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Research Article

Arenicola m arina  extracellular hemoglobin: 
a new promising blood substitute
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The need to  develop a blood substitu te  is now urgent because o fth e  increasing concern over Eu­
rope ’s BSE outbreak and the w orldw ide  H IV /A ID S  epidem ic, w hich have cut blood supplies. Ex­
trace llu la r so luble hem oglob in  has long been studied fo r its possible use as a safe and effective a l­
te rnative  to  blood transfus ion , but th is  has m et w ith  little  success. C linical tr ia ls  have revealed un ­
desirable side e ffects-ox idative  damage and vaso co ns tr ic tio n -th a t ham per the app lica tion  o f  cell- 
free hem oglob in  as a blood substitu te . We have addressed these prob lem s and have found a new 
p rom is ing  extracellu lar blood substitu te : the natural g ian t extracellu lar po lym eric hem oglob in  o f  
the  polychaete annelid Arenicola marina. Here we show th a t it  is less likely to  cause im m unogen ic  
response; its functiona l and structura l properties should prevent the side effects often associated 
w ith  the adm in is tra tion  o f  extracellu lar hem oglob in . M oreover, its in trins ic  properties are o f  in ­
terest fo r o the rthe rapeu tic  app lica tions often associated w ith  hem orrhag ic shock (ischem ia reper­
fus ion, trea tm en t o f  septic shock and fo r organ preservation p rio r to  transp lan ta tion ). Moreover, 
using natural hem oglob in  is particu larly useful since recom binan t D N A techniques could be used 
to  express the prote in in large quantities.
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1 Introduction

In te res t in  the  use of extrace llu la r soluble hem og lob in  (Hb) 
as a b lood s u b s titu te  f irs t appeared in  the  lite ra tu re  in  
1933 [1], A tte m p ts  a t hum an transfus ion  w ith  H b so lu­
tions  occurred in  the  la te 1940s, b u t m e t w ith  lit t le  suc­
cess [2], P atien ts had an aphy lac tic  sym ptom s, severe re ­
na l tox ic ity , and hypertension . Nowadays, the  cu rre n t de ­
s igns th a t serve as pro to types for oxygen the rapeu tics  
are: (i) m od ifie d  strom a-free H b of hum an  [3], an im a l [4] or 
re co m b in an t o r ig in  [5], w here  the  oxygen a ff in ity  and s ta ­
b iliz a tio n  can be con tro lled  by  a com b in a tion  of cross- 
lin k in g , s ite -d ire c te d  m utagenes is  and m icroencapsu la ­
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tion , and (ii) pe rfluo rochem ica ls  [6], T h rou gh  several d if ­
fe ren t H b-based oxygen carriers (HBOCs) th a t have been 
developed, s tud ies have dem onstra ted  th a t the  a d m in is ­
tra tio n  of re la tive ly  large q u a n titie s  of d isso lved m am ­
m a lian  H b or Hb de riva tives  m ay lead to a va rie ty  of u n ­
desirab le  to x ic  s ide effects [7], Rem arkable progress has 
been m ade in  the  use of cell-free Hb as blood su b s titu te  
[3], S ig n ific a n t problem s rem ain, however, in c lu d in g  sus­
c e p t ib ility  to ox ida tive  in a c tiv a tio n  [8] and p ropens ity  to 
in du ce  vaso con stric tion  [9],

We have considered these problem s and have found  a 
n e w  p ro m is in g  extrace llu la r b lood su b s titu te  th a t w i l l  
e lim in a te  these u n w a n te d  effects. In l ig h t of these con ­
cerns and in h e re n t problem s, w e  looked d ire c tly  a t n a tu ­
ra l extrace llu la r po lym eric  Hb of the  po lychaete  anne lid  
A ren ico la  m arina  (A m H b) as a p o te n tia l b lood su b s titu te  
[10], A m H b  is easily ava ilab le and p u rif ie d  to a hom oge­
neous p ro d u c t a vo id ing  costly  s yn th e tic  steps. I t  is  easy 
to store and less like ly  to cause im m u nog en ic  responses 
s ince cell m em branes are n o t p resen t and the  H b is no t 
g lycosyla ted [11],

The g ia n t extrace llu la r hexagonal b ilaye r Hbs (HBL- 
Hbs) found  in  m ost te rrestria l, aqua tic , m arine  and deep 
sea anne lids are ~3.6-M Da com plexes of g lob in  and non- 
g lob in  lin ke r cha ins, w h ic h  represent a s u m m it of com ­
p le x ity  for o xyg en -b in d ing  hem e p ro te ins [12], A  m ode l of 
the  qua te rnary  s truc tu re  of A m H b -H B L  has been p ro ­
posed by  Zal and collaborators [11], The stud ies  in d ica te d  
the  ex is tence of ten  subun its : e ig h t of w h ic h  are glob ins, 
in c lu d in g  tw o  m onom ers (M; -1 5  kDa) and five  d isu lfid e - 
bonded trim ers  (T; -4 9  kDa). The rem a in in g  tw o  chains 
are linkers (L), th a t are d isu lfide -bonded  to fo rm  hom o and 
hetero d im ers (-5 0  kDa). These la tte r po lypep tide  chains 
are essentia l for m a in ta in in g  the  in te g r ity  of the  Hb m o l­
ecule [13, 14], Three and s ix  copies of each of the  tw o  
m onom ers sub un its  and one copy of the  tr im e r fo rm  a do- 
decam er s u b u n it (D) w ith  a m ean mass close to 200 kDa 
[11, 15], Twelve such  com plexes of g lob in  cha ins are 
lin ke d  toge the r by  42 linke r cha ins to  reach the  to ta l mass 
of 3648 ± 2 4  kDa [11],

W ith  the  des ign  of HBOCs, the  qu es tion  of m olecu lar 
w e ig h t re s tr ic tio n  rem ains, and the advantages of h ig h  
m olecu lar w e ig h t Hb found  in  m ore p r im it iv e  organism s 
w ere  used as the  basis for po lym e riz in g  hum an  Hb (HbA) 
w ith  g lu tara ldehyde [16], Thanks to th e ir  h ig h  m olecu lar 
w e ig h t, these a rtif ic ia lly  po lym erized Hbs shou ld  e x h ib it 
lim ite d  access to the  vascu lar space and increase vascu ­
lar re ten tion  tim e  com pared to  in tra cross-linke d  Hb 
te tram ers. However, the y  have a w id e  d is tr ib u tio n  of m o­
lecular w e ig h t. P re lim ina ry  experim ents  have been pe r­
fo rm ed w ith  the  na tu ra lly  po lym erized  L u m b ricu s  te r­
res tris  H b (LtHb). M ic e  and rats unde rgo ing  exchange 
transfus ion  w ith  L tH b  revealed no apparen t behaviora l 
and ph ys ica l changes [17],

Here w e  repo rt the  s tru c tu ra l and fu n c tio n a l p rope r­
ties  of A m H b , w h ic h  are cons is ten t w ith  the  requ irem en ts

of the  n e w  genera tion  of b lood sub s titu tes  [18, 19], These 
prope rties  should p re ven t k id ne y  dam age, reduce vaso­
con s tric to r e ffect and oxygen rad ica l fo rm ation , o ften as­
soc ia ted w ith  the  a d m in is tra tio n  of d isso lved m am m alian  
Hb. S truc tu ra l analyses of A m H b  under s im u la ted  hum an 
ph ys io log ica l con d itions  (in  v itro ) revealed its  d issoc ia tion  
in to  h ig h  m olecu lar w e ig h t and fu n c tio n a l subun its , w h ile  
in  v ivo  experim ents  perfo rm ed on m ice  revealed no ap ­
pa ren t behav iora l or phys iopa tho log ica l changes and 
show ed no t over a lle rg ic  response. M oreover, A m H b  has 
in te re s tin g  in tr in s ic  properties  for o ther the ra pe u tic  ap ­
p lica tio n s  often associa ted w ith  hem orrhag ic  shock, such 
as c lin ic a l s itua tion s  in v o lv in g  ischem ia  reperfusion, 
tre a tm e n t of sep tic  shock and for organ preserva tion  p r i­
or to transp lan ta tion . Finally, us ing  a na tu ra lly  occu rring  
Hb is pa rticu la rly  use fu l s ince reco m b in an t D N A  te c h ­
n iques cou ld be used to express the  reco m b in an t p ro te in  
in  large q u a n titie s  [20], The resu lts reported here should 
he lp g e ttin g  round  the w o rld w id e  blood shortage.

