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Abstract

The blood’s major gas-exchange is carried out by haemoglobin, a heme-protein that binds
iron and oxygen and can have potentially dangerous side effects due to redox reactions.
Haemoglobin is a very abundant molecule with a concentration of 150 g/L in whole blood,
resulting in almost one kg haemoglobin in an adult human body. Normal turn-over of red
blood cells results in significant haemoglobin release, and pathological conditions that involve
haemolysis can lead to massive haemoglobin levels. To control for the potential threat of
extracellular haemoglobin, several protective defence systems have evolved.

Many pathological conditions, diseases as well as iatrogenic conditions, such as infusion of
haemoglobin-based oxygen carriers, cerebral intraventricular haemorrhage, extracorporeal
circulation and the pregnancy complication preeclampsia, involve abnormal levels of
haemolysis and extracellular haemoglobin. Although quite different aetiology, the
haemoglobin-induced damage often cause similar clinical sequelae and symptoms. Here we
will give an overview of the pathophysiological mechanisms of extracellular haemoglobin
and its metabolites. Furthermore, we will highlight the use of animal models in advancing the
understanding of these mechanisms and discuss how to utilize the knowledge in the

development of new and better pharmaceutical therapies.
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Introduction

Human red blood cells (RBCs) in circulation have a ~120 days life-span, after which they are
phagocytized by resident macrophages in the reticuloendothelial system [1, 2]. RBCs have a
major role in gas exchange between lungs and tissues as well as in maintaining pH-
homeostasis of the body. RBCs are packed with haemoglobin (Hb), a highly reactive protein
with numerous chemical and biological properties, including a potent extracellular toxicity,
besides its gas-transporting functions [1, 3-5]. While encapsulated within the RBCs, the Hb-
molecules are sequestered and the potentially damaging pathways are delimited. However,

many clinical conditions result in haemolysis and tissue exposure to extracellular Hb.

Extracellular haemoglobin

A highly reactive and potentially cytotoxic protein

The balance between normal physiology and toxicity is largely dependent on the physical and
biochemical barrier, presented by the RBC membrane, separating Hb from the extra-RBC
environment. Furthermore, RBCs contain a unique setup of enzymatic mechanisms that
preserves intracellular Hb in its functional state and prohibits deleterious side-reactions [6, 7].
Despite this sophisticated system to retain the Hb, significant amounts of Hb escape the
RBCs, henceforth denoted as extracellular Hb, during normal RBC turn-over and massive
amounts can be released during pathological conditions involving haemolysis. Once Hb
escapes the intra-RBC compartment, it is highly reactive and activates cytotoxic, oxidative
and inflammatory pathways, eventually leading to tissue damage [8, 9]. Extracellular Hb is
rapidly oxidised from ferrous (Fe®*, denoted oxyHb) to ferric (Fe®*, denoted metHb) Hb [10,
11], which readily releases the heme group [12]. Heme is highly lipophilic and binds to lipids
intercalating into cell membranes, which results in toxic cytolytic effects [13]. Moreover, free

heme is very redox reactive and can damage lipids, proteins and DNA through oxidative



modification, cross-linking and fragmentation [14]. In vivo, several physiological and
pathophysiological responses are induced by these redox reactions, for instance formation of
signalling molecules often derived from oxidation of lipids [15]. The central concept of
“redox cell signalling” is that changes in the reductive or oxidative capacity of the cell can
lead to posttranslational modifications of proteins [16-18]. This is an emerging field of
research in pathologies such as atherosclerosis, ischemia/reperfusion injuries, post-haemolytic
injuries, and blood substitutes.

Besides acting as a redox component, extracellular Hb may also bind and react with nitric
oxide (NO)[19]. Extracellular Hb thus affects the vasomotor tone, which reflects in the
clinical observation that haemolysis and elevated extracellular Hb-concentrations are

associated with hypertension (Fig. 1).

