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NMP with Blood Substitute preserves Endothelial Function

ABSTRACT

Background: Hemoglobin-based oxygen carriers (HBOCs) have been gaining increasing 
attention as a promising substitutes for packed red blood cells (RBC). However, 
concerns have been raised about the effect of HBOCs on endothelial cell function 
and its potential nitric oxide (NO) scavenging properties. The aim of this study was to 
examine of polymerized bovine HBOC-201 on liver endothelial cell function during ex 
situ normothermic machine perfusion (NMP) of donor livers.

Methods: Twenty-four livers, declined for transplantation, were transported to our 
center using static cold storage (SCS). After SCS, all livers underwent 6 hours of NMP with 
a perfusion solution either based on RBC + fresh frozen plasma (FFP) (n=12), HBOC-201 
+ FFP (n=6) or HBOC-201 + Gelofusine (n=6). Hemodynamics and vascular resistance 
were recorded over the course of perfusion. Endothelial cell function and injury were 
assessed by cumulative NO production and release of transmembrane glycoprotein 
thrombomodulin (TM) into the perfusate.

Results: After 6 hours of NMP, both portal and arterial flows were significantly higher 
in both HBOC-201 groups compared to RBC livers, P =.0007 and P = .02 respectively. 
Interestingly, after 6 hours of NMP, cumulative NO production was comparable at the 
end of NMP (P = .32). At the end of NMP, cumulative TM levels were significantly higher 
in RBC compared to HBOC-201 livers (P = .04). 

Conclusion: Contradictory to current believes, this study shows that ex situ NMP with a 
HBOC-201 based perfusion results in better vascular flows and comparable endothelial 
cell function compared to controls.
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INTRODUCTION

The global shortage of donor organs viable for transplantation pushes the utilization 
of suboptimal donor grafts. Whilst the current method of static cold storage (SCS) has 
been proven insufficient to maintain viability of these ‘extended criteria donor’ (ECD) 
grafts (1), the development of alternative methods of organ preservation is full swing. 

Normothermic machine perfusion (NMP) is a novel technique whereby human donor 
livers are perfused ex situ at physiological temperature (37 degrees Celsius). During NMP, 
adequate tissue perfusion and optimal oxygen delivery is of utmost importance as the 
liver is functioning at full metabolic pace. NMP is therefore generally performed using 
a perfusion solution based on human erythrocytes (2–5). However, financial and ethical 
burdens as well logistical challenges in using human packed red blood cells (RBCs), have 
driven researchers to investigate the use of red blood cell substitutes (6). Recently, our 
research group has published a paper on NMP of donor liver circumventing the need of 
human blood products by using an acellular hemoglobin-based oxygen carrier (HBOC) 
(7).

HBOC-201 (HbO2 Therapeutics) is a cell-free polymerized bovine hemoglobin-based 
oxygen carrier. Unlike human blood, HBOC-201 does not require ABO cross-matching and 
it can be stored at room temperature for as long as 3 years (8). Moreover, in comparison 
to native blood, the affinity of HBOC-201 to unload oxygen in peripheral tissues is higher, 
oxygen P50 of 40(±6) mmHg versus 27 mmHg, while the viscosity of HBOC-201 is lower 
(only 1.3 centipoise, which is about a third of blood) (9). All in all, HBOC-201 may behold 
many advantages over stored blood in certain circumstances. However, concerns have 
been raised about the application of HBOCs in humans after serious hemodynamic 
complications have been observed during treatment of hemorrhagic shock in clinical 
trials (10). The substantial increase in mean arterial pressure (MAP) observed in HBOC 
treated patients was thought to be the result of arteriolar vasoconstriction caused by 
‘nitric oxide scavenging’ by hemoglobin (Hb) molecules. 

