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Endothelial Cell Toxicity
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ABSTRACT

The most common and widely transplanted tissue worldwide is blood. But concerns about safety and ade-
quacy of blood transfusion have fostered 20 years of research into blood substitutes such as oxygen carriers
based on modified hemoglobin (Hb). Chemically modified or genetically engineered Hb developed as oxygen
therapeutics are designed to restore blood volume and to correct oxygen deficit due to ischemia in a variety
of clinical settings. Uncontrolled oxidative reactions mediated by large amounts of cell-free Hb and their re-
actions with various oxidant/antioxidant and cell signalling systems emerge as an important pathway of tox-
icity. Hemoglobin can react with oxygen and NO, leading to the production of reactive oxygen or nitrogen
species. Inside the bloodstream, oxidized Hb and ROS/RNS are in direct contact with endothelial cells (EC).
Thus, chain reactions may trigger molecular and cellular biology, causing oxidative stress-related pathologies.
This editorial presents an overview of interactions between Hb (modified or not) and EC. We also propose a
wide range of techniques and methods to assess oxidative stress and inflammation responses of EC after ex-
posure to Hb. This editorial can serve as a guide to evaluate in vitro toxicity of new Hb molecules. Antioxid. Re-

dox Signal. 10, 1153-1162.

SAFE BLOOD TRANSFUSION, A
CHALLENGE FOR THE FUTURE

BLOOD TRANSFUSION IS ASSOCIATED with significant adverse
effects such as potential virus transmission. Furthermore,
as the need for fresh blood for transfusion increases, the re-
quirement for an easily produced artificial blood substitute be-
comes evident. After several decades of intensive efforts, re-
search has not succeeded in producing a safe oxygen carrier.

Hemoglobin-Based Oxygen Carriers (HBOC) transport oxy-
gen, that indicates their use when blood loss is extensive (i.e.,
volume replacement must be associated with oxygen contribu-
tion). They are derived from purified hemoglobin (Hb), which
is an obvious candidate as a blood substitute with a number of
desirable characteristics. Hemoglobin is the natural protein
transporting O, from lung to organs with a high capacity for
O, transport and release. It lacks the numerous and complex

antigens of the red blood cells (RBC) membrane, hence it ap-
pears to be universally compatible. It is a “robust” molecule,
stable under standard storage conditions (i.e., frozen or
lyophilized).

The first clinical trial using unmodified Hb was undertaken
by Amberson and colleagues in 1949 (4), and indicated com-
plications such as severe kidney toxicity. Improved purification
alleviated some, but not all the adverse effects of Hb. However,
due to the purification methods used to remove endotoxins and
cellular ghosts, 2,3-diphosphoglycerate (2,3-DPG) was also re-
moved, which resulted in a decrease of O, delivery (23). Fur-
thermore, free Hb when released in the circulation and diluted
in the plasma can dissociate into dimers (43), resulting in a short
circulatory half-life and renal toxicity. This problem has been
addressed by a variety of chemical modifications, such as poly-
merization, cross-linking, conjugation with macromolecules
like polyethylene glycol (PEG) or dextran, hybridization with
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iron—cobalt, nickel-iron, or iron-zinc, and encapsulation into
phospholipid vesicles (6, 40, 52, 85).

Intravenous injection of purified Hb results in chest pain,
bradycardia, hypertension, decrease in urine output and en-
dogenous creatinine clearance (75). Subsequently, Hb was
chemically modified by polymerization with glutaraldehyde to
increase molecular weight in order to increase vascular reten-
tion time and decrease renal toxicity. Examples of such first-
generation polymerized Hb products are Polyheme® (Northfield
laboratories, Inc., Evanston, IL), Hemopure® (Biopure corpo-
ration, Cambridge, MA), and Hemolink® (Hemosol Corpora-
tion, Mississauga, Canada) (93). Given the heterogeneity of the
glutaraldehyde reaction and possible secondary reactions (53),
research has focused on a simpler molecule, the aa-Hb (Bax-
ter Healthcare, Deerefield, IL). This compound was stabilized
by intramolecular cross-linking between « chains by bis(di-
bromosalicyl)fumarate (DBBF), so that neither polymerization
nor subunit dissociation was possible. Unfortunately, aa-Hb
was shown to be intensively vasoconstrictive (38).