2 Materials and methods

2.1 Extraction and purification o f  Am Hb

In d iv id u a l A ren ico la  m arina  w e re  co llected a t lo w  tide  
from  a sandy shore near Roscoff (Penpoull beach), N ord  
F in is tè re , France, by  the  crew s of the  m arine  s ta tio n  fa ­
c ilit ie s . Blood sam ples w ere  w ith d ra w n  from  the lug- 
w o rm 's  ven tra l vessel and p u rif ie d  as described  [20, 21], 
A ren ico la  saline bu ffe r is com posed of 4 m M  KC1,145 m M  
NaCl, 0.2 m M  M g C l2 and 10 m M  HEPES/0.1 M  NaOH, pH  
6.8. T h is  bu ffe r is com patib le  w ith  in  v ivo  experim ents  
and A m H b  s tru c tu ra l in te g r ity  [21], I t  w as used for all 
analyses unless spec ified  o therw ise. The resu ltin g  sam ­
ples w ere  k e p t e ithe r frozen (-40°C) or under liq u id  n itro ­
gen u n t il use.

2.2 Cel filtration LC

A m H b  w as d ilu te d  in  lyo ph ilized  hum an  plasm a (Sigma) 
d isso lved in  10 m M  HEPES bu ffe r a t 37°C and pH  7.4 a t a 
con cen tra tion  of 20 m g /m L . A n a ly tic a l ge l f ilt ra t io n  was 
perfo rm ed on 50 pL  of in jec te d  sam ple on a 1 X 30-cm  Su­
peróse 6-C (frac tiona tion  range from  5 to 5000 kDa; A m er- 
sham  B iosciences B io technology) us in g  a h igh-pressure  
HPLC system  (Waters, M ilfo rd , M A , USA). The e lu tion  
(flow  rate: 0.5 m L /m in ) w as m on ito re d  w ith  a photod iode 
array de tec to r (W aters 2996) over the  range 250-700 nm. 
C hrom atograph ic  da ta  w ere  co llected and processed by 
the  E m pow er so ftw are  (Waters). The percentages of each 
s u b u n it w e re  de te rm ined  by  in te g ra tin g  the  ch ro ­
m atog ram  a t 414 n m  (cha rac te ris tic  of hem e) w ith  the 
E m pow er software.
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2.3 Multi-angle-laser-light-scattering

In te ra c tion  of Hbs w ith  ha p tog lo b in  (Hp) w as fo llow ed 
by  m u lti-ang le -lase r-lig h t-sca tte rin g  m easurem ents pe r­
fo rm ed w ith  a DAW N EOS system  (W yatt Technology 
Corp., Santa Barbara, C A, USA) d ire c tly  on-line  w ith  the 
HPLC system . A m H b  and cell-free H b A  (Sigma) w ere in ­
cuba ted  in  the  presence of 1 equ iva len t of hum an  Hp (S ig­
ma) d ilu te d  in  A ren ico la  bu ffe r a t pH  7.4 for 1 h  a t room  
tem pera tu re  before analysis.

2.4 ESI-MS

Electrospray da ta  w ere  acqu ired  on a Q-TOF II (Waters). 
Peak D  and A  (Fig. 1) w ere  co llected a fte r 3 h in cu b a tio n  
a t 37°C, desalted by  w a sh in g  aga ins t 10 m M  am m o n iu m  
acetate, repeated ten  tim es  on an u ltra filtra tio n  device 
(Am icon-30kD a, M illip o re ) a t 4°C. The analyses under de ­
n a tu rin g  con d itions  [11] and non -d ena tu rin g  cond itions  
[22] w ere  perfo rm ed as p rev ious ly  described. The m u ltip le  
charged da ta  p roduced  by  the  mass spectrom eter on the 
m /z  scale w ere  converted  to the  mass scale us ing  M a x i­
m u m  E ntropy-based softw are  (M axE nt) or m anua lly  as 
described  [22],

The in te ra c tio n  of S -n itroso th io l species (RSNOs) w ith  
A m H b  free cyste ine w as fo llow ed by  ESI-M S under dena­
tu r in g  cond itions. A  stock so lu tion  of CysNO  w as syn th e ­
sized as p rev ious ly  described  [23] ju s t before the  analysis. 
Desalted A m H b  w as in cub a ted  w ith  CysNO  a t a m olar ra ­
tio  of 100:1 free cyste ine, and the  resu ltin g  so lu tion  ana­
lyzed ju s t a fte r the  m ix ing .

2.5 Spectrophotometric analysis o f Hb

The m ethem og lob in  (M etH b) fo rm a tion  w as de te rm ined  
spe c tropho tom e trica lly  (UV m c2, SAFAS, M onaco) in  the 
V is ib le  reg ion  (450-700 nm). Spectra w ere  m easured for 
sam ples eq u ilib ra ted  w ith  NO in  1-m L sealed via l. Cell- 
free H b A  and A m H b  w ere  in cub a ted  w ith  1 equ iva len t of 
NO  p e r  hem e, d ilu te d  in  A ren ico la  bu ffe r a t pH  7.4 a t room  
tem perature . NO  w as generated as p rev ious ly  described 
[24], D eoxygenation  of Hb (w hen requ ired) w as ach ieved 
by  a d d ing  an excess of d ith io n ite  under N , atm osphere.

Spectra w ere  m easured in  the  presence of reactive  
oxygen species (ROS). Fully oxygenated A m H b  (Oxy 
A m H b ) w as in cub a ted  w ith  8 equ iva lents  of K 0 2  [a 
substra te  for superoxide d ism utase (SOD) a c tiv ity ] p e r  
hem e d ilu te d  in  A ren ico la  bu ffe r a t pH  7.4 a t room  te m ­
pera ture  to te s t the  possib le deg rada tion  of A m H b  by  its  
reac tion  w ith  superoxide anions.

Spectra w ere  m easured for sam ples in  the  presence of 
5 m M  ß -N A D H  (Sigma) d ilu te d  in  A ren ico la  saline bu ffe r 
a t 37°C and pH  7.4 (s im u la ted hum an phys io log ica l con ­
d itions). A m H b  w as ox id ized  in  the  presence of 100 m M  
KgFeCNg for 20 m in , resu ltin g  in  M e tA m H b  spectra . The

sam ple w as desalted and reduced in  the  presence of 5 
m M  ß -N A D H  for 20 h  to g ive the  resu ltin g  spectra  of 
M e tA m H b  + ß-NADH .

2.6 Oxygen-binding properties

O xygen e q u ilib r iu m  curves w ere de te rm in ed  on 3-pL 
sam ples us ing  a the rm osta ted  d iffu s ion  cham ber [25] 
lin ke d  to  cascaded W östho ff gas m ix in g  pum ps (Bochum , 
Germ any). The d iffu s ion  cham ber w as p laced in  the  lig h t 
pa th  of a spectropho tom ete r (H ita ch i U l 100) a t 436 nm. 
O xygenation  da ta  based on a t least three e q u ilib r iu m  
steps be tw ee n  0.2 and 0.8 frac tion a l sa tu ra tion  (Y) were 
converted  to H ill p lots {log [17(1 -  Y)] aga ins t log P 0 2, 
w here  P 0 2 is  the  oxygen p a rtia l pressure} for the  es tim a­
t io n  of the  ha lf-sa tu ra tion  oxygen p a rtia l pressure (P50) 
and H ill's  coo pe ra tiv ity  coe ffic ien t a t ha lf-sa tu ra tion  Cn50).

2.7 In vivo experiments on mice

2.7.7 General state experiments
These w ere  perfo rm ed on ten  C57BL/6JIco (C57) and ten  
D BA /2JIco (DBA) m ice  stra ins (Charles River, Como, 
Italy). B lood vo lum e of 200-500 pL  w ere  rem oved from  the 
re tro -o rb ita l plexus of the  eye sinus of these m ice  (about 
20 w eeks of age) w h ile  under e ther anesthesia, in  accor­
dance w ith  the  In s titu tio n 's  gu ide lines  (B io tria l A35-238- 
1, in ves tig a to r 3518). The blood of each m ouse w as cen ­
tr ifuge d , and the  plasm a w as separated for re -in je c tion  
w ith  A m H b . A n  eq u iva len t of desired vo lum e, co n ta in in g  
50% p u rif ie d  A m H b  in  autologous plasm a (n=4 C57 and 
n = 4 DBA), 50% p u rif ie d  A m H b  in  m ouse iso ton ic  saline 
(n=4 C57 and n = 4 DBA) of A m H b , w as in fused  th rou gh  
the  ta il ve in . C ontro l m ice  (n = 1 C57 and n = 1 DBA) were 
transfused w ith  veh ic le  (A ren ico la  saline buffer). The vo l­
um e of the  s u b s titu te  w as essentia lly  the  sam e as the  in i­
t ia l vo lum e rem oved from  the  mouse. The concen tra tion  
of A m H b  a d m in is tra te d  w as ca lcu la ted  to be equ iva len t 
to  the  con cen tra tion  of hem e rem oved from  m ouse. One 
D B A  and one C57 m ice  w ere  cha llenged after 4 weeks. 
The m ice  w ere  observed for 18 weeks.