Evolutionarily developed protective mechanisms

A number of Hb- and heme-detoxification systems are described in humans. Haptoglobin
(Hp) binds extracellular Hb in blood [4, 20], and following binding to the CD163 receptor on
macrophages the Hp-Hb complex is removed from the circulation [21]. Free heme in blood is
cleared by both aloumin and hemopexin (Hpx) [4, 14, 22] and the hepatocyte receptor CD91
removes the Hpx-heme complex from the circulation [23]. A complex network of
antioxidation mechanisms (such as superoxide dismutase, glutathione peroxidase and
catalase) inhibit and eliminate the oxidative compounds and repair the oxidative damage from
uncleared Hb. Intracellularly, heme oxygenase (HO) is the most essential heme catabolic
protein, converting heme to free iron, biliverdin and CO [13, 24]. Additionally, the plasma
and tissue protein au-microglobulin (A1M) has been described to bind and degrade heme. A

series of reports describe that A1M has a physiological role as a protective antioxidant by



clearing extravascular fluids of free radicals and heme-groups, and transporting them to the

kidneys for degradation (reviewed in [25])(Fig. 2).

Haemoglobin based oxygen carriers

For more than 70 years, there have been attempts to develop blood substitutes or “artificial
blood”. Some of the products, most of them different derivatives of Hb, have undergone
clinical trials but so far none have been approved for medical use. As blood has many
molecules with functions apart from the transportation of oxygen, the term ‘haemoglobin-
based oxygen carrier’ (‘HBOC”) is typically used in this context. There are several important
clinical applications that drives the development of HBOCs for medical use. Replacement of
blood transfusion products (e.g. stored bank blood), reducing the risk of immunological
complications and resolving the issue of a scarcity of bank blood is apparent areas. The
development of a clinically approved HBOC would also enable Hb replacement therapy to

patients from groups that are concerned in regards to receiving human blood products.

Evaluation of HBOCs in animal models

Although it is possible to make fairly detailed studies of the molecular reactivity of HBOCs
using in vitro studies, documented safety and efficacy in animal models is an absolute
requirement before entering into human clinical trials.

In regards to safety, the toxicology studies that are needed for HBOCs will be similar to other
biological compounds. Importantly, as a result of comprehensive human clinical studies
during the last decades, a fair amount of data in regards to HBOC related toxicity is nowadays
available and can broadly be divided into the following categories: oxidative stress,
hypertension and cardiac toxicity (reviewed in Buhler et al [26]). The hypertension is believed

to be a result of NO-consumption in the vascular endothelium, whereas the oxidative stress is



a result of the free radicals formed during redox cycling of Hb [26]. The cardiac toxicity have
been mimicked in laboratory animals by a NO-synthase inhibitor, suggesting that the resulting
toxicity is a result of NO-depletion, but the mechanism may be more complicated [27].
Studies of HBOC efficacy have so far mainly been conducted in bleeding and trauma models.
When conducting efficacy studies, it is important that the pathophysiology of the insult is
relevant in a clinical context and that the selected animal species can be considered a relevant
and transferable species when comparing to humans. A number of different animal species
have been used to study HBOC efficacy, including rat, dog, sheep, pig and rhesus monkey
[27]. Furthermore, guinea pig is a commonly used animal species for testing HBOCs as
guinea pigs, like humans, are incapable of endogenous synthesis of ascorbic acid [28, 29].
This incapability implies a more pronounced susceptibility to Hb toxicity, as has been nicely
shown in a comparative trial using rats and guinea pigs [30]. However, guinea pig is a
relatively unused species in drug development and it can therefore be speculated that future
HBOC animal studies will not use only one single vertebrate species, but several different
species. The importance of using more than one species to test HBOC is underscored by the
finding that the cardiac toxicity mentioned above was not seen in species like mouse and rat

[27].

Next generation HBOCs may require different animal models than the ones used in the past
In the past, HBOCs have typically been evaluated in clinical trials as a blood substitute where
the standard therapy would be RBCs from human donors. In fact, all HBOCs entering into
clinical trials have been based on either human or bovine Hb. As a result of technical
advancement, the development of next generation HBOCs will most likely allow altered
properties compared to native forms of Hb. These may be more stable against degradation,

have higher oxygen affinity or have an altered binding affinity to Hp or other host molecules.



Consequently, these HBOCs may become interesting for use in clinical indications other than
as “blood substitute”. New indications will most likely require development of new or altered

animal models, both with regards to safety and efficacy.