A number of new and largely unresolved safety-related prob-
lems have arisen during preclinical development and in clini-
cal trials of the current generation of HBOC. This includes vaso-
constriction (27, 82), pro-inflammatory activity, and oxidative
stress (35) (Fig. 1). At the time of writing, therefore, there is
no blood substitute available for a “safe” human transfusion.
However, the need for blood substitutes remains a current prob-
lem.
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Free Hb suitable for HBOC production may be extracted from
bovine or outdated human blood or produced by genetically mod-
ified microorganisms (bacteria or yeast) (Table 2). The latter tech-
nique is a relatively new and exciting avenue of research. Indeed,
it allows the production and the modification of Hb without any
contamination [e.g., human immunodeficiency virus (HIV) or
bovine spangiform encephalopathy (BSE)] or, because cross-link-
ing may be achieved by genetic manipulation, chemical products.
A European project entitled “Euro Blood Substitutes” (EBS)
(www.eurobloodsubstitutes. com, accessed 2/15/08) was funded
within the European Union 6% Framework Programme. The EBS
Project aims to develop a technological platform for producing
novel heme proteins and blood substitute components using mi-
cro-organisms as “cell factories.”

When injected intravenously, HBOC come into contact with
blood cells but also with the endothelium, which covers the lu-
minal surface of blood vessels from the heart to the smallest
capillaries. The endothelium is a biologically active monolayer
of endothelial cells (EC), providing an interface between blood
flow and tissues. They are involved in vasomotion through syn-
thesis of nitric oxide (NO), for example, homeostasis through
interaction with platelets, atherosclerosis, angiogenesis, and in-
flammation via the expression of membrane receptors for leuko-
cytes. EC can sense the physical and/or chemical properties of
blood substitutes and regulate their behavior.

Publications dealing with HBOC/EC interactions refer to EC
from various origins (bovine or human), extracted from diverse
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FIG. 1. Oxidative stress, inflammation, and adaptation of endothelial cells.

1. Hemoglobin (Hb) is oxidized into methe-

moglobin (metHb) by oxidative stress engendered by hemorrhage, ischemia/reperfusion, or anemia. Oxidative stress on endo-
thelial cells (EC) induces lipid peroxidation, H,O,, and Ca>* leakage from the cells. It lowers reduced glutathione (GSH) con-
centration. MetHb upregulates the transcription and activity of the heme-oxygenase-1 (HO-1). This leads to reduce the oxidative
stress (biliverdin) and vasoconstriction (CO). 2. Hb can scavenge NO, decreasing its bioavailability and inducing vasoconstric-
tion. 3. Hb can induce inflammatory reactions and potentiate leukocytes recruitment by EC.
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BLOOD SUBSTITUTES

TABLE 1. DI1FFERENT TYPES OF ENDOTHELIAL CELLS
USED IN THE STUDIES QUOTED IN TEXT

Type Signification References
BAEC Bovine aortic EC 20-22, 44, 71
BPAEC  Bovine pulmonary artery EC 117
HAEC Human aortic EC 102
HCAEC Human coronary artery EC 98
HMVEC Human lung microvascular EC 18
HUVEC Human umbilical vein EC 34, 97, 108, 109

EC, endothelial cells; N.D., non determined.

tissues (arteries or veins) (Table 1). cause structure and pheno-
types of EC vary between animals and segments of the vascu-
lar tree (3), EC origin makes a huge difference in experimen-
tal results. One can wonder what is the interest to use animal
cells in the place of human cells. The greater choice should be
between the different sites of the vasculature. Arteries, veins,
and microvessels are not submitted to the same oxygen partial
pressure and do not have the same structure. Indeed, the main
functions of the endothelium are differentially regulated be-
tween different sites of the vascular tree and from one moment
to the next (2). For example, endothelial nitric oxide synthase
expression is higher on the arterial side of the circulation of or-
gans (72). The choice of EC type should be driven by the ap-
plication of the HBOC tested.

Experimental procedures leading to the FDA approval of a
new pharmacological molecule start from (a) physico-chemical
characterization of the product, (b) in vitro activation of cells,
(c) ex vivo experiments on isolated organs, (d) in vivo tests, and
end with clinical evaluation in humans (35). Paradoxically, few
studies on the in vitro impact of blood substitutes on EC are
available in the literature.

One of our purposes is to assemble or facilitate access to a sub-
stantial part of the information a scientist needs to monitor HBOC
interactions with EC in vitro. We hope to be as extensive as pos-
sible on all phenomena observed. This editorial completes a re-
cent review published on this subject (10). Our reflections are a
guide for in vitro evaluation of the new Hb toxicity.

