ct  m et h o d  e val uat es  s hifts i n t h er m osta bilit y of  s p e cifi c pr ot ei ns  
u p o n  tr eat m e nt of  c ells  wit h  a s p e cifi c c o m p o u n d,  ass u mi n g  t hat w h e n  a 
c o m p o u n d  bi n ds  a s p e cifi c pr ot ei n  t h e sta bilit y of  t hat pr ot ei n  b e c o m es  
alt er e d.  A n ot h er  m et h o d  t o st u d y tar g et e n ga g e m e nt  e m pl o ys  al k y n e- d eri -
vati v es  a n d cli c k  c h e mistr y  t o dir e ctl y  li n k a c o m p o u n d  i n q u esti o n  t o its 
pla usi bl e  pr ot ei n  tar g ets. Usi n g  t h es e a p pr oa c h es  t o d et e ct  p ot e ntial  pr ot ei n  
tar g ets of  erasti n,  a st u d y r e c e ntl y f o u n d m or e  t ha n 8 0 0  p ot e ntial  erasti n  
tar g ets i n c ells,  of  w hi c h  fi v e w er e  i d e ntifi e d wit h  hi g h er  c o nfi d e n c e  a n d 
f urt h er vali dat e d  i n s u bs e q u e nt e x p eri m e nts.  T h es e  fi v e a d diti o nal  erasti n  
tar g ets w er e  i d e ntifi e d as m o n oa c yl gl y c er ol  li pas e A B H D 6,  t h e e p o xi d e  
h y dr olas e  1  E P H X 1,  t h e mit o c h o n drial- pr o c essi n g  p e pti das e  s u b u nit α -
P M P C A,  t h e p ur o m y ci n-s e nsiti v e  a mi n o p e pti das e  N P E P P S,  a n d t h e sa c-
c har o pi n e  d e h y dr o g e nas e-li k e  o xi d or e d u ctas e  S C C P D H  (Li,  Li u,  Wa n g,  &  
Wa n g,  2 0 2 4 ). It r e mai ns u n k n o w n  h o w  tar g eti n g a n y of  t h es e pr ot ei ns,  i n 
a d diti o n t o V D A Cs  a n d x C T,  mi g ht  c o ntri b ut e  t o t h e c ell ular  or  p har ma -
c ol o gi cal  eff e cts  of  erasti n.  

2. 1. 2  S ulf a s al a zi n e — si mil ar  r e s ult s a s  er a sti n ?  
S ulfasalazi n e  ( S S Z) is, citi n g  its P u b C h e m  e ntr y  “a n  az o b e nz e n e  c o nsisti n g  of  
di p h e n yl diaz e n e  ha vi n g  a car b o x y  s u bstit u e nt at t h e 4- p ositi o n,  a h y dr o x y  
s u bstit u e nt at t h e 3- p ositi o n  a n d a 2- p yri d yla mi n os ul p h o n yl  s u bstit u e nt at t h e 
4 ′- p ositi o n, k n o w n  t o a ct as a n o n-st er oi dal  a nti-i nfla m mat or y  dr u g,  a n 
a ntii nf e cti v e a g e nt, a gastr oi nt esti nal  dr u g,  a gl utat hi o n e  tra nsf eras e i n hi bit or, a 
dr u g  all er g e n, a n d a f err o pt osis i n d u c er ” ( P u b C h e m I D: 5 3 3 9).  S S Z  has  b e e n  
us e d  si n c e t h e 1 9 5 0s  as a n a nti-i nfla m mat or y  dr u g  a n d is still pr os cri b e d  f or 
us e  i n tr eat m e nt of  ul c erati v e  c olitis  a n d r h e u mat oi d art hritis (htt ps: / / w w w.  
dr u gs. c o m /s ulfasalazi n e. ht ml ). Alt h o u g h  w ell  t ol erat e d i n a ni mals a n d 
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pati e nts,  i n c ell  c ult ur es,  t h e d eat h-tri g g eri n g  eff e cts  of  S S Z  w er e  s u g g est e d, 
si milarl y t o erasti n,  t o b e  d u e  t o dir e ct  i n hi biti o n of  x C T  a n d t h us i n hi biti o n 
of  t h e c ell ular  u pta k e  of  c ysti n e  (O gi hara  et  al., 2 0 1 9 ). Als o  li k e erasti n,  it was  
s h o w n t hat ir o n pla ys  a r ol e i n S S Z-tri g g er e d  c ell  d eat h,  h e n c e  p oi nti n g  t o 
f err o pt osis (Li u  et  al., 2 0 2 2 ). O n e  st u d y s u g g est e d t hat t h es e eff e cts  c o ul d,  i n 
t ur n, b e  m o d ulat e d  b y  t h e e x pr essi o n  l e v el of  t h e estr o g e n  r e c e pt or (Y u  et  al., 
2 0 1 9 ). Earl y  pr ot e o mi cs  a nal ys es usi n g  2- D  g el  el e ctr o p h or esis  c o m bi n e d  
wit h  mass  s p e ctr o m etr y, s h o w e d t hat S S Z  aff e ct e d t h e l e v els of  h u n dr e ds  of  
pr ot ei ns  i n tr eat e d c ells,  wit h  a pr ofil e  c o m pati bl e  wit h  its a nti-i nfla m mat or y  
pr o p erti es  (E n d o  et  al., 2 0 1 4 ). I n m or e  r e c e nt pr ot e o m e  a nal ys es, S S Z  was  
a gai n s h o w n t o ha v e  wi d e-ra n gi n g  eff e cts  a n d als o tri g g er e d si g nifi ca nt r e d o x-
r elat e d c ha n g es  i n ma n y  pr ot ei ns;  i nt er esti n gl y i n t h e o p p osit e  dir e cti o n  as 
o c c urr e d  wit h  tr eat m e nt of  t h e c ells  wit h  H 2 O 2  i n a n att e m pt t o dir e ctl y  
tri g g er o xi dati v e  str ess (S u n  et  al., 2 0 1 9 ). I n t h e c o nt e xt  of  t h e pr es e nt  r e vi e w, 
w e  h er e  wis h  t o c o n cl u d e  t hat b ot h  erasti n  a n d S S Z  ca n  tri g g er f err o pt osis 
c oi n ci d e nt  wit h  t h eir i n hi biti o n of  x C T,  b ut  t h e c ell ular  eff e cts  of  b ot h  
c o m p o u n ds  ar e wi d e-ra n gi n g.  W e  s u g g est t hat a m er e  i n hi biti o n of  C ys  
u pta k e  is u nli k el y  t o b e  t h e s ol e m e c ha nis m  of  a cti o n of  t h es e c o m p o u n ds.  

2. 1. 3  I m p a ct s of  er a sti n  or  S S Z  o n  c ell ul ar  c y sti n e  u pt a k e  a n d  C y s  or  
G S H  l e v el s 

B ot h  er asti n  a n d  S S Z  ar e  us u all y  s u g g est e d t o i n d u c e f err o pt osis t hr o u g h 
i n hi biti o n of  c ysti n e  u pt a k e  a n d,  t h us, b y  c o m pr o misi n g  c ell ul ar  C ys  
a v ail a bilit y.  W h at  is t h e e vi d e n c e  f or t his? O n e  i m p ort a nt ori gi n al  st u d y 
s h o wi n g t h es e eff e cts  r e p ort e d t h at er asti n,  s ulf as al a zi n e a n d  t h e ki n as e  
i n hi bit or s or af e ni b, all  tri g g er e d t y pi c al f err o pt oti c c ell  d e at h;  t his w as  als o  
c o u pl e d  wit h  bl o c k a g e  of  c ysti n e  u pt a k e  a n d  Gl u  r el e as e. F urt h er m or e,  
si mil ar eff e cts  o n  Gl u  r el e as e w er e  i n d u c e d b y  sil e n ci n g t h e S L C 7 A 1 1  
c o m p o n e nt  of  x C T  wit h  si R N As, b ut  n ot  b y  sil e n ci n g t h e l ar g e - n e utr al 
a mi n o  a ci d  tr a ns p ort er S L C 7 A 5  ( L A T 1) (Di x o n  et  al.,  2 0 1 4 ). W h at  c o ul d  
t h e ar g u m e nts  b e  t h at ot h er  m e c h a nis ms  of  a cti o n  w o ul d  b e  i n v ol v e d? F or  
o n e,  w h ol e - b o d y  S L C 7 A 1 1  k n o c k o ut  mi c e  ar e  vi a bl e  (C h e n  et  al.,  2 0 2 3;  
H a m as hi m a  et  al.,  2 0 1 7;  Z h a n g  et  al.,  2 0 2 2 b ), s u g g esti n g t h at m er el y  
i n hi biti o n of  x C T  c a n n ot  li k el y b e  s uffi ci e nt t o tri g g er f err o pt osis i n a n y  
criti c al  c ell  t y p es i n t h e b o d y,  at  l e ast i n n or m al  c o n diti o ns.  S e c o n d,  
c yt ot o xi cit y  of  s ulf as al a zi n e w as  f o u n d t o d e p e n d  u p o n  A S C T 2 - d e p e n d e nt  
gl ut a mi n e  ( Gl n) u pt a k e  a n d  Gl u  d e h y dr o g e n as e  ( G L U D) - m e di at e d 
α - k et o gl ut ar at e  (α - K G)  pr o d u cti o n,  s u g g esti n g t h at eff e cts  o n  gl ut a mi n o -
l ysis a n d  n ot  o n  C ys  u pt a k e  ar e  i n v ol v e d (O k a z a ki  et  al.,  2 0 1 9 ). T hir d,  
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c o ul d  p er h a ps  a n  a d diti o n al  r e as o n f or er asti n -  a n d  s ulf as al a zi n e - m e di at e d 
i n hi biti o n of  C ys  u pt a k e  b e  t h at t h es e c o m p o u n ds  tri g g er N R F 2  a cti v ati o n,  
dri vi n g  de  n o v o  C ys  bi os y nt h esis  b y  tr a nss ulf ur ati o n (s e e a b o v e),  t h us 
bl o c ki n g  u pt a k e  of  c ysti n e  fr o m t h e e xtr a c ell ul ar  s p a c e b y  c o m p etiti v e  
i n hi biti o n fr o m i nt er a c ell ul arl y s y nt h esi z e d c yst ei n e?  W e  pr o p os e  t h at t his 
is t h e or eti c all y p ossi bl e,  alt h o u g h  h a vi n g  n o  d efi nit e  e vi d e n c e  f or it t o b e  
t h e c as e.  W e  m er el y  c o n cl u d e  t h at it mi g ht  b e  wis e  n ot  t o c o nsi d er  er asti n  
or  s ulf as al a zi n e as  “ p ur e ”  or  “si n gl e - a cti n g ”  i n hi bit ors of  x C T,  as  is 
u nf ort u n at el y  oft e n  d o n e  i n c urr e nt  f err o pt osis lit er at ur e. 

2. 2  Pr ot e cti o n/ pr e v e nti o n  a g ai n st  f err o pt o si s b y  ir o n- c h el at or s 

Wit h  t h e d efi niti o n  of  f err o pt osis b ei n g  a t y p e of  c ell  d eat h  bl o c k e d  b y  ir o n 
c h elat ors  (s e e a b o v e), it b e c o m es  a tr uis m t hat ir o n c h elat ors  pr e v e nt  f er-
r o pt osis. B ut  w hat  ar e t h e m e c ha nis ms  of  a cti o n f or t h e pr ot e cti v e  eff e cts  of  
ir o n c h elat ors?  A  li k el y e x pla nati o n  s h o ul d b e  t hat c h elati o n  of  fr e e ir o n 
cati o ns  pr e v e nts  t h eir r ea cti vit y wit h  H 2 O 2  t hr o u g h t h e w ell- k n o w n  F e nt o n  
r ea cti o n pr o d u ci n g  t h e v er y  r ea cti v e h y dr o x yl  ra di cal (M er k of er,  Kiss n er,  
Hi d er,  Br u n k,  &  K o p p e n ol,  2 0 0 6 ). If o c c urri n g  cl os e  t o a c ell  m e m bra n e,  
t his c o ul d  pr o d u c e  t h e li pi d p er o xi d es  s e e n i n f err o pt osis (G utt eri d g e,  1 9 8 6 ), 
alt h o u g h  t h e e xa ct  m ol e c ular  s p e ci es i n v ol v e d i n t h e ir o n- pr o m ot e d li pi d 
p er o xi dati o n  ma y  b e  m or e  c o m pl e x  (Mi n otti  &  A ust,  1 9 8 9 ). It s h o ul d b e  
n ot e d  t hat, c h e mi call y,  c o p p er  i o ns ca n  parta k e  i n t h e sa m e t y p e of  p er o x-
i dati o n r ea cti o ns as ir o n a n d, i n d e e d, t h e t er m “ c u pr o pt osis ”  has  als o b e e n  
c oi n e d  f or t h e c o p p er-tri g g er e d  c ell  d eat h  t hat w o ul d  ot h er wis e  li k el y b e  
hi g hl y  a nal o g o us  t o f err o pt osis (C h e n,  Mi n,  &  Wa n g,  2 0 2 2 ). I n t his c o nt e xt,  
it s h o ul d b e  e m p hasi z e d  t hat c ell  d eat h  tri g g er e d b y  e x c essi v e  o xi dati v e  str ess 
has  l o n g b e e n  k n o w n,  d es cri b e d,  a n d dis c uss e d  (Orr e ni us,  G o g va d z e,  &  
Z hi v ot o vs k y,  2 0 0 7;  Si es,  B er n dt,  &  J o n es, 2 0 1 7;  Si es,  2 0 2 0;  Z hi v ot o vs k y  &  
Ni c ot era,  2 0 2 0 ). T h us,  b ot h  f err o pt osis a n d c u pr o pt osis  ar e li k el y t o b e  f or ms 
of  c ell  d eat h  tri g g er e d b y  o xi dati v e  str ess t hat s p e cifi call y i n v ol v e F e nt o n-
c h e mistr y  a n d li pi d p er o xi dati o n.  