Nitric oxide (NO) is a potent endothelial-derived vasodilator that modulates vascular 
tone by activating soluble guanylyl cyclase (sGC) in smooth muscle cells surrounding 
the vasculature (11). Paradoxically to its working side, NO is rapidly scavenged by 
Hb molecules. The major way whereby Hb destroys NO activity is known as the 
dioxygenation reaction; NO reacts with oxygenated hemoglobin to form to form ferric 
Hb (methemoglobin) and nitrate. 
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The ‘nitric oxide (NO) scavenging’ theory suggests that cell-free hemoglobin 
extravasates into or across the vascular wall and binds to NO produced by endothelial 
cells (12). Furthermore, NO scavenging is thought to be limited in RBC based solution by 
the so called ‘cell-free zone’ phenomenon. In small capillaries, red blood cells are subject 
to migration to the capillary center in Poiseuille flow creating proximity between the Hb 
molecules (in the center) and the NO working side (at the vessel wall) (13). 

The aim of this study was to examine the effect polymerized bovine HBOC-201 on liver 
endothelial cell function during ex situ normothermic machine perfusion of donor livers.

METHODS

Study Design
This study is designed as an experimental substudy of a project previously published 
by Matton et al. (7), performed at the University Medical Center Groningen. The study 
protocol was approved by the medical ethical committee of our institute and the Dutch 
Transplantation Foundation (NTS), the competent authority for organ donation in the 
Netherlands.

Organ Donation
In the period from July 2012 until July 2015, a total of 24 human livers that were declined 
for transplantation, were included in this study after informed consent was obtained 
from the donor’s relatives. All livers were procured by regional multi-organ procurement 
teams using in situ cooling with ice and aortic flush out with an ice-cold preservation 
solution (University of Wisconsin [UW] or histidine–tryptophan–ketoglutarate solution 
[HTK]). Organs were shipped to our institute in a box on ice. Upon arrival, a standard 
back-table procedure was performed and the portal vein, supratruncal aorta (for hepatic 
artery perfusion) and bile duct were all cannulated.

Study Groups
In this study, we compared the use of three different perfusion solution protocols. Twelve 
livers were perfused with perfusion solution mixture based on HBOC-201 (Hemopure, 
HbO2, Therapeutics LLC), of which 6 were enriched with fresh frozen plasma (FFP) and 
6 livers with gelofusine (B Braun, Melsungen, Germany), the HBOC-201+FFP and HBOC-
201+Gelofusine group respectively. As controls, we used a historical control group of 12 
livers that were perfused with a perfusion solution based on packed red blood cells and 
FFP (RBC+FFP group; controls).
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Machine Perfusion Solution 
The total volume of the perfusion solution was approximately 2200 mL in all study 
groups. The total Hb content was similar between the groups (120 grams in total; circa 
55 g/L), provided by either 3 units of RBCs or 4 units of HBOC-20. Moreover, oncotic 
pressure was similar between groups, provided by either 100 mL of 20% human 
albumin (RBC + FFP and HBOC-201 + FFP) or 500 mL 4% gelofusin with 250 mL 20% 
human albumin (HBOC-201 + Gelofusine). All livers received additional supplements 
containing nutrients, trace elements, antibiotics, vitamins, insulin, and heparin as 
described previously (3).

Normothermic Machine Perfusion
We used the Liver Assist ® (Organ Assist, Groningen, the Netherlands) machine perfusion 
system for 6 hours normothermic machine perfusion (NMP) of the livers, as previously 
described (7). Briefly, livers were perfused in a pressure-controlled fashion with a 
pulsatile flow through the hepatic artery, a continuous flow via the portal vein and a 
free outflow of through the inferior vena cava. Prior to connecting the livers to machine, 
the device was primed with the perfusion solution and set at 37 degrees Celsius 
(temperature controlled ±0.5 degrees Celsius). The portal and arterial pressure were 
set at 11 mmHg and 70 mmHg (systolic and diastolic pressures ±20%). Two membrane 
oxygenators ensured continuous oxygenation of the perfusion fluid, using a total of 4 
L/min (95% oxygen and 5% carbon dioxide). Perfusion solution samples were taken 30 
minutes prior to the start of NMP and every 30 minutes thereafter. Liver parenchyma 
wedge biopsies were taken before and every 2 hours during NMP. Biopsies were either 
stored in formalin and paraffin embedded for histological analysis, or snap-frozen in 
liquid nitrogen and subsequently stored in a -80 degrees Celsius freezer.