2.7.2 Evaluation o f proallergenic potential in mice 
The experim ents  w ere  carried  ou t us ing  male BP/2 m ice 
(Centre d 'E levage R. Janvier, B.P. 55, Le G enest-Saint-Isle , 
France) w e ig h in g  27 -37  g (6 -8  w eeks old) a t the  b e g in ­
n in g  of the  experim ent. In a f irs t set of experim ents, con ­
sc ious m ice  w ere  sens itized  (D0) by  in tra pe ritone a l (i.p.) 
in je c tio n  w ith  0.4 m L  of a 4 m g /m L  suspension of A l(O H )3 
fo llow ed by  in travenous (i.v.) a d m in is tra tio n  (0.1 m L/10  g 
body w e ig h t, th rou gh  cauda l ve in) of e ithe r 0.9% NaCl, 
A ren ico la  bu ffe r (veh ic le  of A m H b), 600 m g /k g  A m H b , 
500 p g /k g  ova lbum in . A fte r 21 days (D91), each m ouse was 
anaesthetized w ith  sod ium  pen tobarb itone  (60 m g /kg  
i.p.) and a blood sam ple w as co llected by  card iac punc-
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Figure 1. Dissociation o f transfused A m H b. A Native A m H b dissociates in to  two m ajor hem e-containing subunits D and A  as revealed by gel filtra tion  elu­
tion profile at 414 nm o f native A m H b im m ediately after exposure under human physiological conditions. B Kinetics o f dissociation o f native A m H b and D, 
and kinetics o f form ation o f product A. The dissociation o f native A m H b (♦ )  is a lm ost complete w ith in  the in itia l tim e o f our firs t m easurem ent (~5 m in). 
Product D ( ■  ) remains present for at least 50 h and its d issociation is directly correlated w ith  fo rm ation  o f product A (A). Results are means ±  SEM o f five 
ind ividual experiments. C Product D corresponds to  A m H b dodecamers. ESI-MS analysis o f D isolated by gel filtra tion  after 3-h incubation. Top: D has a 
calculated molecular mass o f 205 065 ±  200 Da measured by means o f ESI-MS multicharged spectra under non-denaturing conditions. Bottom: D has a 
subun it com position identical to  A m H b dodecamers according to  the deconvoluted spectra obtained under denaturing conditions. The inset shows the 
characteristic subun it com position o f Am H b dodecamers: the two globin m onom ers M and the five disulfide-bounded globin tri mers T. D Product A  corre­
sponds to  hemin-HSA. ESI-MS analysis o f A isolated by gel filtra tion  after 3-h incubation. Top: Deconvoluted spectrum  o f A under denaturing conditions 
overlaid w ith  spectrum o f commercial HSA (Sigma). No A m H b subunits were detected. The com ponents observed correspond to  four HSA isoform s (in ­
set, -66 .8  kDa) and the ir d issociation in to  di-dom ains (-33.4 kDa) under ESI-MS conditions, as previously observed [57], Bottom: ESI-MS multicharged 
spectra o f the same sample under non-denaturing condition. The inset shows a close-up o f 1 7+ m ulticharged peak revealing the presence o f eight com po­
nents. They correspond to  the fou r HSA isoform s and fou r new com ponents w ith  masses increased by —615 Da, which corresponds to  the molecular mass 
o f one hemin scavenged by HSA.

ture. The co llected blood w as ce n trifu ge d  to  separate the 
serum . A liq u o ts  of serum  w ere  stored a t -20 °C  before 
analysis of IgE levels.

In a second set of experim ents, conscious m ice  w ere  
f irs t sens itized  (D0) by  i.p. in je c tio n  w ith  0.4 m L  of a 
4 m g /m L  suspension of A l(O H )3 fo llow ed by  i.v. a d m in is ­
tra tio n  (0.1 m L/10 g body w e ig h t, th rou gh  cauda l ve in ) of 
e ithe r HEPES bu ffe r or 600 m g /k g  A m H b  or 500 p g /kg  
ova lbum in . T h is  procedure w as repeated 7 days la te r (D7, 
challenge). A t  7 days a fte r th is  second in je c tio n  (D14), 
each m ouse w as anesthe tized  w ith  sod ium  pe n to b a rb i­

tone (60 m g /k g  i.p.) and a b lood sam ple w as co llected by 
card iac punctu re . The co llected b lood w as ce n trifu ge d  to 
separate the  serum . Two a liquo ts  of serum  w ere  stored a t 
-2 0 °C  before analysis of bo th  IgE and IgG2a levels.

Serum  IgE and IgG 2a an tib o d y  tite rs  w ere  m easured 
by  ELIS A  acco rd ing  to Lederm ann e t al. [26] and Em son 
e t al. [27] respective ly. We tested  s ta tis tic a l s ig n ifica nce  
of d iffe rences be tw een  con d itions  by  A N O  VA.
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3 Results and discussion

3.1 Dissociation o f Am Hb

To in ves tig a te  a possib le in fluence  of the  hum an ph ys io ­
log ica l en v iro nm en t on A m H b , w e  fo llow ed its  s tru c tu ra l 
in te g r ity  in  v itro  by  ge l f iltra t io n  and ESI-MS w h e n  d ilu t­
ed in  hum an  plasm a, pH  7.4 a t 37°C for 60 h (Fig. 1). A fte r 
1 h  in cub a tion , A m H b -H B L  a lm ost com p le te ly  d issoc ia t­
ed, and tw o  m ajor he m e-co n ta in in g  sub un its  (absorb ing 
a t 414 nm ), des igna ted  D  and A  (Fig. la )  w e re  observed. 
D  has a m olecu lar mass of -2 0 5  kDa as d e te rm ined  by  ESI- 
M S under non -d ena tu rin g  con d itions  and a s u b u n it com ­
po s itio n  correspond ing to the  dodecam er s u b u n it of 
A m H b -H B L  [11, 15] (Fig. le ). A  w as no t com posed of any 
A m H b  sub un its  (Fig. Id ), b u t its  absorbance a t 414 nm  
(Fig. la ,  b) and its  U V -v is ib le  spe c tru m  w as cha rac te ris ­
t ic  of the  presence of ox id ized  heme. A  has been id e n ti­
fied  as m e ta lb u m in  by  ESI-MS (Fig. Id ), w ith  A m H b  
he m in  be in g  scavenged by  HSA. The k in e tic  of d issoc ia ­
t io n  of A m H b  revealed th a t the  dodecam ers rem a ined  c ir ­
c u la tin g  in  the  plasm a for a t least 50 h  (Fig. lb ) . The d is ­
soc ia tion  of A m H b  w as n o t spe c ific  for hum an  p lasm a be ­
cause the  same analyses on m ice  and ra t p lasm a revealed 
a s im ila r behavior. The d issoc ia tion  of A m H b  is exp la ined 
by  the  s lig h tly  basic  pH  and the lo w  salts con ten t of p las­
ma. O ur previous s tud ies have show n th a t A m H b  d isso­
c ia tes a t a s lig h tly  a lka line pH  (7.0 < pH  < 8.0) i f  salts con ­
c en tra tion  is low er tha n  the  ph ys io log ica l con cen tra tion  
in  A. m arina  b lood [20, 21]. T h is  phenom enon is acce le r­
a ted by  the  tem pera tu re  of 37°C, w h ic h  is considerab ly 
h igh e r tha n  th a t encountered by  A. m arina  (~15°C).

Even i f  A m H b -H B L  dissocia tes in to  the  dodecam ers, 
the  size of A m H b -H B L  (-2 5  n m  for -3600  kDa) [11] and its  
dodecam ers ( -9  n m  for -2 0 5  kDa) [11] should offer the 
bene fits  of reduced rena l clearance. Indeed, g lom eru lar 
cap illa ries fo rm  h ig h ly  e ffic ie n t barriers th a t p reven t the 
loss of m acrom olecular substances w ith  sizes > 3 . 6  nm  
[28], On the o ther hand, A m H b  should avo id  extravasa­
tions  in to  the  in te rs tit iu m  be tw een  endo the lia l and 
sm ooth  m uscle cells w here  Hb is able to scavenge NO, 
the reby  a lte rin g  the  d is tr ib u tio n  of NO and resu ltin g  in  
hype rtens ion  [29, 30], M oreover, the  transfus ion  o f A m H b - 
HBL, even i f  i t  d issocia tes in to  its  dodecam ers, should n o t 
s ig n if ic a n tly  increase the no rm a l co llo id  onco tic  pressure 
(COP) because po lym eriza tion  has also the  advantage of 
lo w e rin g  it. M a in ta in in g  a proper COP (hum an: 2 0 - 
25 m m H g) is v ita l s ince i t  regulates the  exchange of flu ids  
be tw ee n  the  in tra - and extravascular spaces.