2. 3  A s s o ci ati o n  wit h  li pi d p er o xi d ati o n  

Li pi ds,  es p e ciall y  p ol y u nsat urat e d  fatt y a ci ds i n cl u di n g p h os p h oli pi ds  a n d 
ot h er  s p e ci es, ca n  easil y  b e  f urt h er o xi diz e d  wit h  s e v eral e nz y mati c  pat h wa ys  
l ea di n g t o t h eir o xi dati o n  t hr o u g h li p o x y g e nsas es, s u c h as d uri n g  m eta b olis m  
of  ara c hi d o ni c a ci d as part  of  t h e s y nt h esis of  l e u k otri e n es, pr osta gla n di ns  or  
t hr o m b o xa n e s p e ci es (K u h n,  Ba nt hi ya,  &  va n  L e y e n,  2 0 1 5;  Ra d mar k,  W erz,  
St ei n hil b er,  &  Sa m u elss o n,  2 0 1 5;  Ri c ci otti  &  Fitz G eral d,  2 0 1 1 ). Li pi ds  ma y  
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als o b e  o xi diz e d  i n a n o n-r e g ulat e d  ma n n er  t hr o u g h t h e F e nt o n  r ea cti o n-li k e 
fr e e-ra di cal m e c ha nis ms  m e nti o n e d  a b o v e. It has  f urt h er m or e b e e n  pr o p os e d  
t hat 1 5-li p o x y g e nas es  mi g ht  s p e cifi call y pr o d u c e  li pi d p er o xi d es  as a 
m e c ha nis m  t o tri g g er e nz y mati call y  r e g ulat e d i nitiati o n of  f err o pt osis (Ba yir  
et  al., 2 0 2 0;  St o ya n o vs k y  et  al., 2 0 1 9 ). Irr es p e cti v e of  t h e p ossi bl e  disti n cti o ns  
b et w e e n  “r e g ulat e d ”  or  “ n o n-r e g ulat e d ”  ir o n-tri g g er e d li pi d p er o xi dati o n,  it 
s e e ms cl ear  t hat t h e a d v ers e a c c u m ulati o n of  li pi d p er o xi d es,  pr es u ma bl y  
mai nl y  i n c ell ular  m e m bra n es,  is t h e a ct ual e v e nt  l ea di n g t o t h e t y p e of  c ell  
d eat h  t hat d efi n es  f err o pt osis. Usi n g  mass  s p e ctr o m etr y a p pr oa c h es t his has  
b e e n  cl earl y  s h o w n, mai nl y  d e m o nstrati n g  a c c u m ulati o n of  p h os p h oli pi d  
h y dr o p er o xi d e  s p e ci es d uri n g  f err o pt osis (S par v er o  et  al., 2 0 2 1;  Wi er ni c ki  
et  al., 2 0 2 0 ), p er ha ps  wit h  s p e cifi c sit es, s u c h as t h e mit o c h o n drial  m e m bra n e,  
b ei n g  m or e  i m p orta nt t ha n ot h er  (L ya mza e v,  Pa nt el e e va,  Si m o n ya n,  
A v etis ya n,  &  C h er n ya k,  2 0 2 3 ). 

3.  R ol e  of  G P X 4  i n f err o pt o si s 

T h e  n oti o n  t hat G P X 4  ca n  pr ot e ct  c ells  fr o m c ell  d eat h  t hr o u g h f er-
r o pt osis d u e  t o its ca pa cit y  t o r e d u c e li pi d p er o xi d es  a n d t h er e b y pr e v e nt  t h eir 
a c c u m ulati o n, is wi d el y  a c k n o wl e d g e d. Still,  t h er e ar e s e v eral u na ns w er e d  
q u esti o ns  r e gar di n g t h e e xa ct  m e c ha nis ms  of  t h e li n ks b et w e e n  G P X 4  a n d 
f err o pt osis, as was  als o pr e vi o usl y  dis c uss e d  at d etail  b y  Matil d e  Mai ori n o,  
Mar c us  C o nra d  a n d F ul vi o  Ursi ni  (Mai ori n o,  C o nra d,  &  Ursi ni,  2 0 1 8;  Ursi ni  &  
Mai ori n o,  2 0 2 0 ). It is i m p orta nt t o n ot e  t hat G P X 4  is n ot  t h e o nl y  s u p pr ess or of  
f err o pt osis i n c ells  t hat ma y  a ct t hr o u g h r e d u cti o n, dir e ctl y  or  i n dir e ctl y, of  li pi d 
p er o xi d es,  or  pr e v e nt  t h eir a c c u m ulati o n (s e e S e cti o n  1. 6,  b el o w).  T his  ma y  
h el p  t o e x plai n  w h y  or  h o w  t h e i m pa ct of  G P X 4  s e e ms t o b e  i m p orta nt i n 
r elati o n t o f err o pt osis i n o nl y  c ertai n  c ell  t y p es or  gr o wt h  c o n diti o ns,  a n d n ot  i n 
ot h ers.  H er e  w e  s hall s p e cifi call y p oi nt  o ut  a f e w q u esti o ns  r e gar di n g t h e r ol es of  
G P X 4  i n r elati o n t o f err o pt osis w h er e  w e  s e e a cl ear  n e e d  f or f urt h er st u di es. 

3. 1  Ki n eti c s  a n d  s u b str at e  s p e cifi citi e s  of  G P X 4  

G P X 4  w as  ori gi n all y  dis c o v er e d  i n 1 9 8 2  b y  Ursi ni  a n d  c o w or k ers  as  a n  
e n z y m e  r e d u ci n g p h os p h ati d yl c h oli n e  h y dr o p er o xi d e  usi n g  G S H  a n d  i n 
1 9 8 2  t h e y s h o w e d t h at t h e e n z y m e  w as  a  s el e n o pr ot ei n (Ursi ni,  M ai ori n o,  
&  Gr e g oli n,  1 9 8 5 ). L at er  it w as  s h o w n t h at G P X 4  s p e cifi c all y ass o ci at es  
wit h  p h os p h oli pi ds  i n m e m br a n es  t o f a cilit at e t h e r e d u cti o n of  p h os p h o -
li pi d h y dr o p er o xi d es,  a n d  t h at c ar di oli pi n  is a  pr ef err e d  bi n di n g  p art n er  
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(C o z z a  et  al.,  2 0 1 7 ). I nt er esti n gl y, a n  Ar gi ni n e -t o - Histi di n e  m ut ati o n  at  
r esi d u e 1 5 2  ( R 1 5 2 H), f o u n d i n c as es  of  S e d a g h ati a n -t y p e  S p o n d yl o m et a -
p h ys e al  D ys pl asi a  ( S S M D) t h at e n c o m p ass es  s e v er e n e ur o d e v el o p m e nt al  
d ysf u n cti o n  i n h u m a n,  m ai nl y  l e a ds t o diss o ci ati o n  of  G P X 4  fr o m c ar di -
oli pi n  r at h er t h a n aff e cti n g  its c at al yti c  t ur n o v er, as  s u c h (R o v eri  et  al.,  
2 0 2 3 ). C o m p aris o ns  of  t h e s u bstr at e s p e cifi citi es a n d  e n z y m e  a cti viti es  of  
r e c o m bi n a nt f or ms of  G P X 1,  G P X 2  a n d  G P X 4  si d e - b y -si d e u n d er  i d e n-
ti c al c o n diti o ns  r e c e ntl y c o nfir m e d  t h at G P X 4  is t h e o nl y  of  t h es e t hr e e 
e n z y m es  t h at c a n  r e d u c e p h o p h ati d yl c h oli n e  h y dr o p er o xi d es;  G P X 1  is f ar 
m or e  effi ci e nt  t h a n t h e ot h er  G P X  is o e n z y m es i n r e d u cti o n of  ot h er  
p er o xi d es,  i n cl u di n g H 2 O 2 , c u m e n e  h y dr o p er o xi d e,  t ert b ut yl h y dr o p er -
o xi d e  or  ot h er  f att y a ci d  h y dr o p er o xi d es  i n cl u di n g t h os e d eri v e d  fr o m 
li n ol ei c a ci d,  ar a c hi d o ni c  a ci d  or  ei c os a p e nt a e n oi c  a ci d  (S c h w ar z  et  al.,  
2 0 2 3 ). T h us,  G P X 4  s e e ms t o b e  p arti c ul arl y  a n d  u ni q u el y  s p e ci ali z e d f or 
r e d u cti o n of  m e m br a n e - ass o ci at e d  p h os p h oli pi d  h y dr o p er o xi d es,  w hi c h  
u n d erli es  its i m p ort a nt r ol e i n pr e v e nti n g  t h e a c c u m ul ati o n  of  t o xi c l e v els 
of  t h es e m ol e c ul ar  s p e ci es i n c ells.  

3. 2  R e s ult s  t h at q u e sti o n  t h e e x a ct  m e c h a ni s m s  of  G P X 4  
t ar g eti n g i n f err o pt o si s 