Gene Expression of Endothelial Proteins
Gene expression of endothelial proteins related to flow- and oxygen-regulation were 
determined in liver biopsies. Total RNA content was extracted from snap-frozen liver 
biopsies using TRIzol (Invitrogen Life Technologies, Carlsbad, CA, USA) according to 
manufacturer’s instructions. Equal amounts of RNA, determined with a NanoDrop ND–
1000 UV–Vis Spectrophotometer (Nanodrop Technologies, Wilmington, DE, USA), were 
converted to cDNA using M-MLV Reverse Transcriptase (Invitrogen, Basel, Switzerland). 
Sense and antisense primers for qualitative real-time detection were designed using 
Primer Express ® software (version 2.0, Applied Biosystems). The ABI Prism 6900HT 
Sequence Detection System (Applied Biosystems) was used for DNA amplification and 
detection. Relative mRNA expression was normalized to the expression of GAPDH. All 
primer sequences are summarized in Table 2.
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TABLE 2. All genes with sense and antisense primer sequences.

Gene Sense Antisense

GAPDH ACCCACTCCTCCACCTTTGA CATACCAGGAAATGAGCTTGACAA

CD31 GACCTCGCCCTCCACAAA CGTGTCTTCAGGTTGGTATTTCAC

KLF-2 GCAAGACCTACACCAAGAGTTCG TCCCAGTTGCAGTGGTAGGG

TM TGATTCCCTCCCGAACAGTT ACTCTACCGGGCTGTCTGTACTCT

ENOS TGTATGGATGAGTATGACGTGGTGT TGCAAAGCTCTCTCCATTCTCC

ET-1 AACCATCTTCACTGGCTTCCAT TTTCTGCTGAGAGGTCCATTGTC

HIF-2a AGCTATGTGACTCGGATGGTCTTT TGCATGAATTCCCGTCTAAACC

VEGF-A CCTGGGACTCGCCCTCA CAGAACTAGTGGTTTCAATGGTGTG

Abbreviations used: GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase, CD31: cluster of differentiation 31, KLF-2: Krüppel-
like Factor 2, TM: thrombomodulin, ENOS: endothelial nitric oxide synthase, ET-1: endothelin 1, HIF-2a: hypoxia-inducible 
factor 2 alpha, VEGF-A: vascular endothelial growth factor A.

Assessment of Nitric Oxide Levels
Nitric oxide has a very short extracellular half-life; only in the millisecond range in the 
presence of Hb molecules (14). Total nitric oxide levels were therefore calculated by 
measurement of its stable oxidation products nitrate and nitrate. To determine nitrate 
concentration in the perfusate samples, endogenous nitrite was subtracted from the 
total nitrate value. We used a total nitric oxide and nitrate/nitrite parameter assay kit 
(R&D systems, Minneapolis, MN) to quantify nitrate and nitrite in the samples. However, 
prior to use of the kit, all samples (including the RBC group) were filtered with a 100 kDa 
filter (Amicon Ultra-0.5, Ultracel-100 Membrane, Millipore, Burlington, MA). This step 
was necessary to remove the reddish colour from the HBOC-201 samples that would 
otherwise interfere with the read out (excitation wave length 360 nm and emission 430 
nm) of the spectrophotometric analyser (Molecular devices, San Jose, CA). Nota bene, 
the molecular weight of HBOC-201 is 250 kDa (according to manufacturer) and the 
molecular weight of nitrate and nitrite is 62 kDa and 46 kDa respectively (15,16).