OXIDATIVE STRESS, THE JANUS FACE
OF HEMOGLOBIN

Hb: a versatile protein

Aerobic organisms are endowed with enzymatic oxidant de-
fense systems, which provide protection against activated oxy-
gen species. Damage caused by reactive oxygen species can be
greatly amplified if free redox active iron is present (37, 100).
One abundant source of potentially toxic iron is exogenous
(HBOC) and endogenous heme, which can enhance oxidant-
mediated cellular damage (7, 8, 36, 66, 73).

HBOC are used to reoxygenate organs and tissues when the
blood loss is so extensive that it perturbs hemodynamic pa-
rameters. Indeed, blood oxygen carrying capacity is so low that
the metabolism becomes anaerobic, inducing oxidative stress.
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HBOC injections complicate the situation because they typi-
cally have a higher affinity for O, than Hb inside RBC. So, the
amount of oxyhemoglobin (HbO,) in the blood vessels is higher
and, because oxidative stress is already engaged and HbO, has
the capacity to auto-oxidize, the production of reactive oxygen
species is substantial. Moreover, the injection of free Hb into
the bloodstream can overload the Hb detoxification system.

Hydrogen peroxide (H,O,), produced by superoxide dismu-
tase, is reportedly able to generate hydroxyl radicals when it
reacts with free ferrous iron (Fe?") oxidizing to ferric Fe3*
(Fenton reaction). H,O, can also convert oxyhemoglobin
(Fe?™) into methemoglobin (Fe*™), which cannot transport O,
and is toxic (32). H,O, can also react with metHb as well as
other heme proteins to produce a higher oxidation state of the
iron, ferryl or Fe*™ (20, 31, 33, 42), which can initiate mem-
brane lipid peroxidation and/or oxidize other macromolecules.

Oxidative stress plays a major role in the pathogenesis of EC,
inducing dysfunction such as hypertension, inflammation, and
atherosclerotic cardiovascular diseases. Because of their direct
and continuous contact with the circulating blood, EC are par-
ticularly sensitive targets for oxidative products generated by
free Hb. Several in vitro studies showed that Hb (at low con-
centration) either can be directly cytotoxic or can alter the EC
biology inducing cytoskeleton alterations (15) and sensitization
to H,O5 (9).

Purified Hb or HBOC preparations in their reduced forms
(Fe?™) are not, by themselves, cytotoxic to EC (17, 18). How-
ever, the highly reactive Fe*" and, to a lesser extent, its Fe3™"
forms can induce significant cytotoxicity. EC contain a protec-
tive system to detoxify the blood from Hb leakage out of the
RBC (48). Part of this system includes heme oxygenase.

Endothelial cell self-defense: heme oxygenase

Heme oxygenase (HO) was discovered in the 1960s (80) as
the major heme catabolic enzyme that converts heme into
biliverdin and carbon monoxide (CO), and releases iron. Al-
though HO contributes to homeostasis of heme metabolism by
oxidizing any excess of heme released from senescent RBC, it
also appears to play an important role in defense against ox-
idative stress. Indeed, HO produces biliverdin and bilirubin (the
reduced form of biliverdin), which are two physiologically ef-
fective antioxidants.

Three HO isozymes HO-1, HO-2, and HO-3 have been de-
scribed (54, 76). HO-1, which is distributed ubiquitously in
mammalian tissues, is induced strongly and rapidly by many
compounds that elicit cell injury like inflammatory cytokines,
oxidants, and NO (5, 22, 45). Furthermore, HO-1 induction is
an indispensable in vivo response in the protection of kidneys
against acute heme protein toxicity (62). The natural substrate
of HO, heme, is itself a potent inducer of the enzyme (96). Fur-
thermore, ferric heme is known to increase HO-1 mRNA level
(76). So, HBOC auto-oxidation into metHb can also induce
HO-1.

Cheng and collaborators demonstrated that polymerized Hb
(Polyheme, Northfield Laboratories) induces the synthesis of
HO-1 protein in a time-dependent manner in human lung mi-
crovascular endothelial cells (HMVEC) (15). Wagener and col-
laborators found that the contribution of HO-1 and HO-2 iso-
forms to the total HO activity in human umbilical vein
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endothelial cells (HUVEC) exposed to heme was 70% due to
HO-1 and 21% to HO-2 (89).

HO-1 also increases the production of endogenous CO, in-
ducing vasodilation (90, 68). Hb is known to scavenge NO, thus
decreasing its physiological availability and causing vasocon-
striction. So HO-1 induction by modified Hb, by enhancing the
production of CO, can reduce the effect of NO scavenging by
heme and diminish the consequent vasoconstriction.