Cerebral intraventricular haemorrhage

Cerebral intraventricular haemorrhage (IVH) is a significant problem in neonatal intensive
care with an incidence of 25% in very low birth weight infants [31]. Complications of IVH,
including periventricular haemorrhagic infarction, posthaemorrhagic ventricular dilatation
(PHVD) and the associated cerebellar haemorrhagic injury and periventricular leukomalacia
are critical determinants of neonatal morbidity, mortality, and long-term neurodevelopmental
sequelae [32]. Approximately 50% to 75% of preterm survivors with [VH/PHVD develop
cerebral palsy and mental retardation [33]. Moreover, around a quarter of non-disabled
survivors develop psychiatric disorders and problems with executive function [34, 35]. Hence,
IVH and its resultant neurologic and psychiatric sequelae continue to be an important public

health concern worldwide.

Aetiology and studies of Hb-related brain damage in animal models

The aetiology of IVH is multifactorial, complex, heterogeneous and incompletely understood.
At present, IVH is neither preventable nor treatable and hence there is a great need to obtain a
better understanding of the molecular mechanisms of brain damage and to develop treatment
strategies to prevent or minimize the neurologic consequences of IVH. With regards to this, a
number of animal species, including mouse, rat, rabbit, sheep, pig, dog, cat, and primate, have
been used to model IVH. These include studies of needle injected blood or collagenase into
the cerebral intraventricular space or alterations in haemodynamic parameters, i.e. blood

pressure, circulating blood volume, serum osmolarity, partial carbon dioxide or oxygen levels



[36]. None of these animal models can be considered ideal, but in combination each of them
aid in obtaining a better understanding of the underlying pathophysiological mechanisms of
IVH. A generally accepted description of how I\VVH develops is that following rupture of
blood vessels within the germinal matrix, there is a rapid accumulation of blood within the
ventricles leading to disruption of normal anatomy and increased local intracerebral pressure.
Secondary brain damage is attributable to a number of pathways where the presence of blood
and the initial hematoma volume is of great importance [13]. In a preterm rabbit pup model of
IVH, it was recently shown that extracellular Hb infiltrates and is widely dispersed in large
regions of the cerebral periventricular white matter, especially in areas with high extracellular
plasticity [37]. Furthermore, metHb was shown to be a potent inducer of pro-inflammation,

displaying a strong correlation with TNFo. protein levels in intraventricular CSF and

increased mRNA levels for TNFa, IL-1p and of HO-1 in periventricular brain tissue [10, 38].

Scavenger studies of Hb-metabolites display the importance of Hb in the pathophysiology

To support the hypothesis of extracellular Hb mediated toxicity, several Hb-, heme- and ROS-
neutralising systems has been investigated. It has been shown that intracerebroventricular
injection of the Hb-scavenger Hp in vivo reversed or reduced cellular activation, inflammatory
response, structural damage, and cell death following IVH [38](Fig. 3). Deferoxamine, a
potent free iron chelator, has been shown to attenuate hippocampal cell loss following IVH
[39]. Of further interest, it was recently shown that deletion of Hpx, a natural heme-
scavenger, leads to aggravated brain injury following intracranial bleeding and increased iron
deposition [40]. Altogether, these data suggest that extracellular Hb plays a crucial role in

development of brain damage following IVH.



Extracorporeal circulation and haemolysis

Extracorporeal circulation, i.e. extracorporeal membrane oxygenation (ECMO) and
cardiopulmonary bypass (CPB), invariably leads to haemolysis and systemic exposure to
extracellular Hb as a result of shear forces on the RBCs and, in paediatric extracorporeal
circulation, as a result of circuit priming. Furthermore, blood transfusions commonly needed
in conditions requiring extracorporeal circulation contribute to the haemolytic burden. Recent
studies have shown a clear association between extracellular Hb and the development of
postoperative acute kidney injury after surgery on CPB [41-44], suggesting a crucial role in
the induction of inflammation and oxidative stress by Hb and its metabolites [45]. In clinical
studies on paediatric and adult ECMO patients increased levels of plasma extracellular Hb are
associated with increased mortality [43, 46].