3.2 Functional properties: a high oxygen affinity

We in ves tig a te d  the  in fluence  of hum an phys io log ica l 
con d itions  on A m H b  fu n c tio n a l p roperties. O xygen b in d ­
in g  m olecules are usua lly  com pared by  m eans of th e ir 
oxygen d issoc ia tion  curve, w h ic h  g ives access to cha rac­

te r is t ic  param eters such  as the  O , a ff in ity  (P50, the  pa rtia l 
pressure of oxygen necessary to sa tu ra te  ha lf of the  oxy­
gen b in d in g  s ites and consequently  the  h igh e r the  P50, the 
w eaker the  oxygen is bound), coo pe ra tiv ity  (n50), Bohr ef­
fe c t and tem pera tu re  e ffec t (AH). In con tras t to the  v e rte ­
b ra te  Hb, w here  oxygen a ff in ity  is decreased by  organ ic 
phosphates con ta ined  in  the  red blood cells (RBCs) [31], 
the  a ff in ity  of the  h ig h  m o lecu la r-w e ig h t extrace llu la r an ­
ne lid  resp ira to ry  pro te ins  is n o t a ffected by  organ ic phos­
phates, b u t is increased by  in o rg an ic  d iva le n t cations 
[32], For A m H b , M g 2+ and Ca2+ exert the  same effect, 
s lig h tly  in c reas ing  the  a ff in ity  a t pH  7.5 for concen tra tions 
h igh e r tha n  9 m M  [32], w h ile  in  hum an  plasm a th e ir con ­
cen tra tion  are low er tha n  5 m M . A lth o u g h  the a ff in ity  of 
A m H b  is h ig h  under A. m arina  phys io log ica l cond itions  
(P50 = 2.6 m m H g, Table 1), i t  decreases w h e n  d ilu te d  u n ­
der hum an  phys io log ica l ones (P50 = 7 m m H g, Table 1). 
The Bohr co e ffic ien t (AlogP5Q/ApH ) of A. m arina  b lood is 
no rm a l (negative) re la tive ly  h ig h  (0.96 a t 15°C, Table 1). It 
decreases w h e n  A m H b  is d ilu te d  under hum an  p h ys io ­
lo g ica l con d itions  (0.5 a t 37°C, Table 1). T h is  decrease is 
exp la ined by  the  increase of the  tem pera ture . The ca lcu­
la ted  A H  (-1 9  kJ/m ol, Table 1) reveals th a t the  tem pe ra ­
tu re  e ffect on the  oxygen a ff in ity  of A m H b  under hum an 
ph ys io log ica l con d itions  is n o t ve ry  pronounced. Its  coop­
e ra tiv ity  is n o t a ffected (n50 = 2.5, Table 1). These results 
sho w  th a t the  overall fu n c tio n a lity  of A m H b  is n o t a ffec t­
ed under hum an  phys io log ica l cond itions. I t  has been 
genera lly accep ted  th a t HBOCs should have properties 
resem b ling  those of hum an  b lood w ith  a P50 be tw ee n  22 
and 28 m m H g  [31], C u rren t com m erc ia l b lood sub s titu tes  
w ere  des igned  w ith  th is  p r in c ip le  in  m ind . The a ff in ity  of 
A m H b  under hum an  phys io log ica l con d itions  ( -7  m m H g, 
Table 1) is low er than  the a ff in ity  of hum an blood 
(-2 3  m m H g  under s im ila r expe rim en ta l cond itions, 
Table 1) and s lig h tly  low er tha n  the  a ff in ity  of free H b A  
(-11 .6  m m H g  under s im ila r expe rim en ta l cond itions, 
Table 1). However, recently, W ins low  and collaborators 
[19, 33] have presen ted s tud ies  perform ed on an a rtif ic ia l 
cap illa ry  sug ge sting  th a t the  ty p ic a l vaso con s tric tion  in ­
duced  by  HBOCs is a t least pa rtia lly  due to  the  over oxy­
gena tion  of tissue  resu ltin g  in  abnorm ally  h ig h  O , d e liv ­
ery [33], T h is  has the  p o te n tia l to produce an autoregula- 
to ry  response in  w h ic h  vaso con stric tion  causes increased 
vascu la r res is tance and reduced flo w  w h e n  excess of oxy­
gen is sensed. These analyses have resu lted  in  an u n ex­
pec ted  fin d in g , w h ic h  suggests th a t increased d iffus ive  
O , de live ry  by  lo w -a ffin ity  b lood s u b s titu te  pa radoxica lly  
decreases O , up take  by  tissue because of vasoconstric ­
t io n  [34], and th a t the  presence of a lo w  oxygen a ffin ity  
cell-free H b in  v ivo  m ay n o t necessarily  lead to a corre­
spo nd ing  h ig h  level of O , de live ry  to  the  tissues [34], To 
avo id  th is  co u n te ra c ting  con tro l m echan ism , the  rate of 
O , transfer by  RBCs under norm al con d itions  should be 
m im icke d , w h ic h  can be accom plished  b y  lim it in g  the  fa ­
c ilita te d  d iffu s ion  of O , as oxyhem oglob in  (OxyHb). T h is
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Table 1. Functional properties and SOD activity3)

Arenicola marina  blood [51]b) Human bloodc) AmHb HbAc> RBCs

P50 (mmHg) 2.6 ±0.46
26-30 [52] 
23d) (n=1) 7.05 ±  0.93d) (n=9)

8-18 [49] 
11.6d) (n=l) -

n 50 2.5
2.7 [52] 

2.75d) (n=1) 2.54 ±  0.23d) (n=9)
2 .3 -3 .0  [52] 
2.45d) (n=l) -

Bohr coefficient6) -0.96 at 15°C n.d -0 .5 d) n.d -

AH (KJ m o l- l) e)
-35 (10° < T <  15°C) 
-18  (15° < T < 25°C)

n.d -1 9 d) n.d -

SOD activity (U /m g Hb) 12.1 ± 1 .7  [40] 3.53 ±  0.02 (n=3)f) - 1-2 [53]

CN inhibition 1 oo%g) - -

Fe (atom/molecule) 156 [11] - -

Cu (atom/molecule) 3.58 ±  1.17 (n=5)h) - -

Zn (atom/molecule) 5.13 ±0 .75  (n=5)h> - -

a) The results obtained for this article are in bold and they are expressed as the results ± SEM; n.d.: not determined.
b) The experiments were performed under A. marina physiological conditions: 15°C, pH 7.4.
c) Only one measurement was performed to have a comparable resulton the same instrument.
d) The oxygen equilibrium binding data were collected in dissolved lyophilized plasma (Sigma) in lO m M  HEPES, pH 7.35 at 37°C for a final heme concentration o f 40 

mg/mL. The Bohr coefficient was measured over the pH range 7.2-7.6, and the temperature effect from 33° to 41 °C, which corresponds to the range o f values en­
countered in human, including pathological cases.

e) The Bohr coefficient and temperature sensitivity o f hemoglobin are calculated as described [54].
f) The SOD activity was determined using the Flohé and O tting method [55] adapted for 96-well microplate measurements, for AmHb diluted into Arenicola buffer.
g) AmHb were incubated for 10 m in with 50 m M KCN prior to the addition o f xanti ne oxidase.
h) The Cu and Zn contents were determined by inductively coupled plasma-MS as described [56].

f in d in g  suggested th a t b lood sub s titu tes  w ith  lo w  P50 and 
lo w  m acrom olecular d iffu s ion  coe ffic ien ts  m ay m ore 
closely im ita te  the  oxygen de live ry  p ro file  of hum an  RBCs 
in  the  m ic ro c ircu la tio n , and m ay be m ore appropria te  for 
b lood-like  oxygen transp o rt [19, 33], On the  basis of th is  
n e w  pa rad igm , the  n e x t genera tion  of HBOCs should pos­
sess h ig h  oxygen a ff in ity  w ith  a lo w  P50 ran g ing  from  ~5 
to 10 m m H g  [19] as i t  is  the  case for A m H b  under hum an 
ph ys io log ica l cond itions.