The delicate balance of nitric oxide

NO was discovered to be a potent vasodilator in 1979 (34)
and later identified as the endothelium-derived relaxing factor
(EDREF) (41, 67). It is synthesized in vivo from L-arginine by
three NO synthases isoenzymes (NOS), including neuronal
(nNOS, NOS 1), inducible NOS (iNOS, NOS II), and endothe-
lial NOS (eNOS, NOS III). A mitochondrially-localized NOS
(mtNOS) was discovered in 1995 (47) and recently identified
in EC (21). It produces more NO than eNOS do (13). For the
moment, no publication on NO produced by mtNOS due to the
presence of HBOC is available.

eNOS is expressed in EC as a constitutive enzyme and pro-
duces picomolar to nanomolar amounts of NO for short peri-
ods in response to receptor stimulation (acetylcholine,
bradykinin) or shear stress. NO through its vasodilator activity
is crucial for the maintenance of vascular homeostasis. More-
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over, it has recently been discovered that RBC exhibit an ac-
tive and functional endothelial type NO synthase. RBC-NOS
regulates deformability of the RBC membrane and inhibit ac-
tivation of platelets (46). NO is a puissant molecule interacting
with blood cells (RBC, platelets, leukocytes), and vascular wall
(endothelium, smooth muscle cells) (91). While excessive NO
production is generally associated with tissue injury, it is im-
portant to note that NO constitutively produced by endothelium
is believed to play a protective role in the microvasculature by
inhibition of platelet and neutrophil adhesion to endothelial
monolayers (1).

Preclinical and clinical studies reported that the major ad-
verse effect induced by Hb solutions is a transient vasocon-
striction (87), presumably due to NO scavenging by heme. An-
other situation that decreases NO concentration in the
bloodstream is its reaction with reactive oxygen species which
promotes the formation of NO,™ (nitrite) and NO3;™~ (nitrate).

The reactions between Hb and NO are important factors de-
termining how NO works in vivo and may mediate the biolog-
ical effects of free Hb on EC. Injection of a HBOC solution in-
creases the amount of free Hb in the blood and promotes the
reaction between NO and Hb. NO can react with either deoxy
or oxyHb, forming nitrosylhemoglobin (HbNO) and methemo-
globin plus NO3; ™, respectively (70).

Unmodified oxyHb induced a higher NO,/NO3~ formation
ratio in normal human coronary artery EC, whereas an improved

TaBLE 2. DIFFERENT TYPES OF HEMOGLOBIN AND MODIFIED HEMOGLOBINU IN STUDIES QUOTED IN TEXT

Molecular
weight
Designation Origin (kDa) Modification References
Hemin ND ND None 85, 93
Hemoglobin, Hb, ferrous, Oxy Hb, free Bovine 64 None 13, 16, 33,
Hb, stroma free Hb, HbAg, unmodified Human 53, 54, 75,
Hb 76
Methomoglobin, MetHb, Ferric Hb, ND 64 None 7, 48, 74,
hemin 75, 85, 86
Mesoporphyrin ND None 74, 75
Dex-BTC-Hb Human 200 Conjugated with 11, 25, 79
dextran benzene-
tetracarboxylate
aa-Hb, aDBBF-Hb, DBBF-Hb Human 64 Intramolecularly 17, 18, 33,
cross-linked with 54, 62, 79
dibromosalicylfimarate
Polymerized a-DBBF-Hb Human 400 Polymerization with 33
bis(maleoglycylamide)
polyethylene (BMAA-
PEG)
Polynitroxylated aa-Hb Human ND Polynitroxylated 62
Liposome encapsulated Hb Human 212 nm Encapsulation 59, 95
Hb polytaur a-Human Polymerization of Hb- 23
and B-bovine minotaur
PolyHb, polyheme Human ND Polymerization 14
o-Raffinose cross-linked Hb, hemolink Human 128 Cross-linked with 94
o-raffinose
Hb cross-linked intra- and intermolecularly Bovine ND Crosslinked intra- and 76
with o-adenosine intermolecularly with
o-adenosine
Erythrocytes lysates Human ND Lysis 15, 94
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blood substitute consisting of Hb crosslinked intra and inter-
molecularly with o-adenosine decreased it (78). So unmodified
oxyHb can scavenge endothelial NO. Finally Simoni et al. re-
ported that Hb induced hemodynamic changes mediated, in part,
by the disruption of NO vasodilator activity (78).

eNOS transcription and translation could balance NO scav-
enging by HBOC infusions. HAEC incubated for 3 h in the
presence of two different Hb derivatives, Dex-BTC-Hb and aa-
Hb, did not exhibit any change of mRNA or protein expression
(81).