Granted the inevitable need for extracorporeal circulation in some clinical settings, and the
increased morbidity and mortality associated with intravascular haemolysis, it is essential to
define if there is a causal connection between the well-described molecular reactivity of
extracellular Hb and clinically relevant outcomes, or if the association remains a numerical
association. The use of animal studies might provide the means of establishing a causative
link, and ultimately, a possibility to evaluate different treatment options. Full-scale animal
models have been developed in primates and non-primates and miniature circuits have been
developed for studies on rodents and lagomorphs [47-49]. Importantly, the implementation of
extracorporeal circulation requires a circuit that has similar characteristics as the clinical
counterparts. As of now, most small-animal circuits are developed at the research site with
disparate techniques and disparate performance. A more standardized setting would be
required to transfer results between different animal studies, and to translate the results into a

clinical context. Up to date, few animal studies exist that specifically intended to delineate the



contribution of extracellular Hb to significant end-organ damage in the context of

extracorporeal circulation.

Preeclampsia

Preeclampsia (PE) is one of the most serious pregnancy-related diseases, affecting 3-7 % of
pregnant women, making it the leading cause of maternal and foetal morbidity and mortality
[50, 51]. Currently, symptomatic blood pressure treatment is the only available treatment for

PE and to date the only known cure is delivery.

Animal models support the involvement of foetal Hb in the aetiology

PE is described to have a placental origin, even if the exact aetiology remains unknown, and
is believed to evolve in two stages [52]. The first stage occurs during the formation of the
placenta, with defective and shallow invasion and remodelling of the spiral arteries resulting
in uneven blood perfusion [53]. The second stage include de novo proteinuria and
hypertension, appearing as a clinical manifestation after 20 weeks of gestation [54], likely
caused by placental-derived material and substances [55-58].

Foetal extracellular Hb (HbF) is believed to play a role in the pathophysiology of PE by
inducing damage to the placenta barrier and the subsequent leakage of foetal factors,
including HbF into the maternal blood circulation. Clinical studies have shown that there is an
increased expression and accumulation of extracellular HbF in the placenta of preeclamptic
mothers [59] and results suggest a role for HbF as an important link between stage 1 and 2 in
PE [60].

The importance of extracellular Hb in the development of PE has been studied in a few
animal models, including rat, rabbit and sheep [61-63]. Following systemic administration of

HbF, kidneys displayed an increased glomerular permeability to macromolecules as well as
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tissue damage. The importance of HbF-induced kidney damage was further supported by the
finding that co-administration of the heme- and radical scavenger A1M restored the structure
and function in the kidneys by normalizing both glomerular filtration rate and histology [62].
The importance of Hb in the development of PE was further studied, using a pregnant ewe
animal model where PE equivalent symptoms are induced by starvation, causing haemolysis
and subsequent release of Hb [63, 64]. In this model, an elimination of the collagen fibres and
cellular damage in the placenta was observed. The kidneys displayed structural damage and
increased glomerular filtration. Co-administration of A1M was shown to ameliorate the
structural tissue damages seen in kidney and placenta and restored the glomerular filtration
rate, thus supporting a causal role of extracellular Hb in the development of PE.

In a pregnant rabbit model, administration of species-specific extracellular HbF mimic the
human symptoms at stage two of the disease [61]. The rabbits displayed disrupted placental
morphology, proteinuria and renal glomerular lesions with a significantly increased
glomerular filtration. Co-administration of ALM ameliorated the proteinuria and reversed the
increased glomerular filtration, and the animals displayed a significant reduction of the

structural and cellular damages in placenta.

Concluding remarks

Extracellular Hb, resulting from haemolysis or exogenous infusion, is shown to be an
important pathogenic factor in a growing number of diseases. When using animal models to
establish causality of extracellular Hb and evaluate new therapeutic strategies, several pre-
requisites needs to be considered: the setting should 1) mirror clinical standards as closely as
possible to generate transferrable results, 2) allow long-term follow-up 3) be technically
simple and standardized, 4) be relatively inexpensive to allow significant group sizes, and 5)

use established and validated outcome measurements. Furthermore, the interpretation of

11



results derived from animal studies requires caution; animal models often evokes a complex
pathophysiology where extracellular Hb toxicity is but one of numerous potential causes of

harm.