Assessment of Endothelial Integrity
During endothelial injury, the extracellular part of the transmembrane glycoprotein 
thrombomodulin (TM) can be shed into the extracellular fluid. In this study we measured 
concentrations of thrombomodulin in the perfusion solution, as a marker of decreased 
vascular integrity. A solid phase sandwich enzyme-linked immunosorbent assay (ELISA) 
kit, human thrombomodulin/BDCA-3 (DY3947) (R&D systems, Minneapolis, MN), was 
used to determine concentrations of TM in all samples. ELISA was performed according 
to manufacturer’s instructions.
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Histological analysis of endothelial injury of microvascularture
Paraffin embedded liver parenchyma biopsies were sectioned and slides were prepared 
for hematoxylin and eosin (H&E) staining. H&E slides, of biopsies prior to and after NMP, 
were scored for the intrahepatic degree of endothelial injury of the microvasculature 
in a blinded fashion by two researchers (LCB and FVM), with a previously described 
scoring system (17). In short, portal and arterial branches of 10 portal triads as 
well as 10 central vein branches were scored per slide on microscopic injury to the 
endothelial cells, with a minimum score of 5 points and a maximum injury score of 12 
points. Furthermore, additional slides were prepared for CD34 staining. The antibody 
against CD34 (DAKO, Glostrup, Denmark) was applied in the dilution of 1:20 in an 
automated immunoperoxidase staining system (Roche Ventana Medical Systems, Basel, 
Switzerland). All chemicals applied during this staining process were purchased from 
Roche Ventana Medical Systems. All steps were performed according to manufacturer’s 
guidelines. 

Statistical Analysis
Continuous variables are presented as median and interquartile range (IQR); categorial 
variables as absolute numbers with percentages. Comparison of unpaired continuous 
data was performed using the Kruksal-Wallis test and paired continuous variables were 
compared using the Wilcoxon test. Categorical data were compared using the Fisher’s 
exact test. The level of significance was set at a P-value of <.05. All statistical analyses 
were performed using IBM SPSS Statistics software version 22 for Windows (SPSS, Inc., 
Chicago, IL, USA).

RESULTS

Donor and liver characteristics
The comparison of donor liver characteristics between all groups is shown in Table 1. 
There were no significant differences between the groups with regard to donor age, 
type of donor graft, warm ischemia time (in the case of DCD), preservation solution or 
donor risk index.
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TABLE 1. Comparison of liver donor characteristics in all study groups. 

Variables RBC + FFP
HBOC-201
+ FFP

HBOC-201
+ Gelofusine P value

Number of livers included 12 6 6

Age (yrs) 61 (53-63) 54 (39-67) 65 (63-66) .22

Sex (male) 8 (67%) 4 (67%) 3 (50%) .43

BMI (kg/m2) 27 (25-35) 19 (17-29) 25 (24-28) .19

Type of donor 1.00

DCD 9 5 5

DBD 3 1 1

Reasons for discarding for transplantation .19

DCD and age >60 yrs 5 2 4

Expected steatosis 5 0 1

High liver transaminases 1 3 0

Othera 1 1 1

Type of preservation solution .39

UW solution 9 6 6

HTK solution 3 0 0

Warm ischemia time (min)b 35 (24-39) 31 (25-37) 39 (28-45) .56

Cold ischemia time (hr)c 9.1 (7.2-10.2) 7.6 (7.1-8.6) 8.0 (7.1-8.4) .38

Donor risk indexd 2.8 (2.4-3.2) 2.7 (2.0-3.2) 3.0 (2.6-3.2) .86
aRBC group, unknown; HBOC-201 group, DCD in combination with 26 minutes between cardiac arrest and aortic cold flush 
and a 57 year old DCD in combination with out of hospital cardiac arrest. bTime between withdrawal of life support and in situ 
cold flush out in donor (DCD only). cTime between in situ cold flush out in donor and start of NMP. dDonor risk index calculated 
according to Braat et al. All data is presented as median (IQR) for continuous variables or numbers (percentages) for categorial 
variables. Abbreviations used: RBC: red blood cells, FFP: fresh frozen plasma, BMI: body mass index, DCD: donation after 
circulatory death, DBD: donation after brain death, UW: University of Wisconsin, HTK: histidine-tryptophan-ketoglutarate