R S L 3  ( P u b C h e m I D: 1 7 5 0 8 2 6)  was  dis c o v er e d  b y  t h e St o c k w ell  gr o u p  i n 
2 0 0 8  i n a s cr e e n f or c o m p o u n ds  b ei n g  s p e cifi call y t o xi c t o war ds t u m or c ells  
har b ori n g  m utat e d  s mall G T Pas es,  a n d was  t h us na m e d  R S L 3  f or “ R A S-
sel e cti v e  let hal ”  (Ya n g  &  St o c k w ell,  2 0 0 8 ). It was  lat er us e d  t o g et h er wit h  
erasti n  i n t h e st u d y p u blis h e d  i n 2 0 1 2  na mi n g  f err o pt osis (Di x o n  et  al., 
2 0 1 2 ). I n 2 0 1 4,  t h e gr o u p  i d e ntifi e d G P X 4  as t h e tar g et of  R S L 3  usi n g  
c h e m o pr ot e o mi cs  wit h  a n R S L 3- d eri vati v e  f or i d e ntifi cati o n of  c ell ular  
pr ot ei n  tar g ets; t hat st u d y als o s h o w e d t hat erasti n  tr eat m e nt ca us e d  c ell ular  
G S H  d e pl eti o n  (Ya n g  et  al., 2 0 1 4 ). T h es e  fi n di n gs, t o g et h er wit h  t h e c ell ular  
eff e cts  of  a d diti o nal  f err o pt osis i n d u c ers, s u g g est e d t hat G P X 4  was  t h e tar g et 
of  R S L 3  a n d t h us a k e y  s u p pr ess or of  f err o pt osis. T h e  st u d y als o s h o w e d t hat 
R A S-tra nsf or m e d  c ells  w er e  m or e  s e nsiti v e t o G S H  d e pl eti o n  usi n g  B S O  
t ha n c o ntr ol  c ells,  t hat o v er e x pr essi o n  or  k n o c k d o w n  of  G P X 4  pr e v e nt e d  or  
a c c e nt uat e d  f err o pt osis, r es p e cti v el y, a n d t hat t his c ell  d eat h  was  ass o ciat e d  
wit h  i n cr eas e d li pi d p er o xi dati o n  (Ya n g  et  al., 2 0 1 4 ). It was  t h us a s ur pris e 
w h e n  t h e gr o u p  of  Ursi ni  a n d c o w or k ers  c o ul d  n ot  fi n d a n y i n hi biti o n of  
p urifi e d  G P X 4  usi n g  R S L 3,  w hil e  if t h e y i n cl u d e d c ell  l ysat e a n d / or  t h e 1 4-
3- 3- 3  pr ot ei n  u n d er  r e d u ci n g c o n diti o ns,  i n hi biti o n c o ul d  b e  d et e ct e d  
(V u c k o vi c  et  al., 2 0 2 0 ). 
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O ur  o w n  gr o u p  ( E SJ A) c o nfir m e d  Ursi ni’s  r es ults usi n g  r e c o m bi na nt 
G P X 4  s el e n o pr ot ei n b y  s h o wi n g t hat R S L 3  is n ot  a dir e ct  i n hi bit or of  t h e 
e n z y m e,  b ut  w e  w er e  e v e n  m or e  s ur pris e d w h e n  w e  dis c o v er e d  t hat R S L 3  
is, i nst ea d, a dir e ct  i n hi bit or of  Tr x R 1  b ot h  i n r e c o m bi na nt f or m a n d i n a 
c ell ular  c o nt e xt  (C h eff  et  al., 2 0 2 3 ). A  si milar r es ult was  f o u n d f or a n ot h er  
f err o pt osis i n d u ci n g c o m p o u n d,  M L 1 6 2  (C h eff  et  al., 2 0 2 3 ). N ot e w ort h y,  
w hil e  b ot h  R S L 3  a n d M L 1 6 2  tri g g er e d t y pi cal f err o pt osis i n c ells  w h e n  us e d  
at v er y  l o w n M-ra n g e  c o n c e ntrati o ns;  a n ot h er  m or e  s el e cti v e i n hi bit or of  
Tr x R 1,  T Ri- 1,  di d  n ot  (Sa bati er  et  al., 2 0 2 1;  Staff or d  et  al., 2 0 1 8 ). R S L 3,  
M L 1 6 2  a n d M L 2 1 0  (t h e latt er of  w hi c h  c o ul d  n ot  dir e ctl y  i n hi bit eit h er  
G P X 4  or  Tr x R 1)  all tri g g er e d a c ell  d eat h  bl o c k e d  b y  f err ostati n or  ir o n 
c h elat ors,  w hil e  t h e c ell  d eat h  tri g g er e d b y  T Ri- 1  at l o w µ M  ra n g e was  n ot  
aff e ct e d  b y  f err ostati n or  ir o n c h elat ors.  W h e n  f err ostati n was  us e d  t o pr ot e ct  
c ells  tr eat e d wit h  R S L 3,  t h e c yt ot o xi cit y  of  R S L 3  was  bl u nt e d  a n d i nst ea d 
i n d u c e d c ell  d eat h  at hi g h er  c o n c e ntrati o ns,  v er y  cl os el y  mat c hi n g  t hat 
o btai n e d  wit h  T Ri- 1  (C h eff  et  al., 2 0 2 3 ). I nt er esti n gl y, w e  als o o bs er v e d  t hat 
R S L 3,  M L 1 6 2  a n d M L 2 1 0  all aff e ct e d t h e mi grati o n  of  G P X 4  i n S D S -
P A G E,  s u g g esti v e of  d o w nstr ea m  i n dir e ct eff e cts  o n  G P X 4  w h e n  t h e f er-
r o pt osis i n d u ci n g c o m p o u n ds  w er e  us e d  i n c ells  (C h eff  et  al., 2 0 2 3 ). 

V er y  r e c e ntl y t h e gr o u p  of  M ar c us  C o nr a d  a d dr ess e d  t h e q u esti o n  
r e g ar di n g t h e p ossi bl e  R S L 3 - G P X 4  i nt er a cti o n usi n g  H E K 2 9 3  c ells  
tr a nsf e ct e d wit h  Str e pt a vi di n -t a g g e d  G P X 4,  t o e n a bl e  affi nit y  p urifi c ati o n  
of  t h e e n z y m e  wit h  or  wit h o ut  tr e at m e nt wit h  f err o pt osis i n d u ci n g c o m -
p o u n ds  (N a k a m ur a  et  al.,  2 0 2 4 ). T h e y  c o nfir m e d  t h e alt er e d  G P X 4  
mi gr ati o n  i n S D S - P A G E  aft er  tr e at m e nt wit h  R S L 3,  a n d  t h e y s h o w 
i n hi biti o n of  t h e e n z y m e  a cti vit y  of  t h e p urifi e d  e n z y m e  fr o m R S L 3 -
tr e at e d c ells  or  u p o n  tr e at m e nt i n vitr o.  H o w e v er,  t h e y us e d  i n c u b ati o n of  
c ells  wit h  1 0  µ M  R S L 3  ( 1 0 0 0 -f ol d hi g h er  c o n c e ntr ati o ns  t h a n t h os e 
tri g g eri n g f err o pt osis) or  i n c u b ati o n of  p urifi e d  e n z y m e  usi n g  0 − 1  µ M  
R S L 3  i n vitr o  at  3 7  ° C  f or 3 0  mi n,  r es ulti n g i n a p pr o xi m at el y  6 0 %  i n hi-
biti o n  of  G P X 4  a cti vit y  d uri n g  a n  a d diti o n al  3 0  mi n  i n c u b ati o n, as  j u d g e d 
fr o m t h e q u a ntit ati o n  of  r e m ai ni n g p h os p h ati d yl c h oli n e  p er o xi d e  
(N a k a m ur a  et  al.,  2 0 2 4 ). W e  j u d g e t h os e r es ults t o dis pl a y  a  r at h er w e a k  
i n hi biti o n of  G P X 4  b y  R S L 3.  At  t his st a g e, w e  wis h  t o c o n cl u d e  t h at it 
s e e ms cl e ar  t h at f err o pt osis i n d u ci n g c o m p o u n ds,  i n cl u di n g R S L 3,  M L 1 6 2  
a n d  M L 2 1 0,  s o m e h o w aff e ct  c ell ul ar  G P X 4  a n d  its mi gr ati o n  i n s u bs e q u e nt 
S D S - P A G E  a n al ys es,  b ut  t h at c o ul d  b e  d u e  t o i n dir e ct m e c h a nis ms.  T h e  
C o nr a d  gr o u p  p osits  t h at m a m m ali a n  c ell -s p e cifi c  p osttr a nsl ati o n al  m o d -
ifi c ati o ns of  G P X 4  mi g ht  b e  r e q uir e d f or R S L 3 - m e di at e d  i n hi biti o n of  
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G P X 4,  w hi c h  w o ul d  e x pl ai n  w h y  t h e pr ot ei n  affi nit y  p urifi e d  fr o m 
m a m m ali a n  c ells  is i n hi bit e d b y  R S L 3  w h er e as  t h e E.  c oli- e x pr ess e d  
r e c o m bi n a nt s el e n o pr ot ei n is n ot  (C h eff  et  al.,  2 0 2 3 ). Cl e arl y  a d diti o n al  
st u di es will  b e  n e e d e d  t o r es ol v e w h et h er  R S L 3  i nt er a cts dir e ctl y  wit h  
G P X 4  i n vi v o,  w h et h er  t h at is d e p e n d e nt  o n  m a m m ali a n  p osttr a nsl ati o n al  
m o difi c ati o ns,  a n d  i n d e e d t h e e x a ct  m ol e c ul ar  m e c h a nis ms  of  a cti o n  b y  
w hi c h  R S L 3  i n d u c es f err o pt osis. 

O nl y  a  f e w s el e n o pr ot ei n - e n c o di n g c o m pl et e  g e n eti c  k n o c k o ut  
m o d els  c a us e  e m br y o ni c  l et h alit y i n mi c e,  i n cl u di n g T x nr d 1  e n c o di n g  
c yt os oli c  Tr x R 1  (B o n d ar e v a  et  al.,  2 0 0 7;  J a k u p o gl u et  al.,  2 0 0 5 ), T x nr d 2  
e n c o di n g  mit o c h o n dri al  Tr x R 2  (C o nr a d  et  al.,  2 0 0 4 ), a n d  G p x 4  
e n c o di n g  b ot h  t h e c yt os oli c,  n u cl e ar  a n d  mit o c h o n dri al  f or ms of  G P X 4  
(S eil er  et  al.,  2 0 0 8;  Y a nt  et  al.,  2 0 0 3 ). A  si mil ar p h e n ot y p e  is s e e n wit h  
e x pr essi o n  of  m ut a nt  G P X 4  v ari a nts  wit h  t h e c at al yti c  S e c  r esi d u e 
m ut at e d  t o eit h er  i n a cti v e Al a  or  S er  (I n g ol d et  al.,  2 0 1 5 ), cl e arl y  s h o wi n g 
t h at it is a  l a c k of  G P X 4  c at al yti c  a cti vit y  t h at l e a ds t o e m br y o ni c  l et h alit y. 
I nt er esti n gl y, t ar g et e d d el eti o n  of  o nl y  t h e n u cl e ar  f or m of  G P X 4  yi el ds  
n o  o v ert  p h e n ot y p e  a n d  t h e o nl y  eff e ct  t h at c o ul d  b e  dis c o v er e d  w as  t h at 
of  i n cr e as e d s p er m a b n or m aliti es  (C o nr a d  et  al.,  2 0 0 5 ), w hi c h  li k el y 
r el at es t o t h e f a ct t h at G P X 4  is als o  a  m o o nli g hti n g  pr ot ei n  c o n v ert e d  
d uri n g  s p er m at o g e n esis i nt o a  str u ct ur al c o m p o n e nt  of  s p er m (Ursi ni  
et  al.,  1 9 9 9 ). W h e n  mit o c h o n dri al  G P X 4  w as  d el et e d,  t his g a v e  a  si mil ar 
eff e ct  wit h  a  l a c k of  o v ert  p h e n ot y p e  b ut  a b n or m al  s p er m m at ur ati o n,  
t h us s u g g esti n g t h at t h e c yt os oli c  f or m of  G P X 4  is t h e ess e nti al  f or m 
(S c h n ei d er  et  al.,  2 0 0 9 ). N o n et h el ess  it r e m ai n e d u n cl e ar  w h et h er  l a c k of  
c yt os oli c  G P X 4  w as  e m br y o ni c all y  l et h al d u e  t o i n cr e as e d f err o pt osis, or  
w h et h er  ot h er  m e c h a nis ms  l a y b e hi n d  t h e l et h alit y u p o n  its d el eti o n.  It 
c o ul d  b e  r e mi nis c e nt of  t h e g e n eti c  d el eti o n  of  T x nr d 1 , w hi c h  yi el d e d  
e arl y  e m br y o ni c  l et h alit y wit h o ut  si g ns of  tiss u e d a m a g e  d u e  t o i n cr e as e d 
o xi d ati v e  str ess a n d,  i nst e a d, e x hi bit e d  a  l a c k of  f or m ati o n of  m es o d er m  
i n di c ati n g dist ort e d  i ntr a c ell ul ar diff er e nti ati o n  or  si g n ali n g pr o gr a ms  
(B o n d ar e v a  et  al.,  2 0 0 7;  D a g n ell,  S c h mi dt,  &  Ar n er,  2 0 1 8 ). 