12



Acknowledgments
The authors wish to acknowledge the contribution of past and present co-workers and
members of the research groups.

All authors wrote, read and approved the manuscript.

Competing Interests
We have read the journal's policy and the authors of this manuscript have the following
competing interests: the author MG is co-founder and shareholder of the company A1M

Pharma AB.

Abbreviations

Al1M, ai-microglobulin; CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane
oxygenation; Hb, haemoglobin; HbF, foetal haemoglobin; HBOC, haemoglobin based oxygen
carrier; HO, heme oxygenase; Hp, haptoglobin; Hpx, hemopexin; IVH, intraventricular
haemorrhage; MetHb, ferric (Fe®*) haemoglobin; NO, nitric oxide; OxyHb, ferrous (Fe?*)
haemoglobin; PE, preeclampsia; PHVD, post-haemorrhagic ventricular dilatation; RBC, red

blood cell.

13



References

10

11

12

13

14

15

16

17

18

19

20

21

Buehler PW, D'Agnillo F: Toxicological consequences of extracellular hemoglobin:
biochemical and physiological perspectives. Antioxid Redox Signal 2010; 12: 275-91.
Bratosin D, Mazurier J, Tissier JP, et al.: Cellular and molecular mechanisms of
senescent erythrocyte phagocytosis by macrophages. A review. Biochimie 1998; 80:
173-95.

Bunn H: Hemoglobin. Weinheim, 1992.

Ascenzi P, Bocedi A, Visca P, et al.: Hemoglobin and heme scavenging. IUBMB Life
2005; 57: 749-59.

Reeder BJ: The redox activity of hemoglobins: from physiologic functions to
pathologic mechanisms. Antioxid Redox Signal 2010; 13: 1087-123.

Rother RP, Bell L, Hillmen P, et al.: The clinical sequelae of intravascular hemolysis
and extracellular plasma hemoglobin: a novel mechanism of human disease. JAMA :
the journal of the American Medical Association 2005; 293: 1653-62.

Cimen MY : Free radical metabolism in human erythrocytes. Clin Chim Acta 2008;
390: 1-11.

Xi G, Keep RF, Hoff JT: Mechanisms of brain injury after intracerebral haemorrhage.
Lancet Neurol 2006; 5: 53-63.

Fang H, Wang PF, Zhou Y, et al.: Toll-like receptor 4 signaling in intracerebral
hemorrhage-induced inflammation and injury. J Neuroinflammation 2013; 10: 27.
Gram M, Sveinsdottir S, Ruscher K, et al.: Hemoglobin induces inflammation after
preterm intraventricular hemorrhage by methemoglobin formation. J
Neuroinflammation 2013; 10: 100.

Umbreit J: Methemoglobin--it's not just blue: a concise review. Am J Hematol 2007;
82:134-44.

Bunn HF, Jandl JH: Exchange of heme among hemoglobins and between hemoglobin
and albumin. J Biol Chem 1968; 243: 465-75.

Wagener FA, Eggert A, Boerman OC, et al.: Heme is a potent inducer of inflammation
in mice and is counteracted by heme oxygenase. Blood 2001; 98: 1802-11.

Kumar S, Bandyopadhyay U: Free heme toxicity and its detoxification systems in
human. Toxicol Lett 2005; 157: 175-88.

Poli G, Leonarduzzi G, Biasi F, et al.: Oxidative stress and cell signalling. Curr Med
Chem 2004; 11: 1163-82.

Cooper CE, Patel RP, Brookes PS, et al.: Nanotransducers in cellular redox signaling:
modification of thiols by reactive oxygen and nitrogen species. Trends Biochem Sci
2002; 27: 489-92.

Levonen AL, Patel RP, Brookes P, et al.: Mechanisms of cell signaling by nitric oxide
and peroxynitrite: from mitochondria to MAP kinases. Antioxid Redox Signal 2001; 3:
215-29.

Shiva S, Moellering D, Ramachandran A, et al.: Redox signalling: from nitric oxide to
oxidized lipids. Biochem Soc Symp 2004: 107-20.