To show the impact of different substances on vasomotion,
experimental models of veins or arteries have been developed
consisting of vascular rings mounted in tissue baths. Exposure
of vascular rings to Hb results in vasoconstriction (33, 60, 86).
Chavez—Negrete and co-workers showed that there was no dif-
ference between stroma-free Hb and starch-hemoglobin (MW:
200-260 kDa) on the in vitro contractile activity of adult male
rats aortic rings (14). Their findings do not support the hy-
pothesis that an increase of Hb molecule size prevents Hb ex-
travasation, and the consequent vasoconstriction due to NO
scavenging by Hb in the cellular space between endothelium
and smooth muscle cells.

iNOS was originally discovered in macrophages (94) but is
also expressed in EC. It is induced by proinflammatory cyto-
kines (29, 83) and shear stress (65). It generates significantly
greater and more sustained amounts of NO compared to eNOS.
The micromolar concentrations generated by high-output iNOS
are microbicidal as well as pro-inflammatory, damaging to the
surrounding cells and tissues. iNOS is thought to contribute to
the S-nitrosylation of Hb (63).

A fight for survival

Hb is a heme protein exhibiting catalase and peroxidase ac-
tivities (30, 69). Cytotoxic activity is displayed by all peroxi-
dases tested so far, as well as by various degradation products
of heme proteins, including microperoxidase and hemin (7). The
enzymatic system responsible for cell death consists of the cy-
totoxic triad: myeloperoxidase, H>O, generated by the NADH
oxidase, and endogenous chloride (halide ion) (25). It is now
generally accepted that this mechanism involves an oxidation
of the halide to the corresponding hypohalous acid by the per-
oxidase (57). The hypohalous acid (HOCI, HOI) then attacks
cells in a series of nonenzymatic reactions, leading to its de-
struction.

The peroxidase activity of hemoproteins involving the ferryl
heme intermediate is well recognized (Hb cycles between Fe3 ™
and Fe*™ as it consumes H,0,); this activity has been detected
in human and animal whole blood by electron paramagnetic
resonance microscopy (79).

Oxidized Hb cytotoxicity varies from cells injury to cell
death. EC incubated with oxidized Hb become round, showing
a detachment of the cells from the culture surface and cell death
(19). In a model of hypoxia reoxygenation with a—DBBF Hb,
McLeod et al. showed that cell survival depends on the isch-
emia period and on the Hb concentration used during reoxy-
genation (56). a—DBBF Hb at 60 and 100 wM did not affect
cell survival, whereas 200 uM increased toxicity on both con-
trol and cells subjected to varying periods of hypoxia—reoxy-
genation.
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Further molecular mechanisms concern DNA fragmentation,
cell cycle arrest, and alteration of DNA content. Goldman and
collaborators demonstrated that DNA fragmentation occurring
in EC after a contact with H>O; can be decreased by addition
of free hemoglobin (HbAy) (33). D’Agnillo and co-workers
showed that HbA, and DBBF-Hb reduce the number of early
apoptotic cells treated with H,O, (17). The effect of DBBF-Hb
is lower than HbA one. This indicates that there are two lev-
els of Hb implication: (a) Hb catalytically lower tissue H,O,
and alter the course of death, (b) Hb can be directly toxic to
cells, oxidizing into more reactive oxidation states (ferrylHb).
Furthermore, they concluded that the apparent difference in the
pro-apoptotic effects between the two Hb may reflect their dif-
ferent rates of HO, consumption. D’ Agnillo and collaborators
investigated the cytotoxicity of DBBF-Hb and glucose oxidase-
generated H,O, (19). They showed that the redox cycling of
DBBF-Hb by low levels of enzymatically generated H,O, in-
duces G2/M cell cycle arrest, which was followed by apopto-
sis of growth-arrested cells.

Impairment of cells integrity/metabolism

Glutathione (GSH) concentration remains a great indicator
of oxidative stress. Unmodified Hb seems to decrease intracel-
lular content of GSH (78). This suggested that it creates an ox-
idative stress and free radical production, which oxidized GSH
into GSSG. Moreover, the combination of H,O, with HbA or
DBBF-Hb produces a significant decrease in GSH contents
compared to H,O, alone (17). D’ Agnillo and co-workers con-
cluded that the formation of ferryl intermediate was closely
linked to a greater loss of GSH (17). The enhanced loss of GSH
may be explained by the aggravated peroxidative stress induced
by heme-mediated lipid peroxidation processes, or possibly the
efflux of GSH from stressed cells. Furthermore, McLeod and
co-workers proved that reoxygenation during 3 h with free Hb
caused depletion of intracellular GSH in a concentration-de-
pendent manner (56).