F urt h er  a d dr essi n g  t h e q u esti o n  of  t h e r e as o ns f or l et h alit y u p o n  
G P X 4  d el eti o ns,  M ar c us  C o nr a d  a n d  c o w or k ers  r e pl a c e d G P X 4  i n a  
m o us e  m o d el  wit h  a  S e c -t o - C ys  “ k n o c k -i n ”  v ari a nt  of  t h e e n z y m e  
(G p x 4 c ys all el e),  w hi c h  dis pl a ys  a  m u c h  l o w er t ur n o v er wit h  h y dr o p er -
o xi d e  s u bstr at es y et  is n ot  t ot all y i n a cti v e. Wit h  a n  i n br e d C 5 7 Bl / 6J  
m o us e  str ai n b a c k gr o u n d,  cr ossi n g  p ar e nts  h et er o z y g o us  f or t his k n o c k -i n  
(G p x 4 sec /c ys ), h o m o z y g o us  S e c - C ys  mi c e  (G p x 4 c ys /c ys), u nli k e  mi c e  
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h o m o z y g o us  f or eit h er  t h e n ull - m ut ati o n  (G p x 4 − / − ) or  a  t ot all y c at al y -
ti c all y i n a cti v e S e c - S er  k n o c k -i n  (G p x 4 ser /ser), w hi c h  e a c h  e x hi bit  1 0 0 %  
e m br y o ni c  l et h alit y b y  e m br y o ni c - d a y  7. 5  ( E 7. 5) (I n g ol d et  al.,  2 0 1 5 ), 
di e d  n ot  u ntil  aft er  or g a n o g e n esis  ( E 1 1. 5 - 1 2. 5) (I n g ol d et  al.,  2 0 1 8 ). T his  
fi n di n g w as  f urt h er st u di e d wit h  a  T a m o xif e n -i n d u c e d  c o n diti o n al  all el e -
s wit c h str at e g y i n a d ult  mi c e,  w h er ei n  m ost  c ells  i n t h e mi c e  s wit c h e d 
fr o m b ei n g  h et er o z y g o us  a cr oss  a  f u n cti o n all y wil dt y p e  fl o x e d all el e,  
(G p x 4 fl) (Fri e d m a n n  A n g eli  et  al.,  2 0 1 4 ) f or eit h er  t h e S e c -t o - C ys  or  t h e 
S e c -t o - S er  all el e  (G p x 4 fl /c ys or  G p x 4 fl /ser, r es p e cti v el y), t o b ei n g  h e mi -
z y g o us  f or o nl y  t h e S e c -t o - C ys  or  t h e S e c -t o - S er  all el e  (G p x 4 − /c ys  or  
G p x 4 − /ser  , r es p e cti v el y). T h at  str at e g y s h o w e d t h at t h e i n d u c e d a d ult -
o ns et  G p x 4 − /ser  mi c e,  li k e i n d u c e d a d ult - o ns et  G p x 4 − / −  mi c e,  di e d  wit hi n  
1 1  d a ys  of  T a m o xif e n -i n d u c e d  all eli c  c o n v ersi o n;  b ot h  s h o wi n g si mil ar 
r e n al p at h ol o g y.  B y  c o ntr ast,  t h e i n d u c e d a d ult - o ns et  G p x 4 − /c ys  mi c e  
t hri v e d f or at  l e ast 4 0  d  aft er  T a m o xif e n -i n d u c e d  all eli c  c o n v ersi o n  
(Fri e d m a n n  A n g eli  et  al.,  2 0 1 4;  I n g ol d et  al.,  2 0 1 8 ). M or e o v er,  c ult ur e d  
G p x 4 c ys /c ys c ells  dis pl a y e d  t y pi c al f err o pt oti c c ell  d e at h  w h e n  c h all e n g e d,  
s u g g esti n g t h at S e c - c o nt ai ni n g  G P X 4  i n d e e d pr ot e cts  c ells  fr o m f err o p -
t osis (I n g ol d et  al.,  2 0 1 8 ). N ot a bl y,  t h e c ells  o v er e x pr essi n g  t h e S e c -t o - C ys  
v ari a nt  of  G P X 4  c o ul d  als o  s ur vi v e g e n eti c  c o - d el eti o n  of  t h e t R N A f or 
s el e n o c yst ei n e, a n d  t h us s ur vi v e d el eti o n  of  all  ot h er  s el e n o pr ot ei ns 
(I n g ol d et  al.,  2 0 1 8 ). 

Of  n ot e,  w h e n  t h e G p x 4 c ys all el e  w as  st u di e d o n  a  h y bri d  str ai n -
b a c k gr o u n d  1 2 9 S 6 S v E V  x  C 5 7 Bl / 6J)  all  G p x 4 c ys /c ys p u ps  s ur vi v e d t o 
birt h;  h o w e v er  t h e y f ail e d t o t hri v e p ost n at all y  a n d,  b y  p ost n at al  d a y  1 8,  
all  h a d  d e v el o p e d  s e v er e s ei z ur es a n d  n e e d e d  t o b e  s a crifi c e d (I n g ol d 
et  al.,  2 0 1 8 ). N e cr o psi es  r e v e al e d t h es e p u ps  l a c k e d P V +  i nt er n e ur o ns 
(I n g ol d et  al.,  2 0 1 8 ). C o nsi d eri n g  t h e a v ail a bl e  d at a,  it c a n  t h us b e  
c o n cl u d e d  t h at c yt os oli c  G P X 4  is cl e arl y  a n  ess e nti al  e n z y m e,  u ni q u e  i n 
b ei n g  a bl e  t o r e d u c e p h os p h oli pi d  p er o xi d e  s p e ci es, a n d  t h at t h e e n z y m e  
t y pi c all y pr ot e cts  c ells  i n c ult ur e  fr o m f err o pt osis. It h as  n ot  y et  b e e n  
u n e q ui v o c all y  s h o w n t h at t h e e m br y o ni c  l et h alit y of  i n br e d G p x 4 c ys /c ys 

f et us es, n or  t h e l a c k of  P V +  i nt er n e ur o ns i n t h e h y bri d -str ai n  G p x 4 c ys /c ys 

p u ps,  w as  d u e  t o f err o pt osis, as  ass essi n g  eit h er  w o ul d  b e  e xtr e m el y  
t e c h ni c all y diffi c ult.  H o w e v er,  i n t h e l att er c as e,  a n  i n cr e as e d n u m b er  of  
T U N E L - p ositi v e  c ells  w er e  s e e n i n t h e c ort e x,  ass o ci at e d  wit h  i n cr e as e d 
astr o gli osis  a n d  n e ur oi nfl a m m ati o n  (I n g ol d et  al.,  2 0 1 8 ). T his  p h e n ot y p e  
is c o nsist e nt  wit h  c ell  d e at h  b y  di v ers e  m e c h a nis ms,  i n cl u di n g a p o pt osis  
or  f err o pt osis, t h er e aft er l e a di n g t o i nfl a m m at or y r es p o ns es. 
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I nt er esti n gl y, r e c e nt r e p orts s u g g est t h at G P X 4  k n o c k d o w n  d o es  n ot  
i n d u c e f err o pt osis vi a  a  m e c h a nis m  t h at mi g ht  i n v ol v e f ail ur e t o r e d u c e 
li pi d p er o xi d es,  b ut  r at h er i n d u c es o v er a c c u m ul ati o n  of  f err o us ir o n, 
l e a di n g t o f err o pt osis (W ei  et  al.,  2 0 2 2 ). 

4.  F S P 1  a n d  ot h er  e n z y m e s  aff e cti n g  f err o pt o si s i n 
p ar all el  wit h  G P X 4  

Wit h  f err o pt osis b ei n g  d efi n e d  as a c ell  d eat h  tri g g er e d b y  ir o n-
d e p e n d e nt  li pi d p er o xi dati o n,  t his s u g g ests t hat all pr ot ei ns  or  e n z y m es  t hat 
ma y  li mit eit h er  ir o n r ea cti vit y or  a c c u m ulati o n  of  li pi d p er o xi d es  ma y  
pr e v e nt  f err o pt osis. I n d e e d, s e v eral s u c h s yst e ms ha v e  b e e n  f o u n d, b ut  s hall 
h er e  o nl y  bri efl y  b e  i ntr o d u c e d wit h  t his r e vi e w arti cl e mai nl y  b ei n g  f o c us e d 
o n  t h e li n ks b et w e e n  c yst ei n e  h o m e ostasis  a n d f err o pt osis. T h es e  a d diti o nal  
e n z y m e  s yst e ms a cti n g i n parall el  wit h  G P X 4  ar e, i n c o ntrast  t o G P X 4,  
t y pi call y n ot  c o nsi d er e d  t o b e  d e p e n d e nt  u p o n  G S H.  

4. 1  F S P 1  

I n 2 0 1 9,  b ot h  t h e gr o u ps  of  Mar c us  C o nra d  a n d of  Ja m es Olz ma n n  r e p ort e d 
t hat t h e fla v o pr ot ei n a p o pt osis-i n d u ci n g fa ct or mit o c h o n drial  2  ( AI F M 2) 
effi ci e ntl y  pr ot e ct e d  c ells  fr o m f err o pt osis u p o n  d el eti o n  of  G P X 4,  t h er e b y 
r e na mi n g AI F M 2  t o F err o pt osis  s u p pr ess or pr ot ei n  1  ( F S P 1). T h e y  als o 
s h o w e d t hat F S P 1  e x pr essi o n  l e v els cl os el y  c orr elat e  wit h  r esista n c e of  c ells  t o 
f err o pt osis, t hat i n hi biti o n of  F S P 1  s e nsitiz es c ells  t o f err o pt osis, a n d t hat 
m yrist o ylat e d  m e m bra n e-ass o ciat e d  F S P 1  a cts b y  r e d u ci n g u bi q ui n o n e  
c o e nz y m e  Q 1 0  ( C o Q 1 0) i n a r ea cti o n usi n g  N A D P H,  wit h  r e d u c e d u bi-
q ui n ol  b ei n g  a bl e t o tra p li pi d p er o x yl  ra di cals a n d t h us s u p pr ess pr o pa gati o n  of  
li pi d p er o xi dati o n  (B ers u k er  et  al., 2 0 1 9;  D oll  et  al., 2 0 1 9 ). T h e  C o nra d  gr o u p  
f urt h er m or e s h o w e d t hat F S P 1  ca n  alt er nati v el y us e  Vita mi n  K  i n catal yti c  
li pi d p er o xi d e  tra p pi n g (Mis hi ma  et  al., 2 0 2 2 ). R e c e ntl y  t h e sa m e gr o u p  als o 
r e p ort e d t hat a n u m b er  of  3- p h e n yl q ui naz oli n o n e  c o m p o u n ds  ca n  tar g et 
F S P 1,  tri g g er its r el eas e fr o m t h e m e m bra n e,  a n d l ea d t o a g gr e gati o n of  t h e 
e nz y m e  a n d i ntra c ell ular p has e  s e parati o n, als o c orr elati n g  wit h  i n cr eas e d 
s e nsiti vit y t o f err o pt osis (Na ka m ura  et  al., 2 0 2 3 ). T h e  str u ct ural f eat ur es of  
F S P 1  w er e  s ol v e d a n d t h e catal yti c  c y cl e  d es cri b e d  (L v  et  al., 2 0 2 3 ). F S P 1,  li k e 
ma n y  ot h er  a nti o xi da nt e nz y m es,  is als o a n N R F 2  tar g et, a n d is u pr e g ulat e d  i n 
ma n y  ca n c er  c ells  (B ers u k er  et  al., 2 0 1 9;  K o p p ula  et  al., 2 0 2 2;  M ull er  et  al., 
2 0 2 3 ). T h us,  p har ma c ol o gi cal  i n hi biti o n of  F S P 1  ma k es  ca n c er  c ells  a n d 
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t u m ors m or e  pr o n e  t o c ell  d eat h,  t h er e b y s h o wi n g t hat F S P 1  h ol ds  pr o mis e  as 
a n a nti ca n c er t h era p y tar g et (B ers u k er  et  al., 2 0 1 9;  D oll  et  al., 2 0 1 9;  H e n dri c ks  
et  al., 2 0 2 3;  M ull er  et  al., 2 0 2 3;  Na ka m ura  et  al., 2 0 2 3 ). 

4. 2  D H O D H  

I n 2 0 2 1  it was  r e p ort e d b y  t h e gr o u p  of  B o yi  Ga n  t hat di h y dr o or otat e  
d e h y dr o g e nas e  ( D H O D H) c o ul d  pr ot e ct  c ells  fr o m f err o pt osis b y  r e g e n er-
ati n g u bi q ui n ol,  i n d e p e n d e ntl y fr o m F S P 1  (Ma o  et  al., 2 0 2 1 ). T his  n oti o n  
was  s u bs e q u e ntl y c hall e n g e d  b y  t h e gr o u p  of  Mar c us  C o nra d,  s h o wi n g t hat 
t h e st u d y ha d  us e d  i n hi bit ors of  D H O D H  at hi g h  c o n c e ntrati o ns,  w hi c h  als o 
i n hi bit e d F S P 1  (Mis hi ma  et  al., 2 0 2 3 ). T his  w or d  of  ca uti o n  was  r e pli e d t o 
b y  B o yi  Ga n  et  al., ar g ui n g  t hat n ot  o nl y  t h e us e  of  i n hi bit ors s h o w e d t hat 
D H O D H  pla ys  a r ol e i n pr ot e cti o n  of  c ells  a gai nst f err o pt osis, b ut  als o 
g e n eti c  e vi d e n c e  (Ma o,  Li u,  Ya n,  Ols z e ws ki,  &  Ga n,  2 0 2 3 ). T his  t o pi c 
r e mai ns u nr es ol v e d,  b ut  p er ha ps  it ca n  b e  wis e  at t his sta g e t o r e mai n o p e n  t o 
t h e p ossi bilit y  t hat D H O D H  ca n  i n d e e d pr ot e ct  c ertai n  c ells  a gai nst f er-
r o pt osis, d e p e n di n g  u p o n  o v erall  c ell ular  c o nt e xt,  m eta b oli c  stat e a n d 
e x pr essi o n  of  ot h er  pr ot ei ns  a n d e n z y m es  aff e cti n g  ir o n- d e p e n d e nt p er o x-
i dati o n e v e nts  a n d t h us st ea d y-stat e l e v els of  p h os p h oli pi d  h y dr o p er o xi d es.  