3.3 Am Hb N O  scavenging

The in te ra c tio n  of NO  w ith  p ro te ins  is kno w n  to p lay  a 
c ru c ia l role in  several d iffe re n t phys io log ica l system s, 
ran g ing  from  blood pressure regu la tion  to neu ro transm is­
sion. NO (the "end o the liu m -d e rived  re lax ing  fac to r” , 
EDRF) or a lab ile  com pound re leasing NO  (such as 
RSNOs) have the  cap ac ity  to in te ra c t w ith  H b on the  fe r­
rous hem e and free cyste ine, respec tive ly  [29, 35], U nusu­
al b io lo g ica l feedback m echan ism s have been observed in  
an im als, in c lu d in g  m an, in  w h ic h  the  m a jo rity  of HBOCs 
cause hypertens ion  as the  resu lt of b lood vessel c o n s tric ­
t io n  [9], The phys io log ica l m echan ism s gove rn ing  th is  re ­
sponse m ay be num erous and are in com p le te ly  resolved. 
Currently, a t least tw o  d is t in c t theories have been p ro ­
posed to exp la in  the  phenom enon, bo th  im p ly in g  sepa­
rate approaches for deve lopm ent of c lin ic a l p roducts. 
W hile  lo w  oxygen a ff in ity  HBOC has p rev ious ly  been s ug ­

gested as a possib le exp lana tion  [34], another key h y ­
po thes is  is NO  scaveng ing  by  cell-free Hb [29, 35], Cell- 
free H b poss ib ly  extravasates in to  the  in te rs tit iu m  be ­
tw e e n  endo the lia l and sm ooth  m uscle cells, the reby  a lte r­
in g  the  d is tr ib u tio n  of NO. U s ing  A m H b  as a b lood sub ­
s titu te  should p reven t these u n w a n te d  reactions, 
because A m H b -H B L  (-2 5  n m fo r  -3 .6  M Da) [11], and even 
its  dodecam ers ( -9  n m  for -2 0 5  kDa) [11], canno t ex­
travásate th rou gh  the  en do th e lium  [30], M oreover, w e  ob­
served th a t the  d issoc ia ted  p roduc ts  of dodecam ers are 
im m e d ia te ly  oxid ized, resu ltin g  in  the  d issoc ia tion  of 
hem e and degrada tion  of the  apog lob in  [21], T h is  m eans 
th a t even i f  the  d issoc ia ted  produc ts  extravásate, they  
w i l l  n o t be able to scavenge NO. On the o ther hand, in  h u ­
m an blood, w h e n  NO b inds  to  the  hem e iron, i t  can be in ­
vo lved in  redox reactions w ith  the  m e ta l ion, lead ing  to 
the  p ro du c tion  of M e tH b , n itra te , and the fo rm a tio n  of ad ­
d itio n a l ROS. In con trast, RSNOs do n o t react w ith  the 
hem e [35], They ra ther p a rtic ip a te  in  transn itrosa tion  re ­
ac tions  w ith  the  su lfyd ry l groups of Hb. We in ves tig a ted  
the  reactions th a t occur on exposure of A m H b  to NO  and 
RSNO us ing  U V -v is ib le  spec tropho tom e try  and ESI-MS, 
and com pared the resu lts w ith  those of cell-free H bA . The 
presence of NO led to the  fo rm a tion  of M e tH b  for cell-free 
H b A  so lu tion , w h ile  the  ligh t-a b so rp tio n  spe c tru m  of 
A m H b  w as n o t as s ig n if ic a n tly  a ffected over the  same pe ­
rio d  of tim e  (Fig. 2a). I t  has been proposed th a t in  vivo, NO 
p re fe ren tia lly  b ind s  to the  ve ry  sm all am oun t of deoxy­
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genated hem e of Hb th a t is p resen t under phys io log ica l 
con d itions  (about 1%) to y ie ld  a n itro sy l com plex. T h is  
proposal is  based on the  hypo thes is  th a t NO b inds  to the 
R-state H b A  a t least 100 tim es faster tha n  to the  T-state 
[36], F igure 2a reveals th a t NO  bound ve ry  rap id ly  to 
D eoxyHb (Hb[FeII]), fo rm in g  n itro sy l-H b  com plexes 
H b[FeII]N O . The oxygenation  of th is  so lu tion  caused the 
rap id  decay of the  n itro sy l-H b  to M e tH b  for cell-free H bA , 
a convers ion w h ic h  is m u ch  slower for A m H b  for w h ic h  
the  n itro sy l com plex H b[FeII]N O  is re la tive ly  stable. Our 
resu lts revealed th a t NO  does n o t provoke ox ida tion  to 
any phys io log ica lly  s ig n if ic a n t degree com pared to cell- 
free H bA . Its transfus ion  should there fore n o t be respon­
s ib le  for s ide-e ffects associa ted w ith  the  fo rm a tion  of 
M etH b .

The na tive  extrace llu la r Hb of the  lugw orm , w h ic h  co l­
onize in te r tid a l areas, p resents free cyste ines on th e ir  g lo ­
b in  cha ins scaveng ing  H,S (HS-) for d e to x ifica tio n  p u r­
poses [37], We explored the  p o te n tia l m echan ism s for S- 
n itro sy la tio n  of A m H b-H B L. Indeed, A m H b -H B L  posses a 
to ta l of 124 free cyste ines; 1 p e r  g lob in  m onom ers and 
trim ers , e.g . , 10 p e r  A m H b  dodecam ers and none on the 
linkers  subun its , as de te rm in ed  by  ESI-MS [11], The NO 
group of RSNOs possesses a n itro so n iu m  (NO +) character 
th a t d is ting u ish es  i t  from  N O  itse lf, and enables i t  to e lic ­
i t  responses th a t NO  cannot. These resu lts suggest th a t 
the  free cyste ines of g lob in  m onom ers are m ore access i­
ble tha n  those of trim ers. A m H b , fo llo w in g  in cu b a tio n  
w ith  S -n itrosated cyste ine  (CysNO), w as d ire c tly  ana­
lyzed by  ESI-MS. ESI-M S techno logy m ade i t  possib le to 
d ire c tly  d e te c t the  fo rm a tion  of NO  adducts  on g lob in  
m onom ers a j (15,950 Da) and a , (15,974 Da) of A m H b  (Fig. 
2b). The transn itrosy la tion  w as n o t observed for the 
trim ers , w h ic h  a ll have one free cyste ine  po ten tia lly  capa­
ble of b in d in g  NO. A m H b  can transfe r NO, w h ile  the  re ­
lease of NO from  SNO -Hb has the  po te n tia l to b r in g  abou t 
reactions no rm a lly  associa ted w ith  free NO. Several 
pa tho log ica l con d itions  have been associa ted w ith  ab ­
no rm a lities  in  NO  generation . E levated NO levels are p ro ­
duced  d u rin g  sep tic  shock, severe hem orrhage and endo- 
toxem ia, p ro vok ing  vasod ila ta tion  and hypo tens ion  [38], 
w hereas abnorm ally  lo w  NO concen tra tions have been 
m easured in  v ivo  d u rin g  ischem ia /repe rfus ion  [39], Thus, 
our resu lts have im p lica tio n s  for the  ra tiona l des ign  of 
A m H b  b lood sub s titu tes  as NO scavenger [38] or the ra ­
p e u tic  NO donor [39], depe nd ing  on the  pathology.

3.4 SOD activity

One of the  o rig in a l cha rac te ris tics  of A m H b  is its  in tr in s ic  
SOD-like a c t iv ity  (Table 1). T h is  SO D-like a c t iv ity  has 
been m easured to be 3.53 ±  0.02 U /m g  Hb (Table 1). The 
to ta l in h ib it io n  of A m H b  SOD a c t iv ity  by  cyan ide (Table 
1) revealed th a t superoxide scaveng ing  poss ib ly  invo lved  
Cu and Zn atom s in  A m H b , such is the  case for C u-Zn- 
SOD. T h is  is con firm ed  by  the  analysis of the  m e ta l con-
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Figure 2. NO, RSNOs and K 0 2 interactions w ith  A m H b. A Interaction o f 
NO w ith  heme o f  Deoxy- and OxyAm Hb compared to  cell-free HbA. Con­
version o f HbA to  M etH bA (H b Fe[l 11]) occurred instantaneously upon in­
cubation o f  Oxy- and D eoxyH bAw ith  NO as previously reported [35]. 
There is little  ( i f  any) fo rm ation  o f  M etAm H b when either Deoxy or 
OxyAm Hb is incubated w ith  NO over 60 h. Conversion o f  DeoxyAmHb 
(Am Hb[FelI]) to  nitrosyl-com plex A m H b[Fe ll]N O  is form ed instanta­
neously, explaining the flattened appearance o f the spectra o f  A m H b  at tO. 
B Interaction o f S -n itrosothio ls w ith  A m H b. Conversion o f  the m onom ers 
a1 and a2 o f  A m H b to  a^S N O  and a2-SNO is observed upon incubation o f 
S-nitrosocysteine (CysNO). O f the fou r main intense species present on 
the deconvoluted spectra, the firs t is the a1 globin (15,953 Da) and the 
second the a2 globin (15,976 kDa), whereas the th ird  and the fourth  had a 
mass o f 15,979 and 16,003 kDa w ith  a sh ift o f +29 units compared to  that 
measured fo r a1 and a2 globins, respectively, ind icating the addition o f  a 
single NO m oiety to  the protein. The m ajor peaks are accompanied by 
higher mass satellites o f  lower intensity. These are adducts o f Na+ added 
as N a N 0 2 to  produce CysNO. C Evaluation o f the oxidation o f  OxyAm Hb 
by oxydation after incubation w ith  superoxide anions. The presence o f  K 0 2 
(substrate fo r SOD activity [58]) did not oxidized A m H b over a 50-m in ex­
posure. The reactivity o f  A m H b  w ith  superoxide anions does not m odify 
Am H b, as expected fo r a SOD-like activity.
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ten t, w h ic h  revealed the  presence of tw o  to five  atom s of 
Cu and five  to s ix  a tom s of Zn p e r  m ole of A m H b  (Table 1 ). 
A lth o u g h  the SOD a c t iv ity  de te rm in ed  for the  hum an 
RBCs and reported  in  the  lite ra tu re  (1-2 U /m g  Hb, Table 
1) exh ib its  d iffe rences (w h ic h  cou ld be exp la ined by  the 
v a r ia b ility  be tw een  in d iv idu a ls ) [40], i t  is  s lig h tly  low er 
tha n  the A m H b  SOD ac tiv ity . These resu lts revealed th a t 
A m H b  has an im p o rta n t a n tio x id a n t a c t iv ity  as SOD p ro ­
tec ts  the  tissue from  the ha rm fu l effects of superoxide rad ­
ica ls  to a ce rta in  degree. O xyH bA  is kno w n  to  undergo a 
slow, b u t spontaneous in tram o lecu la r ox ida tion -reduc- 
t io n  reaction , in  w h ic h  the  hem e iro n  is ox id ized in to  the 
fe rric  fo rm  and the  oxygen is reduced in to  superoxide. 
W ith in  the  erythrocytes, the  a n tio x id a n t system s p reven t 
de te rio ra tion  of H b and loss of its  hem e, w h ic h  has its  ow n 
c y to to x ic ity  [41], In the  absence of these enzym es, as is 
the  case w h e n  extrace llu la r A m H b  is a d m in is tra te d  d i­
re c tly  in  the  plasma, the  ox ida tion  of A m H b  cou ld serve 
as a source of ROS w hose to x ic ity  w i l l  be averted  by 
A m H b  SOD a c t iv ity  w ith o u t ox ida tion  of the  hem og lob in  
(Fig. 2c). On the  o ther hand, reperfus ion  of isch em ic  t is ­
sues w ith  oxygen -ca rry ing  flu ids, as in  strokes, m yoca r­
d ia l in fa rc tion , organ transp lan ta tion , severe susta ined 
hem orrhag ic  shock and other cond itions, can resu lt in  the 
release of superoxide, oxygen rad ica ls th a t even tua lly  ex­
haus t the  a n tio x id a n t cap ac ity  of RBCs and lead to  tissue 
in ju ries . In those s itua tions , the  a d m in is tra tio n  of exoge­
nous SOD has been tes ted  in  several experim en ta l m od ­
els. The results are con trovers ia l because of the  sho rt ha lf 
life  of na tive  SOD (6 m in). However, the  p ro te c tive  e ffect 
of SOD aga ins t w a rm  ischem ia /repe rfus ion  in ju ry  can be 
grea tly  im p roved  by  b in d in g  the  enzym e to a po lym er [42]. 
Thus, in  these c lin ic a l s itua tions , A m H b  w i l l  be p a rtic u ­
la rly  use fu l because i t  com bines oxygen ca rry ing  p rope r­
ties  w ith  SOD a c t iv ity  [8],