Hemodynamics and Vascular Resistance
During the first two hours of NMP, the portal flow increased in RBC and HBOC-201 
livers and stabilized thereafter. However, at all timepoints during NMP, the flow in the 
portal was significantly higher in both the HBOC-201 + FFP and HBOC-201 + Gelofusine 
compared to RBC + FFP livers (Fig. 1, Panel A). At the end of 6 hours of NMP, median 
portal flow in both the HBOC-201 + FFP and HBOC-201 + FFP  group was significantly 
higher compared to the RBC + FFP group, 742 [480-857] vs. 1890 [1530-2173] vs. 1830 
[1713-2030] vs. (P = .0007) respectively.
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FIGURE 1. Hemodynamics and Vascular Resistance during 6 hours of NMP. Panel A: At all 
timepoints, portal flow was significantly higher in both the HBOC-201 + FFP and HBOC-201 + 
Gelofusine compared to RBC + FFP livers. Panel B: At the end of 6 hours of NMP, median arterial 
flow was significantly higher in  HBOC-201 + FFP and HBOC-201 + Gelofusine livers compared to 
the RBC group (P = .02). Panel C and D: During 6 hours of NMP, both portal and arterial resistance 
did not significantly differ between groups.

After the first two hours of NMP, the arterial flow was significantly higher in the HBOC-
201 + FFP and HBOC-201 + Gelofusine groups compared to RBC + FFP livers (P = .04), 
median flows 265 [167-315] vs. 436 [323-776] vs. 265 [167-315] respectively (Fig. 1, Panel 
B). At the end of 6 hours of NMP, median arterial flow continued to be higher in the 
HBOC-201 + FFP and HBOC-201 + Gelofusine livers compared to the RBC group, 260 
[228-324] vs. 742 [480-867] vs. 611 [310-760] (P = .02) respectively.

Furthermore, during 6 hours of NMP, both portal and arterial resistance did not 
significantly differ between groups (Fig. 1, Panel C and D respectively).

Presence of Endothelial Cells
CD34 is a 110 kDa transmembrane glycoprotein, expressed on endothelial cells. In the 
liver, CD34 is mostly expressed in the periportal area with the centrolobular sinusoids 
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being mostly negative (18). Positive staining of CD34 confirmed presence of endothelial 
cells in the microvasculature in all liver biopsies (Figure 2). Pan endothelial cell marker 
CD31, a 130 kDa transmembrane glycoprotein, is a member of the immunoglobulin 
superfamily. In the liver, CD31 is continuously expressed on sinusoidal endothelial cells 
from the portal space to the centrolubular vein (18). After 6 hours of NMP, relative mRNA 
expression of pan endothelial cell marker CD31 did not differ between groups after NMP, 
median relative mRNA expression in the RBC + FFP, HBOC-201 + FFP and HBOC-201 + 
Gelofusine was 0.95 [0.43-1.47] vs. 0.72 [0.64-0.88] vs. 0.68 [0.61-1.00] respectively (P = 
.61). Therefore, we assumed a comparable content of endothelial cells in all biopsies.