4. 3  M B O A T 1  a n d  M B O A T 2  

V er y  r e c e ntl y it was  s h o w n t hat m e m bra n e- b o u n d  O-a c yltra nsf eras es  
M B O A T 1  a n d M B O A T 2,  b ei n g  tra ns cri pti o nal tar g ets u pr e g ulat e d  b y  t h e 
estr o g e n  a n d a n dr o g e n r e c e pt ors, r es p e cti v el y, ca n  “r e m o d el ”  c ell ular  p h os-
p h oli pi ds  a n d t h us ma k e  c ells  m or e  r esista nt t o f err o pt osis i n a G P X 4- as  w ell  
as F S P 1-i n d e n d e nt  ma n n er  (Lia n g  et  al., 2 0 2 3 ). T h e  r e m o d eli n g r ea cti o n 
catal yz e d  b y  t h e M B O A T  e nz y m es  i n v ol v es a c yl tra nsf er r ea cti o ns, a n d t h e 
e n z y m es  a c c e pt s e v eral diff er e nt  p h os p h oli pi ds  as t h eir s u bstrat es, i n cl u di n g 
p h os p hati d yl c h oli n e  (Gij o n,  Ri e k h of,  Zari ni,  M ur p h y,  &  V o el k er,  2 0 0 8 ), t h e 
p er o xi d e  of  w hi c h  is a u ni q u e  G P X 4  s u bstrat e (s e e a b o v e). T h er e  ar e m or e  
t ha n 1 0  fa mil y m e m b ers  of  M B O A Ts  i n h u ma n  (Mas u m ot o  et  al., 2 0 1 5 ) a n d 
t h us t h e e val uati o n  of  t h eir i n di vi d ual p ossi bl e  i m p orta n c e i n r elati o n t o 
f err o pt osis will  r e q uir e si g nifi ca nt a d diti o nal st u di es i n t h e f ort h c o mi n g y ears.  

4. 4  Pr ot ei n s  aff e cti n g  ir o n st at u s  

If f err o pt osis is d efi n e d  as  b ei n g  ir o n - d e p e n d e nt, t h e n ir o n h o m e ost asis  
s h o ul d li k el y aff e ct  t h e e xt e nt  of  f err o pt oti c c ell  d e at h.  I n d e e d, m a n y  
st u di es h a v e  r e p ort e d s u c h o bs er v ati o ns.  T his  i n cl u d es N R F 2 - dri v e n  
H E R C 2  a n d  V A M P 8  i n dir e ctl y i n cr e asi n g f erriti n l e v els, t h us s h o w n t o 
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bl o c k  f err o pt osis (A n a n d h a n  et  al.,  2 0 2 3 ); tr a nsf erri n - k n o c k o ut mi c e  b ei n g  
m or e  pr o n e  t o f err o pt osis i n t h e li v er (Y u  et  al.,  2 0 2 0 ); al p h a - E n ol as e  1  
( E N O 1) m o o nli g hti n g  as  a n  m R N A - bi n di n g  pr ot ei n  s u p pr essi n g ir o n 
r e g ul at or y pr ot ei n  1  (I R P 1) e x pr essi o n  l e a di n g t o i n hi biti o n of  mit of erri n -
1  ( Mfr n 1) e x pr essi o n  a n d  s u bs e q u e nt r e pr essi o n of  mit o c h o n dri al  ir o n -
i n d u c e d f err o pt osis (Z h a n g  et  al.,  2 0 2 2 a ); or  pr o mi ni n - 2  l e a di n g t o e x p ort  
fr o m c ells  of  ir o n a n d  t h er e b y l e a di n g t o s u p pr essi o n of  f err o pt osis (Br o w n  
et  al.,  2 0 1 9 ). A d diti o n al  e x a m pl es  i n cl u d e N U P R 1 - m e di at e d  L C N 2  
e x pr essi o n  t h at bl o c ks  f err o pt osis b y  pr e v e nti n g  ir o n a c c u m ul ati o n  a n d  
s u bs e q u e nt o xi d ati v e  d a m a g e  (Li u  et  al.,  2 0 2 1 a ), or  l oss of  f erriti n t hr o u g h 
a ut o p h a g y  l e a di n g t o i n cr e as e d f err o pt osis (H o u  et  al.,  2 0 1 6 ). T h er e  ar e  
m a n y  e x a m pl es  i n t h e lit er at ur e s h o wi n g t h at dist ort e d  ir o n st at us c a n  b e  
li n k e d t o m o d ul ati o n  of  f err o pt osis. 

5.  G e n eti c  a n d  p h ar m a c ol o gi c  m o d el s  t h at q u e sti o n  
t h e e x a ct  r ol e s of  c y sti n e,  C y s,  x C T,  G S H,  or  G S H  
s y nt h e si s  i n f err o pt o si s 

T h e  dis c o v er y  of  f err o pt osis usi n g  c o m p o u n ds  t h at disr u pt  x C T  
a cti vit y  a n d  t h e l o n g - ass o ci ati o n of  f err o pt osis wit h  x C T  i n hi biti o n, h as  l e d 
t o t h e pr e v al e nt  w or ki n g  h y p ot h esis  w h er ei n  di mi nis h e d  C S S C  is t h e first 
st e p o n  a  c h ai n -r e a cti o n  t h at di mi nis h es  c ell ul ar  C ys,  c ell ul ar  G S H,  a n d  
G S H - m e di at e d  tr a nsit of  r e d u ci n g p o w er  t o G P X 4  (Di x o n  et  al.,  2 0 1 2;  
Ji a n g et  al.,  2 0 2 1;  Y a n  et  al.,  2 0 2 1 ). H o w e v er,  as  d et ail e d  a b o v e,  as p e cts  of  
t his i n hi bit or - a n d  c ell  c ult ur e - b as e d  r el ati o ns hi p h a v e  pr o v e n  r e c al citr a nt 
t o s u bs e q u e nt v ali d ati o ns,  i n p arti c ul ar  usi n g  ot h er  i n hi bit ors, g e n eti c  
a p pr o a c h es,  or  w h ol e - a ni m al  m o d els.  M or e o v er,  t h e i n hi bit ors t h at f or m e d 
t h e b asis  of  t his h y p ot h esis  ar e  n o w  k n o w n  t o h a v e  oft e n  p o orl y  c h ar -
a ct eri z e d  m e c h a nis ms  of  a cti o n  o n  x C T,  a n d  t o h a v e  wi d e -r a n gi n g  a n d  
i n c o m pl et el y d efi n e d  off -t ar g et  eff e cts.  Si mil ar  c o n c er ns  ar e  n o w  b ei n g  
r ais e d a b o ut  n e xt - g e n er ati o n  f err o pt osis -i n d u ci n g c o m p o u n ds  t ar g eti n g 
G P X 4.  I n t h e b est - c as e  s c e n ari o, t h e w or ki n g  h y p ot h esis  is c o n diti o n all y  
c orr e ct,  b ut  r e q uir es ot h er  pr e dis p osi n g  c o n diti o ns  t o r es ult i n f err o pt osis. 
As  a n  e x a m pl e  of  t his, o n e  c a n  l o o k t o t h e ori gi n al  dis c o v er y  of  er asti n,  
w hi c h  r e p ort e d t h at it o nl y  r eli a bl y c a us e d  n o n - a p o pt oti c  c ell  d e at h  i n c ell  
li n es t h at c arri e d  m ut a nt  H R A S  a n d  t h e S V 4 0  s m all - T a nti g e n  (D ol m a  
et  al.,  2 0 0 3 ). Cl e arl y  t h er e ar e  m a n y  missi n g  pi e c es  t o t h e p u z zl e  r e g ar di n g 
w h at  e x a ct  c o n diti o ns  t h at will  tri g g er f err o pt osis i n a  li vi n g c ell.  I n t his 
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s e cti o n w e  will  criti c all y  dis c uss  t h e c o m p o n e nts  of  t h e h y p ot h esi z e d  c h ai n -
r e a cti o n fr o m e xtr a c ell ul ar  C S S C  t o li pi d p er o xi d ati o n  a n d  c ell  d e at h,  t o 
b ett er  cl arif y  w hi c h  ar e  criti c al  c o m p o n e nts;  w hi c h  ar e,  p er h a ps,  o nl y  
“ p ass e n g er  c o m p o n e nts ”  arisi n g  fr o m t h e f err o pt osis -i n d u ci n g tr e at m e nts, 
y et  n ot  pl a yi n g  a  c a us al  r ol e; a n d  w hi c h  ar e  p er h a ps  “ c o n diti o n all y  c a us al ”,  
f or e x a m pl e  r eli a bl y i n d u ci n g f err o pt osis i n c ell  c ult ur e  c o n diti o ns  b ut  n ot  
n e c ess aril y  r el e v a nt i n vi v o.  

5. 1  C S S C  a n d  x C T  

T h e  h y p ot h esis  t hat r estri cti n g a c c ess of  c ells  t o C S S C  ca n  i n d u c e f err o pt osis, 
w h et h er  t h es e ar e H R A S- m uta nt /s mall- T  a nti g e n  e x pr essi n g  ca n c er  c ells  or  
n ot,  is pr o bl e mati c.  As  o v er vi e w e d  i n S e cti o n  1. 1. 2 , a b o v e,  alt h o u g h  C S S C  
is t y pi call y t h e s ol e s o ur c e of  C ys  i n c ell  c ult ur e  m e dia  a n d, i n t h es e c o n -
diti o ns,  k n o c k d o w n  of  x C T  ca n  pr o m ot e  f err o pt osis (X u,  H ua n g,  Z h u,  &  
G u o,  2 0 2 2 ), it is u n cl ear  w h et h er  C S S C  is r elia bl y a vaila bl e  t o c ells  i n vi v o.  
M or e o v er,  it is v er y  cl ear  t hat x C T  is n ot  ess e ntial  i n vi v o,  as dis c uss e d  
a b o v e.  Si n c e  t h er e is n ot  a m e c ha nis m  f or s pla n c h ni c tiss u es t o e x p ort  C S S C  
i nt o t h e bl o o d  plas ma  (Fi g.  2 ), C S S C  i n vi v o  a p p ears  t o b e  pr e d o mi na ntl y  
s u p pli e d b y  t h e g ut  u p o n  di g esti o n  of  f o o d- pr ot ei n. T h us,  if C S S C  
r estri cti o n eit h er  e xtra c ell ularl y  or  b y  bl o c ka g e  of  x C T  i n d u c e d f err o pt osis, 
t h e n i nt er mitt e nt fasti n g s h o ul d i n d u c e f err o pt osis i n vi v o,  at l east i n m uta nt  
H R A S /s mall- T  a nti g e n e x pr essi n g  ca n c ers,  w hi c h  has  n ot  b e e n  r e p ort e d. 
M or e o v er,  t h e M GI  data bas e  of  T h e  Ja c ks o n La b orat ori es  (htt ps: / / w w w.  
i nf or mati cs.ja x. or g / mar k er / M GI: 1 3 4 7 3 5 5) r e p orts t hat f ull- b o d y h o m o -
z y g o us  x C T  ( S L C 7 A 1 1)- n ull mi c e  ha v e  mil d  pi g m e ntati o n  d ef e cts  b ut  ar e 
o v ertl y  h ealt h y,  c o nsist e nt  wit h  C S S C  b ei n g  a c o n v e ni e nt  s o ur c e of  C ys  f or 
c ells  t o e x pl oit  w h e n  a vaila bl e,  e. g.,  aft er a pr ot ei n-ri c h  m eal,  b ut  n ot  a 
n e c essar y  s o ur c e i n a n y k n o w n  c ell  t y p e i n vi v o.  Cl earl y  ot h er  s o ur c es of  C ys  
ca n  s u p pla nt C S S C  u pta k e  i n vi v o.  T his  o b vi o us  c o n cl usi o n,  n o n et h el ess,  
lar g el y a n n uls a p pr oa c h es  tar g eti n g x C T  t o i n d u c e f err o pt osis i n vi v o.  
A d diti o nall y,  f or t h e m o d el  of  C S S C / x C T / C ys  tar g eti n g t o i n d u c e f er-
r o pt osis via  l o w eri n g G S H  l e v els a n d, t h er e b y, l o w eri n g G S H- m e diat e d  
traffi c ki n g of  r e d u ci n g p o w er  t o G P X 4,  t h es e tr eat m e nts m ust  ha v e  i m pa cts 
o n  G S H  gr eat er  t ha n ot h er  tr eat m e nts t hat d o  n ot  i n d u c e f err o pt osis. 
H o w e v er,  as als o dis c uss e d  a b o v e, c ells  a n d or ga nis ms,  i n cl u di n g ca n c er  c ells  
i n or ga nis ms  or  i n pati e nts,  ar e hi g hl y  t ol era nt of  tr eat m e nts, n ota bl y  B S O  
a d mi nistrati o n,  t hat pr e ci pit o usl y  l o w er G S H  l e v els. W e  s hall i n t h e n e xt  
s e cti o n f urt h er dis c uss  t his as p e ct i n s p e cifi c r elati o n t o f err o pt osis. 
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5. 2  G S S G/ G S H  a n d  G G T  