3.5 Resistance to autoxidation

One of the  un ive rsa l p rob lem s am ong RBC su b s titu te s  is 
th e ir sho rt life  span. The plasm a residence tim es  for 
HBOCs range from  approx im a te ly  12 h  for c ross-linked H b 
to abou t 2 days for PEG-Hb, com pared w ith  a m ean res i­
dence tim e  of 120 days for RBCs [3], T h is  exp la ins w h y  
HBOCs are cu rre n tly  used in  co n ju nc tion  w ith , or as a 
b ridge  to, transfusion. A ce llu la r Hbs are pa rticu la rly  sus­
cep tib le  to ox ida tion  and déna tu ra tion . O x id ized  acellu lar 
Hb can undergo fu rthe r degrada tion  th rou gh  hem ich rom e 
fo rm ation , lead ing  to  released hem e-iron  and g lob in  cha in  
p re c ip ita tio n , w h ic h  has the  po te n tia l to cause endo the­
lia l and su rround ing  tissue  dam age. A n  in te re s tin g  p ro p ­
erty  of extrace llu la r Hb of anne lids is th e ir res is tance to 
au to x id a tio n  [12], U V -v is ib le  spec trom etry  and size exc lu ­
s ion  chrom atog raphy w ere  used here to assess the  in  v it ­
ro  s ta b ility  under s im u la ted  hum an  phys io log ica l co n d i­
tions  (Fig. 3a). A m H b  in  the  presence of hum an  plasm a 
d issocia tes a lm ost im m e d ia te ly  in to  dodecam ers (Fig. 1).

The dodecam er sub un its  d ilu te d  in  the  plasm a, w h ic h  
con ta ins  non-enzym atic  red u c in g  com ponents, in  the  re ­
duced  sta te (Fe2+) for up  to 50 h  as in d ica te d  by  the  very  
lim ite d  change in  the  U V -v is ib le  lig h t  absorp tion  spec­
tru m  (Fig. 3a, D). O bviously, longer p lasm a re ten tion  tim es 
are desirable, b u t in  m ost ap p lica tions  in v o lv in g  traum a 
and surgery, a 24-48 h ha lf-life  is su ffic ien t.

P u rified  A m H b  also e xh ib ite d  lo ng -te rm  redox s ta b ili­
ty  under storage con d itions  (4°C) up  to 30 days and less 
tha n  5 days a t 20°C as revealed by  the  ligh t-a bso rp tion  
spe c tru m  (Fig. 3b), w h ic h  w as n o t s ig n if ic a n tly  a ltered 
over these periods of tim e. On the  o ther hand, p u rifie d  
A m H b  can be stored e ithe r a t -40 °C  or in  liq u id  n itro ge n  
u n t il needed. No changes in  its  p rope rties  are apparen t 
w ith  these stored prepara tions over a t least several 
m onths.

A n  enzym atic  red uc tio n  m ay bypass ox ida tion  and in ­
crease the  ha lf-life  of A m H b . To evaluate the  p ro te c tive  re ­
d u c in g  properties of com pounds usually associa ted w ith  
Hb redox s tab ility , the  e ffect of ß -N A D H  on the  rate and 
ex te n t of M e tH b  red u c tio n  w as in ves tig a te d  a t 37°C (Fig. 
3c). A m H b  v is ib le  spectra  w ere  only s lig h tly  a lte red after 
144 h  a t 37°C in  the  presence of ß -N A D H , w hereas the 
A m H b  converted  en tire ly  in to  M e tH b  under s im ila r con ­
d itio n s  in  the  absence of ß -N A D H  (Fig. 3c, up). Redox 
convers ion  back to the  reduced fo rm  by  ß -N A D H  w as 
cha racterized by  the  e lim in a tio n  of the  630-nm  charge- 
transfe r band  and the  re-estab lished spec tra l m ax im a a t 
576 and 540 n m  cha rac te ris tic  of reduced A m H b  (Fig. 3c, 
down). ß -N A D H  preven ts the  fo rm a tion  of M e tH b  a t 37°C 
and can also reduce M e tH b  w ith o u t the  need of another 
e lectron carrier. Thus, the  to x ic  s ide reactions th a t are 
com m on ly  encountered d u rin g  reperfus ion  experim ents, 
as w e ll as d u rin g  c lin ic a l tria ls  of HBOCs, can be m in i­
m ized  for A m H b  by  a co -a d m in is tra tio n  of one or m ore 
spe c ific  agents such  as ß -NADH . These resu lts revealed 
th a t the  red u c in g  agen t should p lay an e ffec tive  role in  
lo ng -te rm  storage of A m H b , and serve as red u c in g  agents 
in  the  in  v ivo  exchange.

3.6 Interaction with plasma proteins

W hen large q u a n titie s  of extrace llu la r H b are p resen t in  
the  c ircu la tio n , as is the  case w h e n  an H b so lu tion  is used 
as a b lood subs titu te , the  spontaneous ox ida tion  to 
M e tH b  leads to an increased p ro d u c tio n  of free hem in , 
free iro n  and peptides, resu ltin g  from  the  hydro lys is  of the 
g lob in . H em in, the  free hem e ox id ized to the  fe rric  state, 
is  p o te n tia lly  to x ic  s ince i t  in te rca la tes  in  lip id  m em ­
branes and catalyzes the  fo rm a tio n  of h yd roxy l rad ica ls 
and the  ox ida tion  of lo w -d e n s ity  lipop ro te ins , the reby 
c o n tr ib u tin g  to the  observed side effects [41], H em opex in  
and H S A  are pa tho log ica l transporters of hem e and w ith  
Hp, in  the  firs t line  of defense aga ins t in travascu la r hem e- 
m ed ia te d  ox ida tive  dam age. We in ves tig a te d  the  in te ra c ­
t io n  of H p and H SA  w ith  A m H b  d issoc ia tion  products.
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Figure 3. Resistance to autoxidation o f A m H b. A Product D is resistant to autoxidation under human physiological conditions over 50 h. The profile o f  A is 
characteristic o f M etH b and confirm s the scavenging o f hemin by HSA to form  m eta lbum in. B There is little  ( if  any) M etAm H b form ation  under storage 
conditions at 4°C over 30 days and at 20°C over 5 days. Conversion o f A m H b  to  M etAm H b is observed at 20°C after 1 2 days. C Resistance to  autoxidation 
increased w ith  ß-NADH. Top: The presence o fß -N A D H  at 37°C prevents the conversion o f A m H b to M etAm H b over 144 h. Bottom: M etAm H b is reduced 
back to  OxyAmHb in the presence o f ß-NADH.