EC produce H,O; under normal conditions and to a greater
extent after anoxia or ischemia followed by reperfusion (100).
Oxidation of Hb by H,O, has been correlated with oxidative
stress and cell injury (58). H,O, converts carboxylic acids into
peroxy acids, which are used as oxidizing agents (44). This phe-
nomenon is part of lipid peroxidation.

Unmodified Hb increases the production of lipid hydroper-
oxides (LOOH) in human coronary artery endothelial cells
(HCAEC), but Hb crosslinked intra and intermolecularly with
o-adenosine is nontoxic (78). McLeod and collaborators dem-
onstrated the correlation between the ischemic period on BAEC
and the quantity of lipids peroxidized (56). They also showed
that addition of «—DBBF Hb caused a significant increase in
lipid peroxidation after 2 h of hypoxia, followed by 1 h of re-
oxygenation.

Lactate is an indicator of cells suffering during hypoxia/re-
oxygenation. McLeod and collaborators (56) showed that lac-
tate production was increased in BAEC during hypoxia, and de-
pendent on the duration of hypoxia. Simoni and co-workers
compared the cytotoxic effects of different Hb oxidation states
(ferrous, ferric, ferryl) and molecular weights (400—1,020 kDa)
on HUVEC (77). The lactate dehydrogenase level was highest
following incubation with ferrylHb and lowest with low mo-
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lecular weight polymerized Hb. So, the oxidation state of iron
in Hb plays an important role in EC injury induction.

The intracellular signal that links systemic or local external
stimuli to the synthesis and release of vasoactive compounds
such as endothelins and EDRF, appears to be the level of Ca**
which activates Ca?*-dependent enzymes like eNOS. High lev-
els of [Ca®"]i are toxic and may affect cell function and cause
cell death.

Simoni and co-workers demonstrated that unmodified Hb sig-
nificantly increases [Ca>*]i in HUVEC in comparison with pu-
rified Hb crosslinked intramolecularly with o-adenosine triphos-
phate and intermolecularly with o-adenosine. They concluded
that an increase in [Ca®"]i may be triggered by Hb mediated gen-
eration of oxygen free radicals (77). Zhang et al. tested Hemo-
link as a purified Hb versus erythrocyte lysate on BPAEC (97).
Hemolink produced a very weak elevation in [Ca®*]i compared
to erythrocyte lysate. Erythrocyte lysate is known to be cytotoxic
(16) so they suggested that this toxicity can be related to reac-
tive oxygen radical generation from the lysate.

In conclusion, oxidative stress is one of the major conse-
quences of Hb injection in human blood circulation. Indeed, Hb
can be oxidized, even if modified, into met or ferryl Hb. These
two compounds can provoke chain reactions such as heme oxy-
genase activation, or deleterious effects to EC such as mor-
phological modification, lipid peroxidation, or cell death. Hb
can also react with NO to form HbNO and become no longer
physiologically available, H,O, to form Hb higher oxidation
states. Hb can cause an imbalance in the concentration of glu-
tathione, lactate after hypoxia or calcium.

INFLAMMATION AS A BELL
FOR RECRUITMENT

EC are a control center of the propagation of inflammatory
reactions because their major role is to amplify the immune re-
sponse (92). Inflammation induces the release of cytokines in-
terleukin-1 (IL-1) and tumor necrosis factor (TNF) from vari-
ous immune cells activating EC to upregulate receptors
(VCAM-1, ICAM-1, and E-selectin). Receptor upregulation in-
creases extravasation of neutrophils and monocytes to the in-
fected site (diapedesis).

Inflammatory mediators

EC are activated by interleukins (IL-1, IL-4) and tumor ne-
crosis factor-a (TNFa) liberated by macrophages and other
white cells (11, 71). Following this activation, EC express in-
flammatory mediators like IL-6 and IL-8 (39, 51). Zhu and col-
laborators showed that IL-6 mRNA increases 30 min after the
incubation of murine endothelioma cell line with encapsulated
Hb (98) with a maximum at 4 h. More recently, Liu et al. de-
tected an increase of IL-6 and IL-8 released by HUVEC after
incubation with methemoglobin (51).

Adhesion molecules for leukocytes attraction

Membrane receptors are divided in two families: selectin and
cell adhesion molecules (CAM) expressed on EC during the in-
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flammation and implied in leukocyte diapedesis. E-selectin is
the earliest mediator of leukocytes rolling on EC. CAM like
ICAM-1 and VCAM-1 mediate firm adhesion between leuko-
cytes and endothelium. The expression of adhesion molecules
by EC during activation is the most studied phenomenon in the
inflammation induced by HBOC.