As  o v er vi e w e d  i n S e cti o ns  1. 1  a n d 1. 2  a b o v e, G S H  a n d G S S G  ar e li k el y t o 
b e  a m or e  i m p orta nt s o ur c e of  s yst e mi c C ys  t ha n C S S C,  arisi n g fr o m 
i nt er m e diar y m eta b olis m  i n s pla n c h ni c tiss u es. Of  t h es e, G S H  is m or e  
a b u n da nt  i n plas ma  b ut,  u ntil  a G S H  e x p ort er  ca n  b e  i d e ntifi e d, t his a p p ears  
t o aris e fr o m s e cr et e d G S S G  at t h e e x p e ns e  of  r e d u ci n g p o w er  ca pt ur e d  fr o m 
s e cr et e d pr ot ei n-t hi ols  (s e e a b o v e). H o w e v er,  mi c e  h o m o z y g o us- n ull  f or a 
k n o c k o ut  of  G G T 1,  t h e pr e d o mi na nt  G G T  e n z y m e  ( wit h a s e c o n d e n z y m e,  
G G T 5,  a n d p h e n ot y p es  ass o ciat e d  wit h  its disr u pti o n,  a p p eari n g  t o b e  
r estri ct e d t o i m m u n e c ells  (S hi,  Ha n,  Ha bi b,  Mat z u k,  &  Li e b er ma n,  2 0 0 1 ), 
s h o w a mil d  gr o wt h  r etar dati o n p h e n ot y p e  (Li e b er ma n  et  al., 1 9 9 6 ). It is 
n ot e w ort h y  t hat f ull- b o d y p har ma c ol o gi c  disr u pti o n  of  G S H  bi os y nt h esis  i n 
mi c e  wit h  B S O  dra mati call y  l o w ers plas ma  G S S G + G S H  l e v els, wit h  t his 
b ei n g  w ell  t ol erat e d a n d, alt h o u g h  B S O  tr eat m e nt c o m pr o mis es  gr o wt h  of  
s o m e ca n c er  c ell  li n es i n c ult ur e  (W ei  et  al., 2 0 2 2 ), s yst e mi c B S O  tr eat m e nt 
has  n ot  b e e n  us ef ul  i n eit h er  killi n g  or  di mi nis hi n g  gr o wt h  i n t u m or- b eari n g 
mi c e  (C os ha n- Ga ut hi er  &  Kir k patri c k,  1 9 8 9;  Z h u,  H u,  W u,  &  H u,  2 0 1 4 ). 
T h e  a bilit y of  B S O  t o s e nsiti z e t u m ors t o ot h er  t h era pi es has  vari e d  (G er o ni  
et  al., 1 9 9 3;  S o bl e  &  D orr,  1 9 8 8;  Ts uts ui  et  al., 1 9 8 6 ), a n d it is u n cl ear  w hi c h  
of  t h es e eff e cts  aris e fr o m r estri cti n g G S H  as a s o ur c e of  C ys  v ers us  via  
r estri cti n g its ot h er  a cti viti es, e. g.,  i n dr u g  m eta b olis m  pat h wa ys  or  its ot h er  
a cti viti es (Ta na ka,  K ur o ka wa,  Mats u n o,  Mats u m ot o,  &  Ha yas hi da,  2 0 0 8 ). 

5. 3  G C L  di sr u pti o n s  

T h e  t ar g et e n z y m e  of  B S O  is t h e Gl u - C ys  li g as e e n z y m e  ( G C L), w hi c h  is 
a  h et er o di m er  c o m p os e d  of  a  c at al yti c  s u b u nit, G C L C,  t h at is r es p o nsi bl e 
f or t h e c h e mi c al  r e a cti o n, a n d  a  m o d ul at or y  s u b u nit, G C L M,  t h at c o nf ers  
pr o d u ct  ( G S H) -i n hi biti o n o n  t h e h ol o e n z y m e  (C h e n,  S h ert z er,  
S c h n ei d er,  N e b ert,  &  D alt o n,  2 0 0 5 ). G e n eti c  m o d els  t ar g eti n g G C L  
h a v e  n ot  s u p p ort e d t h e w or ki n g  h y p ot h esis  of  f err o pt osis i n d u cti o n 
(s e e S e cti o n  2 , a b o v e).  T h us,  w h er e as  G C L M - n ull  m o us e  m o d els  h a v e  
e x hi bit e d  di v ers e  a n d  us u all y  m o d est  alt er ati o ns  i n G S H  l e v els, t h e y h a v e  
n ot  c a us e d  f err o pt osis (B ott a  et  al.,  2 0 0 8;  Fr a n kli n  et  al.,  2 0 0 9;  N a k a m ur a  
et  al.,  2 0 1 1 ). M or e  r e c e ntl y, usi n g  c o n diti o n al  disr u pti o n  of  G C L C  i n 
w h ol e  mi c e,  t h e t e a m of  Is a a k H arris  h as  s h o w n t h at m a n y  c ells  i n w h ol e  
m o us e  m o d els  t ol er at e disr u pti o n  of  G C L C.  W h er e as  t h at r es ult is c o n -
sist e nt wit h  d e c a d es  of  r es e ar c h usi n g  B S O  t o i n hi bit G C L  a cti vit y,  as  a n  
i n hi bit or, t h e s p e cifi citi es a n d  p ot e nti al  off -t ar g et  a cti viti es  of  B S O  c o ul d  
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n e v er  b e  f ull y ass ess e d,  w h er e as  b y  disr u pti n g  t h e g e n e  e n c o di n g  G C L C,  
t h e n e w  st u di es m or e  pr e cis el y  h o n e -i n  o n  t h e s p e cifi c a cti viti es  of  G C L;  
i n t his w a y,  t h e y h a v e  s h o w n t h at T  c ell -s p e cifi c  g e n eti c  disr u pti o n  of  
G C L C  a n d  t h er ef or e, of  G S H  bi os y nt h esis,  d o es  n ot  c a us e  c ell  d e at h  b ut,  
i nst e a d, c o m pr o mis es  t h e f u n cti o ns of  r e g ul at or y T  c ells  (K ur ni a w a n  
et  al.,  2 0 2 0 ). A d diti o n al  i nsi g hts t o t h e i n vi v o  r e q uir e m e nts f or G S H  
bi os y nt h esis  ar e  a nti ci p at e d  fr o m t h e c o nti n u ati o n  of  t his w or k.  

5. 4  G S R  K O  

A n ot h er  t e n et i n t h e pr e val e nt  w or ki n g  h y p ot h esis  t hat tar g eti n g x C T  i n d u c es 
f err o pt osis b y  i n dir e ctl y i nt erf eri n g wit h  G S H- m e diat e d  tra nsit of  r e d u ci n g 
p o w er  t o G P X 4,  is t hat ot h er  tr eat m e nts t hat i nt erf er e wit h  G S H- m e diat e d  
tra nsit of  r e d u ci n g p o w er  t o G P X 4  s h o ul d als o i n d u c e f err o pt osis. Tr x R 1  
ca n n ot  r e d u c e G S S G  (Ar n ér,  2 0 0 9 b ), m ea ni n g  t hat o nl y  o n e  pri mar y  dis ulfi d e  
r e d u ctas e i n t h e c yt os ol,  G S R,  ca n  dir e ctl y  r e d u c e G S S G  →  2  G S H  (Mill er  &  
S c h mi dt,  2 0 1 9 ). N o n et h el ess,  T R X 1  ca n  als o r e d u c e G S S G  (Gr o m er,  M er kl e,  
S c hir m er,  &  B e c k er,  2 0 0 2 ). I m p orta ntl y, si milar t o t h e sit uati o n w h er ei n  w e  
l o n g r e c o g niz e d t hat t h er e m ust  b e  a m e c ha nis m  t o tra ns p ort G S H  i nt o 
mit o c h o n dria  (B o ot y  et  al., 2 0 1 5 ) e v e n  t h o u g h t h e tra ns p ort er was  o nl y  
r e c e ntl y i d e ntifi e d (Li u  et  al., 2 0 2 3 ) (s e e S e cti o n  1. 2. 3,  a b o v e), w e  k n o w  t hat 
c ells  ca n  s ustai n t h e hi g hl y  r e d u c e d i ntra c ell ular stat us of  t h e G S H + G S S G  p o ol  
i n t h e a bs e n c e of  G S R  (R o g ers  et  al., 2 0 0 4 ). Alt h o u g h  t his has  b e e n  attri b ut e d 
t o “ cr oss-traffi c ki n g ”  of  r e d u ci n g p o w er  fr o m t h e T R X  s yst e m t o t h e G S H  
s yst e m (Z ha n g,  D u,  Z ha n g,  L u,  &  H ol m gr e n,  2 0 1 4 ), t h e a bilit y of  Tr x R 1 /  
G S R- a n d  T R X 1 / Tr x R 1 / G S R- n ull  m o us e  li v ers t o als o s ustai n t h e r e d u c e d 
stat us of  t h e G S H + G S S G  p o ol  i n di cat es t hat c o m pl et el y  Tr x R 1-i n d e p e n d e nt  
m e c ha nis ms  s h o ul d als o b e  at pla y  h er e  (Mill er  &  S c h mi dt,  2 0 2 0 ). T o  dat e,  t h e 
o nl y  s u c h Tr x R 1-  a n d G S R-i n d e p e n d e nt  m e c ha nis ms  t hat ha v e  b e e n  i m pli-
cat e d  i n v ol v e de  novo  s y nt h esis of  C ys  a n d c ell ular  e x p ort  of  G S S G  (S e cti o ns  1. 1  
a n d 1. 2 , a b o v e) w hi c h,  alt h o u g h still u nt est e d,  w e  pr e di ct  s h o ul d b e  l ess effi -
ci e nt  at traffi c ki n g dis ulfi d e  r e d u ci n g p o w er  t o tar g et e nz y m es  i n cl u di n g G P X 4.  

6.  P ot e nti al  r ol e s of  t h e t hi or e d o xi n s y st e m  i n 
f err o pt o si s 

Wit h  Tr x R 1  b ei n g  a hi g hl y  i m p orta nt s el e n o pr ot ei n f or s u p p ort of  
r e d u cti v e p o w er  i n c ells  (Ar n er  &  H ol m gr e n,  2 0 0 0;  Ar n ér,  2 0 0 9a;  Mill er  
et  al., 2 0 1 8;  N or d b er g  &  Ar n er,  2 0 0 1 ) t hat was  s u g g est e d t o g et h er wit h  
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G P X 4  t o b e  o n e  of  o nl y  t w o k e y  ess e ntial  s el e n o pr ot ei ns i n h u ma n  c ells  
(Sa nt es mass es  &  Gla d ys h e v,  2 0 2 2 ), a n d c o nsi d eri n g  t hat t h e f err o pt osis 
i n d u ci n g c o m p o u n ds  R S L 3  a n d M L 1 6 2  effi ci e ntl y  i n hi bit Tr x R 1  (C h eff  
et  al., 2 0 2 3 ), it c o ul d  ha v e  b e e n  h y p ot h esi z e d  t hat Tr x R 1  w o ul d  b e  a n ot h er  
k e y  e n z y m e  f or pr ot e cti o n  of  c ells  a gai nst f err o pt osis. H o w e v er,  t h er e’s n o  
cl ear  data  at t his m o m e nt  s u g g esti n g t his w o ul d  b e  t h e cas e.  W h e n  Tr x R 1  is 
tar g et e d wit h  i n hi bit ors, ca n c er  c ells  t y pi call y di e,  b ut  n ot  wit h  f err o pt osis 
f eat ur es (C h eff  et  al., 2 0 2 3;  Sa bati er  et  al., 2 0 2 1;  Staff or d  et  al., 2 0 1 8 ), a n d 
alt h o u g h  t h e e n z y m e  is ess e ntial  f or e m br y o ni c  d e v el o p m e nt  (B o n dar e va  
et  al., 2 0 0 7;  Ja k u p o gl u et  al., 2 0 0 5 ) it ca n  b e  c o n diti o nall y  g e n eti call y  d el et e d  
fr o m a d ult tiss u es wit h o ut  t y pi cal si g ns of  f err o pt osis i n d u cti o n (Da g n ell  
et  al., 2 0 1 8;  Eri kss o n  et  al., 2 0 1 5;  I v ers o n et  al., 2 0 1 3;  Mill er  et  al., 2 0 1 8;  
Pri g g e  et  al., 2 0 1 2;  Pri g g e  et  al., 2 0 1 7;  R olli ns  et  al., 2 0 1 0 ). I m p orta ntl y, t h e 
c ell  d eat h  tri g g er e d b y  Tr x R 1  i n hi bit ors is n ot  pr e v e nt e d  b y  f err ostati n or  
ir o n c h elat ors,  i n c o ntrast  t o t hat s e e n wit h  l o w ( b ut n ot  hi g h er)  c o n -
c e ntrati o ns  of  R S L 3  a n d M L 1 6 2  (C h eff  et  al., 2 0 2 3 ). Of  s p e cial n ot e  h er e,  
f or t h e i n vi v o  f u n cti o ns of  Tr x R 1,  is t hat m o us e  li v ers li vi n g u n d er  Tr x R 1 -
d efi ci e nt  c o n diti o ns  ha v e  n ot  b e e n  f o u n d t o u n d er g o  pr e ci pit o us  f err o pt osis 
n or,  r e mar ka bl y, ar e dis ulfi d e  r e d u ctas e- d efi ci e nt mali g na nt  h e pat o c ell ular  
car ci n o mas  i n d u c e d i n s u c h m o us e  li v ers via  c h e mi cal  car ci n o g e n esis  
(M c L o u g hli n  et  al., 2 0 1 9 ). Bas e d  o n  t h os e r o b ust, li vi n g, n o n-f err o pt oti c  
m o us e  s yst e ms, w e  c o nsi d er  it f or mall y p ossi bl e,  y et  n o n et h el ess  u nli k el y,  
t hat di mi nis hi n g  i m p ort of  C S S C  via  x C T  c o ul d  ha v e  a lar g e e n o u g h  i m pa ct 
o n  t h e traffi c ki n g of  el e ctr o ns  t o G P X 4  t o i n d u c e f err o pt osis. M or e  li k el y 
p er ha ps,  w e  s u g g est t hat alt er nati v e  m e c ha nis ms,  i n parti c ular  o n es  t hat d o  
n ot  r e q uir e C S S C,  C ys,  or  G S H  r estri cti o n, n e e d  t o b e  c o nsi d er e d  f or h o w  
c ell  d eat h  ca n  b e  tri g g er e d i n n or mal  c ells  u p o n  Tr x R 1  tar g eti n g, s u c h as 
d uri n g  e m br y o g e n esis,  if at all, s u c h as wit h  t h e la c k of  o v ert  p h e n ot y p es  
u p o n  c o n diti o nal  k n o c k o ut  i n a d ult tiss u es. 