H p is invo lved  in  p ro m o tin g  the  clearance of plasm a 
Hb, and is dep le ted  from  p lasm a d u rin g  elevated hem o ly ­
sis. The H p-H b com plex is the n  engu lfed  by  the 
m acrophage and degraded by  the  spleen and liver. The 
b in d in g  of Hp to cell-free H b A  is am ong the  s trongest of 
a ll kno w n  non-cova len t p ro te in -p ro te in  in te rac tio ns , p re ­
v e n tin g  loss of iro n  and reg u la tin g  the  renal th resho ld  for 
H b [43], One p rob lem  of us in g  extrace llu la r Hb as b lood 
sub s titu tes  is th e ir  possib le scaveng ing  by  Hp in  order to 
be cleared from  the  c ircu la tion . We used ge l filtra tio n -m u l- 
t i-an g le -la se r-ligh t-sca tte ring  techn iques  to  eva luate the 
b in d in g  cap ac ity  of hum an H p w ith  A m H b -H B L  and its  
d issoc ia tion  products. Cell-free H b A  w as used as a po s i­
t iv e  contro l. The resu lts revealed th a t Hp does no t scav­
enge e ither the  A m H b -H B L  or the  d issoc ia ted  p roduc ts  of 
A m H b , whereas the  fo rm a tion  of the  H p -H b  A  com plex 
w as apparen t (Fig. 4). W hile  the  com b in a tion  of Hp w ith  
H b is n o t species spe c ific  (hum an H p can com b ine  w ith  
various m am m a lian  Hbs) [44] and the na ture  of the  b in d ­
in g  s ite  is s t ill under d iscuss ion  [45, 46], i t  has been re ­
po rted  th a t H p only b ind s  to  the  oxygenated H b and has 
a m u ch  h igh e r a ff in ity  to the  aß d im e r of H bA . A m H b  
does have an o rig in a l d issoc ia tion  process [21]; i t  d issoc i­
ates in to  the  fu n c tio n a l dodecam ers th a t fu rthe r degrade 
in to  the  u n s tru c tu red  apopro te in  and hem in . H p recog­
nizes n e ithe r A m H b -H B L  nor the  dodecam ers because of 
th e ir h ig h  m olecu lar w e ig h t [45], I t  does no t recogn ize the 
d issoc ia ted  produc ts  because the y  are deoxygenated and 
un s tru c tu re d  [45], No aggregates (H p -A m H b) should be 
fo rm ed w h e n  A m H b  w il l  be transfused to hum an. H o w ­

ever, the  d issoc ia ted  products, w h ic h  m ig h t be tox ic , w il l 
n o t be scavenged either.

HSA is the  m ost ab un da n t p ro te in  in  the  plasma. Its 
m ost im p o rta n t phys io log ica l fu n c tio n  is to m a in ta in  the 
COP and the pH  of blood. However, the  p ro te in  is charac­
te rized  by  its  rem arkab le a b ility  to b in d  a broad range of 
endogenous and exogenous sm all hyd rop hob ic  m ole­
cules. The to x ic ity  of h e m in  is la rge ly averted tho ugh  the 
scaveng ing  ac tio n  of hem opexin  [47] and H SA [48], w h ic h  
b in d  he m in  w ith  h ig h  a ff in ity  and transp o rt i t  to various 
tissues for in tra ce llu la r catabolism . Previous observations 
(Figs. 1, 3a, A )  revealed the  fo rm a tio n  of m e ta lbu m in  fo l­
lo w in g  the  d issoc ia tion  of A m H b  dodecam ers, and th is  
has been con firm ed  by  the  ESI-M S m u lticha rg ed  spectra 
of A  under no n -d ena tu rin g  con d itions  (Fig. Id ,  bottom ). 
W hile  w e  s t ill do n o t kn o w  h o w  the degraded apog lob in  is 
m etabolized, w e  have show n th a t the  h e m in  is scavenged 
by  HSA, thus p robab ly p re ve n tin g  any to x ic  side effect.

3.7 In vivo experiments on mice

3.7.7 General behavior
We exam ined w h e the r the  a d m in is tra tio n  of A m H b  a f­
fec ted  the  body w e ig h t and the  overall behavior of C57 
and D BA  m ice, w h ic h  are am ongst the  m ost s tu d ie d  in - 
b red s tra ins  in  behav iora l pharm acology. A fte r i.v. a d m in ­
is tra tio n  of A m H b  (previously d ilu te d  in  p lasm a or the 
ph ys io log ica l serum ), the  an im a ls w ere  all a live after 18 
weeks. They a ll g re w  no rm ally  w ith  in c rea s ing  body 
w e ig h ts  (C57: 7.8 ±  0.7 g, n=10 and DBA: 9.6 ±  0.7 g, n=10 
in  18 weeks). T he ir general hea lth  w as norm al, w h ic h  in -
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Figure 4. Interaction w ith  Hp. (a) Native A m H b (red) is not scavenged by 
human Hp (blue). The mixed solution refractive index profile (solid green 
curve) is the sum o f both the independent profiles. The molecular mass o f 
the mixed solution (green square) is the average for native A m H b (red tr i­
angle) and human Hp (blue cross), (b) Cell free HbA (red triangle) is 
scavenged by human Hp (blue cross). The form ation o f HbA-Hp complex 
is revealed by an increase o f the molecular mass (green square) and a new 
peak (solid green curve) at a lower retention tim e (i.e., higher molecular 
mass), (c) Dissociated A m H b products (including dodecamers) (red tr i­
angle) are not scavenged by Hp (blue cross). The mixed solution profile 
(green square) is the sum o f both the independent profiles.

d ica tes  th a t A m H b  had no appa ren t tox ic ity . S im ila r ex­
pe rim en ts  carried  ou t by  H irsch  and collaborators [17] 
show ed th a t m ice  and rats, pa rtia lly  transfused w ith  L u m ­
b ricu s  te rrestris  extrace llu la r Hb, do n o t e x h ib it  any spe­
c ia l behavior and /o r p a tho log ica l troub le  a fte r the  trans fu ­
s ion  over 10 m on ths of observations.

3.7 .2  A n tige n ic ity  and im m u nog en ic ity

The use of A m H b  as an a r t if ic ia l b lood s u b s titu te  m ay 
tr ig g e r an im m u ne  response. To s tud y  th is  p o te n tia l ef­
fect, w e  s tu d ie d  the  an tib o d y  response afte r one and tw o  
i.v. ad m in is tra tio n s  of c lin ic a lly  re levant doses of A m H b  to 
evaluate i f  an im m u ne  response is like ly  to  occur. The an ­
tib o d y  tite rs  (IgE and IgG2a, Fig. 5a, b) show ed th a t 
A m H b  m ay w e ak ly  ac tiva te  the  im m u ne  system , b u t th is  
e ffec t is  n o t s ta tis tic a lly  d iffe re n t from  the  veh ic le  
(p< 0.05), in  con tras t to the  response observed for ova lbu­

m in  for w h ic h  33% of the  m ice  d ied  a fte r tw o  i.v. a d m in ­
is tra tio ns  (Fig. 5b). Im m u n iz in g  doses of A m H b  produce 
an tib o d y  tite rs  b u t a t a n o n -s ig n ific a n t level, keep ing  in  
m in d  th a t the  m ice  used in  th is  s tud y  are hyper-respon- 
s ive (BP/2 stra ins) and easily produce antibody.