Gene Expression of Endothelial Proteins
During 6 hours of NMP, the relative gene expression of flow inducible transcription factor 
KLF-2 increased in the RBC + FFP group, while expression decreased approximately 
20% compared to baseline in the HBOC-201 + FFP and HBOC-201 + Gelofusine groups. 
Increased KLF-2 could be an indicator for more shear stress in RBC + FFP perfused livers. 
Moreover, expression of vasoprotective genes thrombomodulin and endothelial NO 
synthetase increased during 6 hours of NMP in all groups. Furthermore, during 6 hours 
of NMP, the relative gene expression of HIF-2a increased in the both the HBOC-201 + 
FFP and HBOC-201 + Gelofusine group with approximately 39% and 55%, while this 
increase was not observed in the RBC group. At the end of 6 hours of NMP, we found 
that the expression of HIF-2a was significantly lower in the RBC perfused livers (P = .001).

TABLE 3. Relative gene expression of endothelial specific genes during 6 hours of NMP Arterial, 
as a ratio to baseline. 

RBC + FFP
HBOC-201
+ FFP

HBOC-201 
+ Gelofusine P  valuea

KLF-2 1.91 [0.98-2.79] 0.78 [0.36-2.22] 0.82 [0.47-1.46] .09

TM 1.83 [0.67-5.44] 3.10 [1.34-7.07] 1.99 [0.79-4.30] .54

ENOS 1.96 [0.30-6.17] 1.52 [1.13-2.99] 1.62 [1.52-2.34] .84

ET-1 1.42 [0.51-2.81] 0.95 [0.74-1.25] 1.41 [1.04-1.80] .41

HIF-2a 0.82 [0.66-0.95] 1.39 [1.27-1.54] 1.55 [1.21-2.00] .001

VEGF-A 0.67 [0.56-0.97] 0.78 [0.48-1.38] 0.64 [0.54-1.15] .98

All data are presented as median (IQR) and as a ratio relative to baseline. Bolt font indicated significance of P < 0.05. 
Abbreviations used: KLF-2: Krüppel-like Factor 2, TM: thrombomodulin, ENOS: endothelial nitric oxide synthase, ET-1: 
endothelin 1, HIF-2a: hypoxia-inducible factor 2 alpha, VEGF-A: vascular endothelial growth factor A, RBC: red blood cells, 
FFP: fresh frozen plasma. aRBC versus baseline, bHBOC-201 versus baseline, cAll HBOC-201 livers versus all RBC prefused livers 
at the end of 6 hours NMP
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Endothelial Function
Cumulative NO production in the perfusion fluid during 6 hours of NMP is presented in 
Figure 3. During 6 hours of NMP, cumulative NO production (in umol/L) increased nearly 
2-fold in both HBOC-201 + FFP livers (15.1 [12.9-23.5] vs. 28.7 [22.3-40.2]) and HBOC-201 
+ Gelofusine (17.9 [11.5-18.9] vs. 32.2 [25.8-38.5]), P = .06 and P = .06 respectively. In the 
livers perfused with RBC, however, an increase in cumulative NO production was not 
observed over the course of NMP (21.1 [16.9-29.9] vs. 24.9 [19.0-30.5]) (P = .26). Over 
the course of 6 hours of perfusion, there was no difference in NO production between 
groups (P = .32).

HBOC-201 + FFPRBC + FFP HBOC-201 + Gelofusine

En
d 

SC
S

En
d 

N
M

P

FIGURE 2. Positive staining for endothelial cell marker CD34. Positive staining in all biopsies 
at the end of SCS as well as at the end 6 hours of NMP confirmed presence of endothelial cells. 
While box indicated scale (500 nm). 

Integrity of the Vascular Endothelium  
Concentration of TM in the perfusion fluid during 6 hours of NMP is presented in Figure 
4. During 6 hours of NMP, TM concentration (in pg/mL) significantly increased compared 
to baseline levels in both the RBC + FFP group (2.7 [2.5-3.1] vs. 18.0 [10.0-40.2]) (P = 
.002) and the HBOC-201 + Gelofusine group (0.6 [0.5-0.9] vs. 5.5 [3.6-14.9]) (P = .03). 
However, a significant rise was not observed in the HBOC-201 + FFP group (2.2 [2.0-
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2.3] vs. 8.1 [5.2-21.6]) (P = .06). After 6 hours of NMP, the cumulative thrombomodulin 
concentration was, however, significantly higher in the RBC + FFP group compared the 
HBOC-201 groups (P = .04).
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FIGURE 3. Cumulative nitric oxide production during 6 hours of NMP. Over the course of 6 
hours of perfusion, there was no difference in NO production between groups (P = .32).