W e  c o nsi d er  t h at Tr x R 1  d o es  n ot  s e e m t o b e  a  b o n a  fi de s u p pr ess or of  
f err o pt osis b ut  s h o ul d r at h er b e  vi e w e d  of  m or e  as  a n  i m p ort a nt pill ar  of  
a nti o xi d a nt  d ef e ns e  s yst e ms a n d  r e d u cti v e p at h w a ys  of  c ells,  i n g e n er al.  I n 
c a n c er  c ells,  h o w e v er,  it m a y  b e  a n ot h er  c as e,  wit h  s e v er al gr o u ps  h a vi n g  
s h o w n t h at c a n c er  c ells  ar e  s e nsiti v e t o Tr x R 1  t ar g eti n g, b ot h  i n c ell  
c ult ur e  a n d  i n vi v o  (C h e w,  L u,  Br a ds h a w,  &  H ol m gr e n,  2 0 0 8;  G e n c h e v a  
&  Ar n er,  2 0 2 2;  L u,  C h e w,  &  H ol m gr e n,  2 0 0 7;  M a n d al  et  al.,  2 0 1 0;  
S c al c o n,  Bi n d oli,  &  Ri g o b ell o,  2 0 1 8;  St aff or d  et  al.,  2 0 1 8;  Uri g  &  B e c k er,  
2 0 0 6;  W a n g  et  al.,  2 0 1 2;  Z h a n g  et  al.,  2 0 1 6 ). T h e  m e c h a nis ms  of  c ell  d e at h  
als o  i n t h es e c as es  d o  n ot,  h o w e v er,  s e e m t o b e  t y pi c al f or f err o pt osis. 
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W h er e as  N A D P H - G S R  is a  li k el y pri m ar y  s o ur c e of  r e d u ci n g p o w er  
f or s ust ai ni n g t h e hi g hl y  r e d u c e d st at us of  t h e G S H: G S S G  p o ol  i n c ells,  
N A D P H - Tr x R 1  a p p e ars  t o pl a y  t h e pr e d o mi n a nt  r ol e is s u p pl yi n g t h e 
r e d u ci n g p o w er  t o c o n v ert  n utriti o n al  C S S C  e nt eri n g  t h e c yt os ol,  
r e g ar dl ess of  fr o m x C T,  G G T,  or  c ysti n osi n,  i nt o 2  C ys  (Fi g.  3 ). T h us,  
bi o c h e mi c al  st u di es s h o w e d t h at N A D P H - Tr x R 1 / T R P 1 4  is at  l e ast 5 -f ol d  
m or e  effi ci e nt  at  c at al y zi n g  r e d u cti o n of  C S S C  i nt o 2  C ys  t h a n is N A D P H -
Tr x R 1 / T R X 1  a n d,  u nli k e  ot h er  r e d o xi ns, T R P 1 4  a cti vit y  wit h  C S S C  is 
n ot  c o m p et e d  b y  s u bstr at es s u c h as  pr ot ei n - dis ulfi d es  (P a d er  et  al.,  2 0 1 4 ). If 
C ys  a v ail a bilit y  b e c o m es  li miti n g f or c yt os oli c  C ys  pr o d u cti o n,  w h et h er  
fr o m p at h w a ys  i n v ol vi n g C S S C → x C T → C S S C,  G S S G → G G T → C S S C,  or  
pr ot e ol ysis → c ysti n osi n → C S S C,  as  oft e n  p osit e d  f or f err o pt osis i n d u cti o n, 
t h e n t h e r e d o xi n s yst e ms, i n p arti c ul ar  N A D P H - Tr x R 1 / T R P 1 4,  s h o ul d 
b e  p arti c ul arl y  criti c al  f or pr e v e nti n g  f err o pt osis. T his  pr e di cti o n,  h o w e v er,  
h as  at  l e ast n ot  y et  b e e n  b or n e  o ut  e x p eri m e nt all y.  

N A D P H - Tr x R 1  is t h e pri m ar y  r e d u ct as e r e d u ci n g c yt os oli c  T R X 1  
or  T R P 1 4,  alt h o u g h  a  c yt os oli c  is of or m of  G L R X 2,  e ntitl e d  G L R X 2 c,  
c a n  als o  r e d u c e t h e a cti v e  sit e dis ulfi d e  of  T R X 1  a n d,  t h er e b y, mi g ht  
s er v e as  a  c o n d uit  f or cr oss -tr affi c ki n g  r e d u ci n g p o w er  b et w e e n  t h e 
Tr x R 1  a n d  G S H  p at h w a ys  (Z h a n g  et  al.,  2 0 1 4 ). H o w e v er,  d e c a d es  of  
tr e at m e nt of  c ells,  a ni m als,  a n d  p ati e nts  wit h  t h e p ot e nt  Tr x R 1 -i n hi biti n g  
dr u g  A F N  h a v e  s h o w n t h at t his i n hi biti o n d o es  n ot  c a us e  d et e ct a bl e  
f err o pt osis i n n or m al  c ells  (Ar n ér,  2 0 0 9 b ), n or  h as  it y et  b e e n  s h o w n 
eff e cti v e  at  tr e ati n g c a n c ers  (Ar n er  &  H ol m gr e n,  2 0 0 6 ), pr o b a bl y  s u g-
g esti n g  t h at f err o pt osis is n ot  i n d u c e d b y  A F N.  A n ot h er  m or e  s p e cifi c 
Tr x R 1  i n hi bit or, T Ri - 1,  si mil arl y h as  n ot  b e e n  r e p ort e d t o i n d u c e f er -
r o pt osis (S a b ati er  et  al.,  2 0 2 1;  St aff or d  et  al.,  2 0 1 8 ), n or  ar e  ot h er  k n o w n  
Tr x R 1  i n hi bit ors c o nsi d er e d  t o b e  f err o pt osis i n d u ci n g c o m p o u n ds  
(G e n c h e v a  &  Ar n er,  2 0 2 2 ). Als o,  m o us e  a n d  c ell  m o d els  wit h  g e n eti c  
disr u pti o ns  of  Tr x R 1  h a v e  b e e n  d e v el o p e d,  y et  n o n e  t o o ur  k n o wl e d g e,  
i n cl u di n g t h os e i n c a n c ers,  h a v e  b e e n  r e p ort e d t o c a us e  f err o pt osis 
(B o n d ar e v a  et  al.,  2 0 0 7;  J a k u p o gl u et  al.,  2 0 0 5;  M a n d al  et  al.,  2 0 1 0;  
M c L o u g hli n  et  al.,  2 0 1 9;  P e n g  et  al.,  2 0 1 6 ). P ossi bl y  t h e l a c k of  f er -
r o pt osis i n all  t h es e o bs er v ati o ns  c o ul d  b e  e x pl ai n e d  if t h e N A D P H - G S R  
s yst e m, eit h er  vi a  G L R X - m e di at e d  r e d u cti o n of  C S S C  or  vi a  tr affi c ki n g 
of  r e d u ci n g p o w er  vi a  G L R X 2 c → → T R P 1 4,  c o m pl e m e nt e d  t h e eff e cts  
of  l oss of  Tr x R 1  o n  C S S C  r e d u cti o n. H o w e v er,  s u bs e q u e nt d e v el o p m e nt  
of  T R / G R - n ull  m o us e  li v er, c ell,  or  c a n c er  m o d els,  cl e arl y  s h o ws t h at, 
e v e n  i n t h e a bs e n c e  of  a n y  pri m ar y  N A D P H - dri v e n  c yt os oli c  dis ulfi d e  
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T a bl e  1  Pr e s u m e d  pl a y er s  i n f err o pt o si s a n d  o ut st a n di n g  q u e sti o n s  r e g ar di n g t h eir 
e x a ct  r ol e s. 

Pl a y er  E x p e ct e d  r ol e O ut st a n di n g  Q u e sti o n s  
wit h  r e g ar d s t o f err o pt o si s 

S e cti o n s  

C S S C  S o ur c e  of  C ys  C ells  s ur vi v e wit h o ut  C S S C.  
C S S C  n ot  li k el y li miti n g 
s o ur c e of  C ys  i n vi v o  

1. 1,  5. 1  

C ys  Li mit  G S H  s y nt h esis R e q uir e d  b y  all  c ells.  U n cl e ar  
t h at c ell  d e at h  b y  C ys -
r estri cti o n is n or m all y  
f err o pt osis 

1. 1  

G S H  Li mit  G P X 4  a cti vit y  M ost  c ells  t ol er at e n e ar -t ot al  
G S H  d e pl eti o n  

1. 2  

G S H: G S S G  Li mit  G P X 4  a cti vit y  R e g ul at e d  b y  G S R  a n d  
G S S G - e x p ort.  N ot  cl e ar  t his 
r ati o c a n  i n cr e as e t o 
i n c a p a cit at e G P X 4  

1. 2,  5. 2  

H 2 O 2  Pr e c urs or  f or H O. - F e w  s o ur c es of  H 2 O 2  

ass o ci at e d  wit h  f err o pt osis 
2. 1. 2,  2. 2  

x C T  I m p ort of  C S S C  x C T - n ull  mi c e  s ur vi v e. C S S C  
n ot  o nl y  s o ur c e of  C ys  i n vi v o  

5. 1  

T R P 1 4  R e d u c e  C S S C – > 2 C ys  T R P 1 4 - n ull  mi c e  o v ertl y  
n or m al.  T R P 1 4 - disr u pti o n  
d o es  n ot  c a us e  f err o pt osis 

1. 5  

T R X 1  R e d u c e  C S S C – > 2 C ys  T R X 1 - n ull  li v ers s ur vi v e. 
T R X 1 - disr u pti o n  d o es  n ot  
c a us e  f err o pt osis 

1. 5  

T r x R 1  F u els  T R P 1 4,  T R X 1  Tr x R 1 -li v ers  a n d  c ells  
s ur vi v e. Tr x R 1 - disr u pti o n  
d o es  n ot  c a us e  f err o pt osis 

1. 5  

G C L  S y nt h esis  of  G S H  G C L M - n ull  c ells  a n d  mi c e  
s ur vi v e. At  l e ast s o m e G C L C -
n ull  T  c ell  t y p es s ur vi v e 

1. 2,  5. 3  

G S R  R e d u c e  G S S G – > 2 G S H  G S R - n ull  mi c e  o v ertl y  
n or m al.  G S R - disr u pti o n  d o es  
n ot  c a us e  f err o pt osis 

1. 5,  5. 4  

E r asti n  I n hi bit x C T  C a us es  f err o pt osis, off -t ar g et  
a cti viti es.  M e c h a nis ms  
u n cl e ar,  p ossi bl y  i n dir e ct 

1. 4. 1  
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r e d u ct as e s yst e m, t his d o es  n ot  r es ult i n a n  i n a bilit y t o r e d u c e C S S C  t h us 
c a usi n g  d et e ct a bl e  f err o pt osis (Eri kss o n  et  al.,  2 0 1 5;  M c L o u g hli n  et  al.,  
2 0 1 9;  Pri g g e  et  al.,  2 0 1 7 ). 