It  m ay seem  su rp ris in g  th a t upon  im m u nog en ic  cha l­
lenges, no s ig n if ic a n t a n tibo dy  fo rm a tio n  cou ld be de ­
tected . There is an abundan t ev idence th a t the  a n t i­
g e n ic ity  of hum an cell-free H b is lo w  and is decreased by 
po lym eriza tion  [49], The n o tion  is ra ised th a t an tige n  
re co g n itio n  m echan ism s re su ltin g  in  an tib o d y  fo rm a tion  
canno t be a c tiva ted  by  a p ro te in  of th is  size, b u t th e ir im ­
m uno log ica l re levance has n o t been en tire ly  c la rified  [49],

4 Concluding remarks 

4.1 A promising blood substitute

A ll the  resu lts presen ted here show  the prom ise of the  use 
of A m H b  as a use fu l m ode l system  for deve lop ing  the ra ­
p e u tic  extrace llu la r b lood sub s titu tes  [10, 20], Indeed, 
A m H b -H B L  and its  dodecam er sub un its  have a ll the  p ro p ­
erties, w h ic h  are cu rren tly  under in ves tig a tion s  to deve l­
op a safe b lood sub s titu te . A m H b -H B L  is a na tu ra lly  h ig h ­
ly  po lym erized  p ro te in , has a h ig h  m olecu lar w e ig h t th a t 
shou ld  p re ven t extravasations in to  the  en do th e lium  and 
th ro u g h  the g lom eru lar capillary, and i t  should in du ce  only 
a sm all increase of COP. A m H b  has a re la tive ly  h ig h  oxy­
gen a ffin ity , w h ic h  fu lf il l the  n e w  req u ire m en t of the  ne x t 
genera tion  of b lood-substitu tes , p robab ly a llow in g  vaso­
co n s tric tive  effects to be avo ided [19], Its fu n c tio n a l p ro p ­
erties are n o t a ffec ted  w h e n  d isso lved in  s im u la ted  h u ­
m an phys io log ica l cond itions, thus  A m H b  should de live r 
s u ffic ie n t oxygen to tissues to a llow  e ffec tive  oxygenation  
w ith o u t renal and o ther organ tox ic ity . H ig h -a ffin ity  blood 
sub s titu tes  m ay also have ad d itio n a l advantages from  a 
s ta b ility  pe rspective  over th e ir  low er a ff in ity  cou n te r­
parts. S tud ies by  N agababu e t al. [50] have show n  th a t the 
a n ti-o x id a tive  processes used b y  m any com m erc ia l b lood 
s u b s titu te  m anufactu re rs  to low er oxygen a ff in ity  can ac ­
tu a lly  lead to increased hem e degrada tion  and a u tox id a ­
tion . M oreover, A m H b  m ay de live r oxygen m ore effec­
tiv e ly  than  RBCs in  some s itua tion s  by  accessing in to  re ­
gions n o t accessib le  to RBCs. For exam ple, d u rin g  coro­
nary a rte ry  ba lloon an g iop las ty  procedures, A m H b  m ay 
s t ill be d e live rin g  O , to  tissues, w hereas c ircu la tio n  of 
RBCs is obstructed. A lth o u g h  the  s tru c tu ra l in te g r ity  of 
A m H b  is affected, the  d issoc ia ted  p ro du c ts -d od e - 
ca m e rs -e x h ib it redox s ta b ility  under s im u la ted  hum an 
ph ys io log ica l con d itions  as long as th e ir s truc tu re  is 
m a in ta ined , sa tis fy in g  a c ircu la to ry  re ten tion  tim e  of a t 
least 50 h. T h is  f its  the  req u ire m en t of b lood sub s titu te  
kn o w in g  th a t the  dodecam er ha lf-life  cou ld be increased 
in  the  presence of ß -NADH . HBOCs are developed to  be 
used in  case of acute preopera tive  b lood loss and, espe-
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Figure 5. in vivo experiments on mice. A IgE serum levels 
in mice treated w ith  0.9% NaCl and vehicle were sim ilar, 
dem onstrating tha t the vehicle o f A m H b is not proal le r- 
genic by itself. In contrast, treatm ent w ith  ovalbum in led 
to a 3.4-fold increase in IgE level 3 weeks after the in itia l 
adm in istra tion (11 71 ± 339 ng /m L  compared to  331 ± 3 7  
ng/m L in the vehicle-treated group). A m H b very slightly 
increased IgE levels, but th is effect did not reach sta tis ti­
cal significance when compared to  the vehicle-treated 
group. Data are means ±  SEM, n= 10 male mice per condi­
tion, *p < 0.05, N.S.: not significant, versus vehicle-treated 
group. B In the group challenged at D7 w ith  ovalbum in, 
three mice out o f  nine died 15 min after adm in istra tion. 
The rem aining mice killed 7 days later (D14) showed a 
marked increase in IgE level (11 71 ± 339 ng/m L com ­
pared to  331 ± 3 7  ng/m L in the vehicle-treated group), 
whereas lgG2a were unchanged (337 ± 57 pg/m L com ­
pared to  340 ± 72 pg/m L in the vehicle-treated group). 
The second adm in istra tion o f Am H b at D? did not induce 
mortality. IgE and lgG2a levels at D14 were moderately in ­
creased when compared to vehicle-treated group (779 ± 
36 ng/m L and 487 ± 52 pg/m L, respectively). Data are 
means ±  SEM, n=9-10 male mice per condition, *p < 0.05, 
N.S.: not significant, versus vehicle-treated group.

cially, for traum a pa tien ts , and none of the  cu rre n t p ro d ­
uc ts  w o u ld  be op tim a l in  p a tien ts  w ith  ch ron ic  anem ia. 
The blood group an tigens  of RBC m em branes requires 
care fu l c ross-m a tch ing  and ty p in g  before donor b lood can 
be adm in is tra ted . A m H b  is extrace llu la r and no t g lycosy­
la ted  [11], there fore a tim e -co n su m in g  cross-m a tch ing  or 
ty p in g  is n o t requ ired  and A m H b  can be g iven  im m e d i­
a te ly  on the  spo t to anyone. A m H b  w i l l  be use fu l to b ridge  
tem porary  shortages of RBC produc ts  or in  s itua tions  
w here  lacks of tim e  or spec ia l con d itions  m ake use of RBC 
produc ts  im p rac tica l. The he m in  resu ltin g  from  its  degra ­
da tio n  is scavenged by  HSA and, even i f  the  w a y  of m e­
tab o lism  of apog lob in  has no t been de te rm ined , in  v ivo  
experim ents  on m ice  have revealed th a t its  a d m in is tra ­
t io n  is non-tox ic . Indeed, the  lack of severe m o rb id ity  or 
m o rta lity  in  m ice  m odel pa rtia lly  exchanged w ith  the 
A m H b  is the  forem ost observation. S urpris ing ly, ex­
changed m ice  cha llenged w ith  A m H b  e xh ib ite d  no ap ­

pa ren t behav iora l and pa tho log ica l changes, and show ed 
no over a lle rg ic  response. F urther in  v ivo  in ves tig a tion s  
have sta rted  on rats. They are focused on de le te rious as­
pects such  as those occu rring  in  card iac  and renal fu n c ­
tions. A m H b  is read ily  available, easily p u rif ie d  as a ho ­
m ogenous product, and exh ib its  ex trao rd inary  s ta b ility  
under the  proper storage cond itions. Im m ed ia te ly  e ffec­
tiv e  and easy to handle, A m H b  used as a b lood sub s titu te  
shou ld  avo id  the  p rob lem s of blood shortage, transm iss ion  
of in fe c tiou s  diseases, and the  prob lem  of b lood c o m p a ti­
b ility .

4.2 Novel therapeutic applications

There are also ad d itio n a l th e ra pe u tic  ap p lica tions  for the 
use of A m H b  as an a rt if ic ia l oxygen carrier. A m H b  NO 
scaveng ing  should be use fu l for the  tre a tm e n t of N O -in - 
duced  hypo tens ion  or hypertension . O n one hand, NO
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gradua lly  released by  S N O -A m H b can ac tive ly  p reven t 
en do th e lium  dys func tion . I t  is  kno w n  th a t exogenous NO 
exh ib its  a nega tive  feedback on the  p ro d u c tio n  o f NO  [39], 
On the  o ther hand, tre a tm e n t of sep tic  shock w il l  take ad ­
van tage  of the  a b ility  of A m H b  to  scavenge NO  on its  
hem e or free cyste ine  w ith o u t to x ic  effect. H ig h -a ffin ity  
Hb m ay also be use fu l as a pe rfus ion  com ponent in  organ 
preserva tion  p rio r to transp lan ta tion . Indeed, in  the  s to r­
age of donor organs, the  c ircu la tio n  ha lf-life  lim ita t io n  
does n o t apply. A n  a d d itio n a l in te re s tin g  p rope rty  of 
A m H b  is its  in tr in s ic  SOD ac tiv ity . T h is  p rope rty  is sough t 
in  second genera tion  m od ifie d  Hb, for w h ic h  s tra teg ies to 
com ba t a u tox id a tio n  reactions of Hbs are evo lv ing  by 
c ross-link ing  [8] trace am ounts of catalase and SOD to Hb. 
T h is  should p re ven t bo th  the  occurrence of po ten tia lly  
ha rm fu l hem e pro te in -assoc ia ted  free rad ica l species and 
the release of H b degrada tion  p roduc ts  th a t m ay exacer­
bate ischem ia -reperfus ion  in jury. A m H b  w il l  there fore be 
ve ry  use fu l as a b lood s u b s titu te  in  ischem ia-reperfus ion.

4.3 Recombinant expression

Finally, A m H b -H B L  is cha racterized by  se lf-association 
properties, w h ic h  a llow  its  reco ns truc tio n  in  v itro  [20, 21], 
The fa c t th a t A m H b  d issocia tes in to  a fu n c tio n a l and re l­
a tive ly  stab le dodecam er w h e n  transfused in to  m am m als, 
d ire c te d  our analysis to a s im p lif ie d  reco m b in an t expres­
s ion  [20] and to reb u ild  the  dodecam ers ra the r tha n  the 
w ho le  m olecu le to use as a blood subs titu te .
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