It has been demonstrated that an oxidant can increase ICAM-
1 expression. Indeed, HUVEC cultured in vitro with 0.1 mM
H,0, showed a two- to threefold increase in both ICAM-1 pro-
tein and mRNA between 0.5 and 2 h of stimulation (50).

Wagener et al. demonstrated that mesoporphyrin (a heme
oxygenase inhibitor imitating Hb) increases ICAM-1 expres-
sion on HUVEC in a time and concentration dependant man-
ner (89). The oxidation state of Hb is an important factor to
predict the expression of inflammatory receptors on EC. Indeed,
heme and methemoglobin are able to upregulate ICAM-1,
VCAM-1, and E-selectin (49, 88) whereas polyHb decrease the
inflammatory effect of TNF-o on HMVEC (15). Moreover,
modified Hb such as Dex-BTC-Hb or aaHb did not affect
ICAM-1 expression (81).

Leukocyte adhesion

To our knowledge, few publications on the in vitro impact
of HBOC on EC/leukocytes interactions are available in the
literature. McFaul ef al. showed that incubation of leukocytes
with HbA( stimulates the release of different cytokines (IL-
8, IL-6, and TNF-a) (55). Furthermore, they demonstrated that
plasma from blood incubated with HbA exhibited chemotac-
tic activity and stimulated HUVEC to become adherent to neu-
trophils.

Okayama and co-workers highlighted the antioxidant-anti-in-
flammatory effect of polynitroxylated aa-Hb (PNH) (64). They
compared the effects of aaw-Hb and PNH on xanthine oxidase
and H,0O,-induced neutrophil-endothelial adhesion in vitro. Per-
oxide and superoxide generated by xanthine oxidase enhance
endothelial/neutrophil adhesion. aa-Hb increases the release of
these two products whereas PNH inhibited it.

When Hb directly meets endothelial cells

Extravasation of Hb and change of vascular permeability
have been associated with the use of HBOC. A precise quanti-
tative assessment of these phenomena, due to oncotic pressure
modifying the hydrostatic equilibrium between compartments,
is fundamentally important toward understanding HBOC in-
travascular behaviour and oxygen delivery potential.

Dull and colleagues (24) demonstrated that polymerized Hb
solutions (Hb-Polytaur and Hb-(Polytaur)n) induced endothe-
lial barrier dysfunction like complete loss of restricted diffu-
sion across monolayers of capillary EC.

Nakai and collaborators created a double chamber separated
by an EC monolayer grown on a microporous filter to measure
permeability characteristics of Hb derivatives and effects of
their molecular mass (from free to liposome encapsulated Hb)
(61). After 60 min of incubation, it was demonstrated that Hb
derivatives with small molecular mass have increased perme-
abilities. Intramolecular crosslinking slightly reduced the per-
meability coefficient compared with free Hb. The biggest mol-
ecules (PegHb and liposome encapsulated Hb) are less able to
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cross the EC monolayer. This result suggests that EC are a se-
lective barrier able to decrease the diffusion of high molecular
weight HBOC, defending a better intravascular half-life of high
molecular weight Hb.

Furthermore, it has been proposed that the formation of
HbNO could potentiate the uptake of Hb by EC (60). However,
the presence of free Hb was detected inside guinea pig aortic
EC after injection of Dex-BTC-Hb (26) in an animal treated
with N-nitro-L-arginine methyl ester (L-NAME), a NO syn-
thase inhibitor (74). Faivre—Fiorina and collaborators concluded
that the formation of HbNO does not enhance the uptake of Hb
by EC and is not a prerequisite for Hb entry (26).

CULTURE SYSTEMS OR CONDITIONING
ENDOTHELIAL CELL REACTIONS
FACE TO HB

There are various techniques to cultivate EC to test blood
substitutes. The classic technique consists in growing EC in a
culture flask in an incubator with 5% CO,. Several teams
worked on the simulation of hypoxia/reoxygenation. They cul-
tivated EC with 0 or 1% O, for different periods of time, re-
oxygenated with HBOC, and measured different parameters
such as H,O,, lactate production, glutathione and lipid peroxi-
dation (18, 56, 95).

More sophisticated systems have been developed to simulate
shear stress applied on the vessel wall by bloodstream (12, 84,
99). Strangely, to our knowledge, no publication is available on
the evaluation of HBOC impact on EC submitted to shear stress.
Our team developed a laminar flow chamber to study mechan-
otransduction in EC (28, 59). We adapted this system to HBOC
and are currently collecting data on the interaction between
HBOC and sheared HUVEC.