Kim-Shapiro DB, Schechter AN, Gladwin MT: Unraveling the reactions of nitric
oxide, nitrite, and hemoglobin in physiology and therapeutics. Arteriosclerosis,
thrombosis, and vascular biology 2006; 26: 697-705.

Laurell CB, Nyman M: Studies on the serum haptoglobin level in hemoglobinemia
and its influence on renal excretion of hemoglobin. Blood 1957; 12: 493-506.
Kristiansen M, Graversen JH, Jacobsen C, et al.: Identification of the haemoglobin
scavenger receptor. Nature 2001; 409: 198-201.

14



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

Delanghe JR, Langlois MR: Hemopexin: a review of biological aspects and the role in
laboratory medicine. Clin Chim Acta 2001; 312: 13-23.

Hvidberg V, Maniecki MB, Jacobsen C, et al.: Identification of the receptor
scavenging hemopexin-heme complexes. Blood 2005; 106: 2572-9.

Tenhunen R, Marver HS, Schmid R: The enzymatic conversion of heme to bilirubin
by microsomal heme oxygenase. Proc Natl Acad Sci U S A 1968; 61: 748-55.
Akerstrém B, Gram M: A1M, an extravascular tissue cleaning and housekeeping
protein. Free Radic Biol Med 2014; 74: 274-82.

Buehler PW, D'Agnillo F, Schaer DJ: Hemoglobin-based oxygen carriers: From
mechanisms of toxicity and clearance to rational drug design. Trends Mol Med 2010;
16: 447-57.

Burhop K, Gordon D, Estep T: Review of hemoglobin-induced myocardial lesions.
Artif Cells Blood Substit Immobil Biotechnol 2004; 32: 353-74.

Nishikimi M, Fukuyama R, Minoshima S, et al.: Cloning and chromosomal mapping
of the human nonfunctional gene for L-gulono-gamma-lactone oxidase, the enzyme
for L-ascorbic acid biosynthesis missing in man. J Biol Chem 1994; 269: 13685-8.
Nishikimi M, Kawai T, Yagi K: Guinea pigs possess a highly mutated gene for L-
gulono-gamma-lactone oxidase, the key enzyme for L-ascorbic acid biosynthesis
missing in this species. J Biol Chem 1992; 267: 21967-72.

Butt Ol, Buehler PW, D'Agnillo F: Differential induction of renal heme oxygenase
and ferritin in ascorbate and nonascorbate producing species transfused with modified
cell-free hemoglobin. Antioxid Redox Signal 2010; 12: 199-208.

Vermont Oxford Network: Database of very low birth weight infants born in 2012.
Burlington, VT, USA, Nightingale Internet Reporting System, Accessed April 4,
2014.

Sherlock RL, Anderson PJ, Doyle LW, et al.: Neurodevelopmental sequelae of
intraventricular haemorrhage at 8 years of age in a regional cohort of ELBW/very
preterm infants. Early Hum Dev 2005; 81: 909-16.

Luu TM, Ment LR, Schneider KC, et al.: Lasting effects of preterm birth and neonatal
brain hemorrhage at 12 years of age. Pediatrics 2009; 123: 1037-44.

Indredavik MS, Vik T, Evensen KA, et al.: Perinatal risk and psychiatric outcome in
adolescents born preterm with very low birth weight or term small for gestational age.
J Dev Behav Pediatr 2010; 31: 286-94.

Nosarti C, Giouroukou E, Micali N, et al.: Impaired executive functioning in young
adults born very preterm. J Int Neuropsychol Soc 2007; 13: 571-81.
Balasubramaniam J, Del Bigio MR: Animal models of germinal matrix hemorrhage. J
Child Neurol 2006; 21: 365-71.

Ley D, Romantsik O, Vallius S, et al.: High Presence of Extracellular Hemoglobin in
the Periventricular White Matter Following Preterm Intraventricular Hemorrhage.
Frontiers in Physiology 2016; 7.

Gram M, Sveinsdottir S, Cinthio M, et al.: Extracellular hemoglobin - mediator of
inflammation and cell death in the choroid plexus following preterm intraventricular
hemorrhage. J Neuroinflammation 2014; 11: 200.