0 2 4 6 0 2 4 6 0 2 4 6
0

10

20

30

40

50

Time (hours) during NMP

pg
/m

L 
TM

*
RBC + FFP

HBOC-201 + FFP

HBOC-201 + Gelofusine

FIGURE 4. Cumulative thrombomodulin levels during 6 hours of NMP. After 6 hours of NMP, 
the cumulative thrombomodulin concentration was significantly higher in the RBC + FFP group 
compared the HBOC-201 groups (P = .04).
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Histological Analysis of Vascular Injury 
End-ischemic vascular injury scores upon arrival (referred to as baseline) were 
comparable between groups (Table 4). The relative increase in injury score over the 
course of perfusion was calculated and compared to baseline. At the end of 6 hours of 
NMP, relative injury scores were not significantly different between all groups.

TABLE 4. Microvascular injury scores in both study groups, both end-ischemic and at the end of 
NMP. 

RBC + FFP
HBOC-201
+ FFP

HBOC-201 
+ Gelofusine P  valuea

End SCS

Hepatic artery 6.4 [6.2-6.7] 6.8 [6.3-7.7] 6.7 [6.2-7.0] .33

Portal vein 5.9 [5.7-6.3] 6.5 [6.3-6.7] 6.6 [6.1-6.7] .06

Central vein 5.8 [5.7-6.1] 6.1 [5.8-6.5] 6.4 [5.7-6.4] .08

Bile duct 24.0 [22.0-27.1] 19.6 [14.1-25.0] 22.3 [20.0-24.8] .19

End NMP

Hepatic artery 6.6 [6.3-7.0] 7.7 [6.5-8.4] 6.8 [6.7-7.3] .07

Portal vein 6.1 [5.8-6.6] 6.1 [5.8-6.7] 6.5 [6.1-6.9] .51

Central vein 6.0 [5.8-6.2] 6.0 [5.9-6.1] 6.3 [5.9-6.5] .32

Bile duct 25.4 [23.3-27.8] 21.6 [19.1-25.5] 24.0 [21.9-27.2] .11

Total microvascular injury based on a validated scoring system as previously published by Burlage et al. During 6 hours of 
NMP, no microvascular injury was induced in both the RBC and HBOC-201 groups. At the end of NMP, relative increase in injury 
score (compared to baseline) did not differ between RBC and HBOC-201 livers.
aP value: End-NMP injury as a ratio compared to baseline between all groups.

DISCUSSION

NMP is rapidly entering the clinical arena as an alternative method of organ 
preservation for suboptimal donor grafts, as it allows for improvement and assessment 
of graft viability prior to transplantation. Previous studies have shown that NMP can 
be effectively performed without the use of human blood products by replacing RBCs 
with HBOC-201, a polymerized bovine Hb, and FFPs by gelofusine, a widely available 
colloid solution (7). However, concerns have been raised about the effect of HBOCs on 
endothelial cell function and its potential NO scavenging properties. In this study we 
report the effect of polymerized bovine HBOC-201 on liver endothelial cell function 
during ex situ NMP of donor livers.
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The main finding of this study was that cumulative NO production did not decrease 
during ex situ NMP with a HBOC-201 based perfusion solution. At the end of 6 hours 
of NMP, cumulative NO levels were comparable with between HBOC-201 and RBC 
perfused livers. The absence of NO scavenging in this study might be due to the limited 
extravasation of HBOC-201 molecules. To attenuate the extravasation of Hb-molecules, 
HBOC molecules have now been enlarges by attaching polyethylene glycols or by 
polymerization (HBOC-201 has a molecular size of 250 kD) (12). Moreover, while the so 
called ‘cell-free zone’ is thought to be absent in non-RBC based solutions, hydrodynamic 
factors of polymeric HBOC molecules limit proximity of Hb-molecules to the endothelium 
in a similar way that a flow of RBCs creates the cell-free zone in the vasculature, which 
might also contribute to limited NO scavenging (19). Furthermore, in this study we 
found increased flows in both the portal vein and hepatic artery in both HBOC-201 + 
FFP and HBOC-201 + Gelofusine livers compared to RBC + FFP livers. The higher flow 
velocity in the HBOC-201 groups might also contributed to the centralization of Hb-
molecules, thereby limiting NO scavenging.