THOUGHTS AND REMARKS

The most important goal for the future is to create a safe
blood substitute for human transfusion without any or low sec-
ondary effects like vasoconstriction and oxidative stress. Vaso-
constriction is a phenomenon thus far attributed to NO scav-
enging by Hb, but a new interesting explanation has been
recently discovered. Indeed, vasoconstriction would be due to
Hb extravasation from blood vessels and a too high Psq (82).
This demonstrates that the fundamental mechanisms of vaso-
constriction induced by free Hb are not totally understood and
need to be reconsidered using fundamental models like cells
and organs culture. Oxidative stress is the second main side ef-
fect of blood substitutes. Indeed, the iron present in the Hb can
auto-oxidate, leading to great oxidative stress toward the en-
dothelium.

Chemical and/or genetic modifications of Hb can suppress
or enhance these reactions. For the moment, researchers are
working on the expression of modified Hb into microorgan-
isms. This is the aim of the EBS project. The project will
span 3 years of intensive research into the development of a
technological baseline for producing blood substitute com-
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ponents (novel heme proteins) using micro-organisms such
as bacteria and fungi. The EBS Project will provide a tech-
nological baseline to use micro-organisms as cell factories
for the production of a much needed, effective blood substi-
tute that will help solve the problems associated with using
donor blood for transfusions. Such technology has the ca-
pacity to produce a ‘tailor-made’ blood substitute with novel
properties. For every new molecule designed, in vitro tests
have to be performed on cells to measure potential interac-
tions. Despite its necessity in terms of screening new mole-
cule toxicity and impact, few publications on the measure of
EC interaction with blood substitutes are available. One can
wonder why such experiments are not a systematic scheme
for Hb development. In vitro tests on EC or vessels rings and
co-culture models should serve to understand fundamental
mechanisms of Hb side effects (vasoconstriction, oxidative
stress). We recently proposed a new system to reconcile in
vitro and in vivo studies by applying Hb on EC under shear
stress to mimic blood flow (28). This system enables re-
searchers to investigate variation of blood viscosity, shear
stress, and Hb concentration, and other parameters before
starting investigations on more complexe models such as an-
imals, a way for a more bioethical research.

ACKNOWLEDGMENTS

The authors thank the EuroBloodSubstitutes project for sup-
porting this work.

ABBREVIATIONS

BAEC, bovine aortic endothelial cells; BPAEC, bovine pul-
monary artery EC; [Ca?*]1, intracellular calcium concentration;
DBBF, bis(dibromosalicyl)fumarate; Dex-BTC-Hb,: dextran
benzenetetracarboxylate haemoglobin; EC, endothelial cells;
EDREF, endothelium-derived relaxing factor; GSH/GSSG, re-
duced/oxidized glutathione; H,O,, hydrogen peroxide; HAEC,
human aortic endothelial cells; Hb/Hbs, hemoglobin/hemoglo-
bins; HbA,, hemoglobin A; HbFe?*/HbO,/OxyHb, ferrous he-
moglobin/oxygenated haemoglobin; HbFe3*/metHb, met
haemoglobin; HBOC, hemoglobin based oxygen carriers;
HCAEC, human coronary artery endothelial cells; HIV, human
immunodeficiency virus; HMVEC, human lung microvascular
endothelial cells; HO/HO-1, HO-2, HO-3, heme oxygenase/
heme oxygenase-1, -2, -3; HUVEC, human umbilical vein en-
dothelial cells; ICAM-, intercellular adhesion molecule; IL-1,
1L4, 1L6, IL8, interleukin-1, -4, -6, -8; L-NAME, N-nitro-L-
arginine methyl ester; LOOH, lipid hydroperoxides; MW, mo-
lecular weight; NADH, reduced nicotinamide adenine dinu-
cleotide; Na,S, sodium sulfide; NO/NOo/NO%/NO?3, nitric
oxide/nitrogen  dioxide/nitrite/nitrate; NOS/eNOS, NOS
[I/iNOS, NOS II/nNOS, NOS I, NO synthase/ endothelial
NOS/ inducible NOS/neuronal NOS; 02", superoxide;
ONOO™, peroxinitrite; PEG, polyethylene glycol; PFC, per-
fluorocarbon; PNH, polynitroxylated ac-Hb; RBC, red blood
cells; TNF, TNF-a: tumor necrosis factor; VCAM-1, vascular
cell adhesion molecule.
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