Garton TP, He Y, Garton HJ, et al.: Hemoglobin-induced neuronal degeneration in the
hippocampus after neonatal intraventricular hemorrhage. Brain Res 2016; 1635: 86-
94.

Ma B, Day JP, Phillips H, et al.: Deletion of the hemopexin or heme oxygenase-2 gene
aggravates brain injury following stroma-free hemoglobin-induced intracerebral
hemorrhage. J Neuroinflammation 2016; 13: 26.

15



41

42

43

44

45

46

47

48

49

50

o1

52

53

54

55

56

57

58

59

Vermeulen Windsant IC, Hanssen SJ, Buurman WA, et al.: Cardiovascular surgery
and organ damage: time to reconsider the role of hemolysis. J Thorac Cardiovasc
Surg 2011, 142: 1-11.

O'Neal JB, Shaw AD, Billings FTt: Acute kidney injury following cardiac surgery:
current understanding and future directions. Crit Care 2016; 20: 187.

Mamikonian LS, Mamo LB, Smith PB, et al.: Cardiopulmonary bypass is associated
with hemolysis and acute Kidney injury in neonates, infants, and children*. Pediatr
Crit Care Med 2014; 15: e111-9.

Billings FTt, Yu C, Byrne JG, et al.: Heme Oxygenase-1 and Acute Kidney Injury
following Cardiac Surgery. Cardiorenal Med 2014; 4: 12-21.

Haase M, Bellomo R, Haase-Fielitz A: Novel biomarkers, oxidative stress, and the
role of labile iron toxicity in cardiopulmonary bypass-associated acute kidney injury. J
Am Coll Cardiol 2010; 55: 2024-33.

Lou S, MacLaren G, Best D, et al.: Hemolysis in pediatric patients receiving
centrifugal-pump extracorporeal membrane oxygenation: prevalence, risk factors, and
outcomes. Crit Care Med 2014; 42: 1213-20.

Cook DJ, Orszulak TA, Daly RC: The effects of pulsatile cardiopulmonary bypass on
cerebral and renal blood flow in dogs. J Cardiothorac Vasc Anesth 1997; 11: 420-7.
Fujii Y, Shirai M, Inamori S, et al.: A novel small animal extracorporeal circulation
model for studying pathophysiology of cardiopulmonary bypass. J Artif Organs 2015;
18: 35-9.

Schnoering H, Arens J, Detering SM, et al.: Development of a rabbit animal model for
miniaturized heart-lung machines. ASAIO J 2013; 59: 152-6.

Berg CJ, Mackay AP, Qin C, et al.: Overview of maternal morbidity during
hospitalization for labor and delivery in the United States: 1993-1997 and 2001-2005.
Obstetrics and gynecology 2009; 113: 1075-81.

MacKay AP, Berg CJ, Atrash HK: Pregnancy-related mortality from preeclampsia and
eclampsia. Obstetrics and gynecology 2001; 97: 533-8.

Roberts JM, Hubel CA: The two stage model of preeclampsia: variations on the
theme. Placenta 2009; 30 Suppl A: S32-7.

Brosens JJ, Pijnenborg R, Brosens IA: The myometrial junctional zone spiral arteries
in normal and abnormal pregnancies: a review of the literature. Am J Obstet Gynecol
2002; 187: 1416-23.

Redman CW: Hypertension in pregnancy: the NICE guidelines. Heart 2011; 97: 1967-
9.

Redman CW, Sargent IL: Placental stress and pre-eclampsia: a revised view. Placenta
2009; 30 Suppl A: S38-42.

Roberts JM, Taylor RN, Musci TJ, et al.: Preeclampsia: an endothelial cell disorder.
Am J Obstet Gynecol 1989; 161: 1200-4.

Tjoa ML, Cindrova-Davies T, Spasic-Boskovic O, et al.: Trophoblastic oxidative
stress and the release of cell-free feto-placental DNA. The American journal of
pathology 2006; 169: 400-4.