T h e  Tr x R 1  i n hi bit or, A F N,  a n d t h e Tr x R 1- a n d  T R / G R- n ull  m o d els  
dis c uss e d  i n t h e pr e vi o us  para gra p h  all ha v e  t h e c hara ct eristi c  of  i n d u ci n g 
str o n g c hr o ni c  a cti vati o n  of  t h e Nrf 2  s yst e m, w hi c h  pla usi bl y  c o ul d  pr ot e ct  
c ells  a gai nst f err o pt osis (C e b ula,  S c h mi dt,  &  Ar n er,  2 0 1 5;  I v ers o n et  al., 
2 0 1 3;  L o c y  et  al., 2 0 1 2;  Pri g g e  et  al., 2 0 1 7;  S u v or o va  et  al., 2 0 0 9 ). H o w e v er,  
m or e  r e c e ntl y w e  ha v e  d e v el o p e d  fi br o blast- a n d li v er-s p e cifi c m o us e  
m o d els  la c ki n g T R X 1  (Pri g g e  et  al., 2 0 1 7 ), a n d c ell  c ult ur e-  or  f ull b o d y  
m o us e- m o d els  la c ki n g T R P 1 4  (D o ka  et  al., 2 0 1 6;  D o ka  et  al., 2 0 2 0 ), n o n e  
of  w hi c h  s h o w m eas ura bl e  a cti vati o n  of  Nrf 2  (M c L o u g hli n  et  al., 2 0 1 9;  

S S Z  I n hi bit x C T  Off -t ar g et  a cti viti es.  
M e c h a nis ms  of  x C T  
disr u pti o n  u n cl e ar  a n d  
p ossi bl y  i n dir e ct 

2. 1  

A F N  I n hi bit Tr x R 1  W h ol e - b o d y  A F N  t ol er at e d. 
I n hi bits Tr x R 1  b ut  d o es  n ot  
c a us e  f err o pt osis 

1. 5,  6  

T ri - 1  I n hi bit Tr x R 1  Di v ers e  c ells  t ol er at e Tri - 1.  
I n hi bits Tr x R 1  b ut  d o es  n ot  
c a us e  f err o pt osis 

1. 5,  3. 2,  6  

B S O  I n hi bit G C L  D e pl et es  G S H  i n c ells  a n d  
mi c e,  b ut  t ol er at e d a n d  r ar el y 
ass o ci at e d  wit h  f err o pt osis 

1. 2,  2. 1. 1  

R S L 3  I n hi bit G P X 4  C a us es  f err o pt osis, 
m e c h a nis ms  u n cl e ar.  I n hi bits 
Tr x R 1;  u n cl e ar  if it i n hi bits 
G P X 4  dir e ctl y  

3. 2,  6  

M L 1 6 2  I n hi bit G P X 4  C a us es  f err o pt osis, 
m e c h a nis ms  u n cl e ar.  I n hi bits 
Tr x R 1;  u n cl e ar  if it i n hi bits 
G P X 4  dir e ctl y  

3. 2,  6  

D e at h  n o n - a p o pt oti c  D e at h  m e c h a nis ms?  U n cl e ar  
w h et h er  mit o c h o n dri al  
l e a k a g e a n d  a p o pt osis  ar e  
i n v ol v e d 

2,  5  

T his  t a bl e s u m m ari z es s o m e of  t h e o utst a n di n g  q u esti o ns  r e g ar di n g C ys  m et a b olis m  a n d  its r el ati o n t o 
f err o pt osis dis c uss e d  i n t his r e vi e w. R ef er e n c es  ar e  gi v e n  t o t h e s e cti o ns of  t his r e vi e w f or f urt h er 
d et ails.  S e e  als o  Fi g.  5 . 
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Pri g g e  et  al., 2 0 1 7 ), y et  t h es e als o ha v e  n ot  r es ult e d i n f err o pt osis. M or e o v er,  
e v e n  T R X 1 / T R / G R- n ull  m o us e  li v er or  li v er ca n c er  m o d els  (M c L o u g hli n  
et  al., 2 0 1 9;  Pri g g e  et  al., 2 0 1 7 ), or  T R P 1 4 / T R X 1 / T R / G R- n ull  m o us e  
li v ers ( E E S, u n p u blis h e d)  dis pla y  o v ert  e vi d e n c e  of  f err o pt osis. As  s u c h, si n c e 
t h e t hi or e d o xi n s yst e m is cr u cial  f or C S S C  r e d u cti o n, w e  m ust  s eri o usl y 
q u esti o n  w hat  r ol e, if a n y, C S S C  r e d u cti o n pla ys  i n tri g g eri n g f err o pt osis. 

Bas e d  o n  t h es e r o b ust, li vi n g, n o n-f err o pt oti c  m o us e  s yst e ms, b ot h  ca n -
c er o us  a n d n o n- ca n c er o us,  w e  c o nsi d er  it f or mall y p ossi bl e,  y et  n o n et h el ess  
u nli k el y,  t hat di mi nis hi n g  i m p ort of  C S S C  via  x C T  c o ul d  ha v e  a lar g e 
e n o u g h  i m pa ct o n  t h e traffi c ki n g of  el e ctr o ns  t o G P X 4  t o i n d u c e f err o pt osis. 
I nst ea d, w e  s u g g est t hat alt er nati v e m e c ha nis ms  s h o ul d b e  c o nsi d er e d  f or h o w  
f err o pt osis is i n d u c e d, i n parti c ular  o n es  t hat d o  n ot  r e q uir e C S S C,  C ys,  or  
G S H  r estri cti o n. S e v eral  o utsta n di n g  q u esti o ns  r e gar di n g i n di vi d ual c h e mi -
cals,  e nz y m es,  a n d p har ma c e uti cal  c o m p o u n ds,  as dis c uss e d  a b o v e, c o n -
c er ni n g  t h eir r ol es i n f err o pt osis m e c ha nis ms,  ar e s u m mariz e d i n Ta bl e  1 . 

7.  C o n cl u di n g  r e m ar k s 

F err o pt osis  is a n  i nt er esti n g a n d  pr o v o c ati v e  t o pi c. I n t h e c o nt e xt  of  
c a n c er,  it is als o  a  p ot e nti all y  t ar g et a bl e p h ysi ol o gi c al  r es p o ns e t h at h as  b e e n  
i nt e ns el y st u di e d f or o v er  a  d e c a d e,  b ut  r e m ai ns m e c h a nisti c all y  m yst eri o us.  
T his  r e m ar k a bl e m o d e  of  c ell  d e at h  w as  i d e ntifi e d as  e arl y  as  2 0 1 2,  y et  
t ar g eti n g f err o pt osis -s us c e pti bilit y t o tr e at c a n c er  r e m ai ns a n  el usi v e  g o al.  
M u c h  i n t h e lit er at ur e, u nf ort u n at el y,  pr es e nts  f err o pt osis as  a  r at h er 
str ai g htf or w ar d m o d e  of  c ell  d e at h,  wit h  x C T - m e di at e d  C S S C  i m p ort a n d  
s u bs e q u e nt p ot e n c y  of  t h e G S H  s yst e m as  a  criti c al  li miti n g f a ct or i n 
s u p p orti n g G P X 4  a cti vit y,  a n d  wit h  ir o n - pr o p ell e d li pi d p er o xi d ati o n  
l e a di n g t o c ell  d e at h  pr e v e nt e d  b y  eit h er  G P X 4  or  F S P 1.  I n t his r e vi e w w e  
h a v e  tri e d t o e m p h asi z e  t h at f err o pt osis i n d e e d li k el y d eri v es  fr o m o xi d ati v e  
str ess -r el at e d d a m a g e  t o c ell  m e m br a n es,  y et  t h at t h at t h e c urr e nt  r at h er 
stri ct d efi niti o n  or  vi e w  of  f err o pt osis c o n c e pt u all y  li mits t h e i nt er pr et a-
ti o ns a n d  u n d erst a n di n g  of  u n d erl yi n g  m e c h a nis ms  of  a cti o n.  S e v er al  of  t h e 
s m all m ol e c ul e  c o m p o u n ds  c urr e ntl y  us e d  i n st u di es of  f err o pt osis ar e  li k el y 
n ot  as  s p e cifi c i n t h eir t ar g et e n g a g e m e nts  as  is oft e n  pr es e nt e d.  S e v er al  
s us p e ct e d m e c h a nisti c  c o m p o n e nts,  i n cl u di n g C S S C,  x C T,  C ys,  a n d  G S H,  
ar e  p ot e nti all y  “f als e -fl a gs ”,  arisi n g  fr o m m o d els  a n d  c o n diti o ns  t h at d o  n ot  
r efl e ct c a n c ers  i n p ati e nts.  Criti c all y,  a n  o v ersi m plifi e d  vi e w  of  f err o pt osis 
c a n  p er h a ps  distr a ct  f o c us a w a y  fr o m its tr u e m e c h a nis ms  of  a cti o n.  W e  
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h a v e  h er e  att e m pt e d  t o bri n g  att e nti o n  t o e x p eri m e nt al  s yst e ms us u all y  n ot  
us e d  i n f err o pt osis r es e ar c h, a n d  t h e p h ysi ol o g y  of  C ys  m et a b olis m,  s ur-
prisi n gl y  oft e n  n ot  c o nsi d er e d  i n m e c h a nisti c  m o d els  of  f err o pt osis, ai mi n g  
t o i nt e gr at e t h es e t o pi cs. W e  h o p e  t h at o ur  r e vi e w will  sti m ul at e dis c us -
si o ns, ki n dl y  as ki n g  t h e m a n y  c oll e a g u es  i n t h e fi el d of  f err o pt osis r es e ar c h 
t o b e  c o ns er v ati v e  i n i nt er pr et ati o ns of  t h e o bs er v e d  eff e cts,  a n d  b ei n g  o p e n  
mi n d e d  wit h  r e g ar ds t o t h e c o m pl e xit y  of  bi ol o gi c al  s yst e ms. 

A c k n o wl e d g m e nt s  
W e  wis h  t o t h a n k all  o ur  gr o u p  m e m b ers  a n d  c oll a b or at ors  f or t h e m a n y  p ast,  o n g oi n g  a n d  
f ut ur e eff orts  i n t h e e x citi n g  fi el d of  r e d o x bi ol o g y,  u n d o u bt e dl y  wit h  gr e at  pr o mis e  f or 
n o v el  dis c o v eri es  of  m aj or  i m p ort a n c e i n bi ol o g y  a n d  m e di ci n e.  W e  als o  wis h  t o t h a n k o ur  
f u n di n g a g e n ci es  f or s u p p ort of  t h e w or k  i n o ur  o w n  gr o u ps.  E. S.J. A.  wis h es  t o 
a c k n o wl e d g e  f u n di n g fr o m K ar oli ns k a  I nstit ut et, T h e  K n ut  a n d  Ali c e  W all e n b er g  
F o u n d ati o ns  K A W  2 0 1 9. 0 0 5 9,  T h e  S w e dis h  C a n c er  S o ci et y  2 1  1 4 6 3  Pj,  T h e  S w e dis h  
R es e ar c h  C o u n cil  2 0 2 1 - 0 2 2 1 4,  T h e  C a y m a n  Bi o m e di c al  R es e ar c h  I nstit ut e ( C A B RI), 
N ati o n al  L a b or at ori es  E x c ell e n c e  pr o gr a m  u n d er  t h e N ati o n al  T u m or  Bi ol o g y  L a b or at or y  
pr oj e ct  2 0 2 2 - 2. 1. 1 - N L - 2 0 2 2 - 0 0 0 1 0  a n d  t h e H u n g ari a n  T h e m ati c  E x c ell e n c e  Pr o gr a m m e  
T K P 2 0 2 1 - E G A - 4 4  a n d  T h e  N ati o n al  R es e ar c h,  D e v el o p m e nt  a n d  I n n o v ati o n Offi c e  
N K FI H  gr a nt  E D _ 1 8 - 1 - 2 0 1 9 - 0 0 2 5.  E. E. S.  a c k n o wl e d g es  f u n di n g fr o m t h e U nit e d  St at es  
N ati o n al  I nstit ut es of  H e alt h  gr a nts  A G 0 4 0 0 2 0,  A G 0 5 5 0 2 2,  O D 0 2 6 4 4 4,  D K 1 2 3 7 3 8,  a n d  
P 3 0 G M 1 4 0 9 6 4  as  w ell  as  fr o m t h e H u n g ari a n  E öt v ös  L or á n d  K ut at ási  H ál ó z at  F o u n d ati o n  
E L K H,  gr a nt  # 1 5 0 0 2,  t h e H u n g ari a n  M a g y ar  T u d o m á n y os  A k a d é mi a  M T A,  gr a nt  K - 2 2  
# 1 4 3 7 6 9,  a n d  a  Disti n g uis h e d  G u est  F ell o ws hi p  fr o m t h e H u n g ari a n  M T A  # A T 0 2 0 2 3 - 2 6.  
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