We found that during 6 hours of NMP, the relative gene expression of flow inducible 
transcription factor KLF-2 increased in the RBC + FFP group, while expression decreased 
with approximately 20% compared to baseline in the HBOC-201 + FFP and HBOC-201 
+ Gelofusine groups, although this difference did not research statistical significance. 
Increased KLF-2 expression could be indicator for increased shear stress (20). As a result 
of endothelial injury, the extracellular part of the transmembrane glycoprotein TM can 
be shed into the extracellular fluid. We found that after 6 hours of NMP, concentrations 
of TM in the perfusate were significantly higher in RBC + FFP perfused livers compared 
to HBOC-201 perfused livers. This suggests that the vascular integrity was in fact 
better preserved in HBOC-201 perfused livers. The degree of endothelial injury of the 
(intrahepatic) microvasculature was assessed using a semi-quantitative histological 
scoring system for H&E stained slides using light microscopy. Endothelial injury scores 
were, however, comparable between RBC and HBOC-201 preserved livers.  

During NMP, the most important function of HBOC-201 in the perfusion solution is 
adequate delivery of oxygen. As previously discussed, the ability of HBOC-201 to unload 
oxygen in peripheral tissue is, compared to RBCs, higher. In a previous study, we found 
that peak oxygen extraction was higher in livers perfused with HBOC-201 compared to 
RBC-perfused livers, although not statistical significant (7). An important cellular response 
to minimize reactive oxygen species (ROS) and oxidative damage upon restoration of 
blood flow flowing an ischemic attack, is upregulation of hypoxia-inducible factors 
(21). Of the family of hypoxia-inducible factors, HIF-2a is most prominently expressed 
in vascular endothelial cells and hepatocytes (22). We found that relative expression of 
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hypoxia-inducible factor HIF-2a was significantly higher in HBOC-201 livers compared 
to RBC perfused livers. This might suggests that HBOC-201 perfused livers are better 
prepared against oxidative damage upon compared to RBC perfused livers.

Several other groups have reported the use of HBOC-201 as a substitute for RBCs 
for ex situ liver machine perfusion. Fontes et al. pioneered with the use of HBOC-201 
during subnormothermic machine perfusion of donor livers (23).The group reported 
better graft function and decreased formation of ROS upon reperfusion. During NMP, 
Laing et al. also reported decreased ROS formation upon reperfusion in the HBOC-201 
group compared to RBC controls (24). The same group reported, in line with our results, 
increased vascular flows in the HBOC-201 group.

Limitations of this study are the relatively small sample sizes in the HBOC-201 study 
groups and lack of transplant validation with long-term follow up. However, a clinical 
trial has been initiated in our center to investigate the viability of high-risk donor livers 
using ex situ machine perfusion after end-ischemic hypothermic machine perfusion 
(www.trialregister.nl; NTR5972). Another limitation to this study is that all livers were 
included in this study in a consecutive fashion. Livers were not matched between 
groups, but baseline characteristics do not substantially differ.

In conclusion, this study shows that ex situ NMP with a HBOC-201 based perfusion 
results in better vascular flows and, contractionary to current believes, in comparable 
endothelial cell function compared to RBC perfused controls. 
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