Cronguvist T, Salje K, Familari M, et al.: Syncytiotrophoblast vesicles show altered
micro-RNA and haemoglobin content after ex-vivo perfusion of placentas with
haemoglobin to mimic preeclampsia. PLoS One 2014; 9: €90020.

Centlow M, Carninci P, Nemeth K, et al.: Placental expression profiling in
preeclampsia: local overproduction of hemoglobin may drive pathological changes.
Fertil Steril 2008; 90: 1834-43.

16



60

61

62

63

64

65

Hansson SR, Gram M, Akerstrém B: Fetal hemoglobin in preeclampsia: a new
causative factor, a tool for prediction/diagnosis and a potential target for therapy. Curr
Opin Obstet Gynecol 2013; 25: 448-55.

Né&av A, Erlandsson L, Axelsson J, et al..: AIM Ameliorates Preeclampsia-Like
Symptoms in Placenta and Kidney Induced by Cell-Free Fetal Hemoglobin in Rabbit.
PLoS One 2015; 10: e0125499.

Sverrisson K, Axelsson J, Rippe A, et al.: Extracellular fetal hemoglobin induces
increases in glomerular permeability: inhibition with alpha-1-microglobulin and
tempol. Am J Physiol Renal Physiol 2014; 306: F442-8.

Wester-Rosenlof L, Casslen V, Axelsson J, et al.: A1M/alpha-1-microglobulin
protects from heme-induced placental and renal damage in a pregnant sheep model of
preeclampsia. PLoS One 2014; 9: e86353.

Talosi G, Nemeth I, Nagy E, et al.: The pathogenetic role of heme in pregnancy-
induced hypertension-like disease in ewes. Biochem Mol Med 1997; 62: 58-64.
Olsson MG, Allhorn M, Bulow L, et al.: Pathological conditions involving
extracellular hemoglobin: molecular mechanisms, clinical significance, and novel
therapeutic opportunities for alpha-1-microglobulin. Antioxid Redox Signal 2012; 17:
813-46.

17



Figure Legends

Figure 1. Extracellular Hb-toxicity. While encapsulated within the RBCs, the Hb-molecules
are sequestered and the potentially damaging pathways are delimited. Once released into the
extracellular compartment, following haemolysis, Hb is highly reactive and is rapidly
oxidised. Subsequently, Hb easily loses the heme group and generates free iron and free
radicals. All of these components are highly cytotoxic and can generate an oxidative and
inflammatory response, eventually leading to tissue damage. Furthermore, extracellular Hb
may also bind and react with NO, consequently affecting the vasomotor tone and causing
hypertension. In addition, the metabolites formed by the Hb-degradation are haemolytic and
thus, oxidative stress accelerates the haemolysis, in a positive feed-back loop. Image modified

from Olsson M.G. et al. [65].

Figure 2. Endogenous scavenger systems against Hb-toxicity. Humans have evolved
several Hb- and heme-detoxification systems. Hp binds extracellular Hb in blood and the
resulting Hp-Hb complex is cleared by binding to the macrophage receptor CD163. Free
heme in blood is sequestered mainly by Hpx and the Hpx-heme complex is cleared from the
circulation by the hepatocyte receptor CD91. Antioxidation mechanisms inhibit and eliminate
the oxidative compounds and repair the oxidative damage caused by uncleared Hb.
Intracellularly, HO degrades heme. Extravascular and within tissues, A1M binds and degrades
both heme and free radicals. ALM will clear extravascular fluids of free radicals and heme-
groups, and transport them to the kidneys for degradation. Image modified from Olsson M.G.

etal. [65].

Figure 3. Hp reduces Hb-induced structural damage in the choroid plexus. The
importance of Hb-metabolite induced damage in the choroid plexus in vivo was investigated
by an intraventricular injection of the Hb-scavenger Hp (IVH+Hp) or vehicle solution

(IVH+Sham) to rabbit pups with confirmed I\VH. Examination of the structural integrity of
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the choroid plexus with transmission electron microscopy displayed a clearly reduced tissue
damage following Hp injection, as compared to vehicle solution injection. CP= choroid
plexus, V= ventricle, Vi= villi. Scale indicate 500 nm. Image modified from Gram M. et al.

[38].
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