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Abstract: Microvascular dysfunction (MVD) in cardiac allografts is associated with an impaired
endothelial function in the coronary microvasculature. Ischemia/reperfusion injury (IRI) deteriorates
endothelial function. Hearts donated after circulatory death (DCD) are exposed to warm ischemia
before initiating ex vivo blood perfusion (BP). The impact of cytokine adsorption during BP to prevent
MVD in DCD hearts is unknown. In a porcine DCD model, we assessed the microvascular function of
hearts after BP with (DCD-BPCY®S, 17 = 5) or without (DCD-BP, 1 = 5) cytokine adsorption (CytoSorb®).
Microvascular autoregulation was assessed by increasing the coronary perfusion pressure, while
myocardial microcirculation was measured by Laser-Doppler-Perfusion (LDP). We analyzed the
immunoreactivity of arteriolar oxidative stress markers nitrotyrosine and 4-hydroxy-2-nonenal (HNE),
endothelial injury indicating cell adhesion molecules CD54, CD106 and CD31, and eNOS. We profiled
the concentration of 13 cytokines in the perfusate. The expression of 84 genes was determined and
analyzed using machine learning and decision trees. Non-DCD hearts served as a control for the
gene expression analysis. Compared to DCD-BP, relative LDP was improved in the DCD-BP<Y®S
group (1.51 £ 0.17 vs. 1.08 £ 0.17). Several pro- and anti-inflammatory cytokines were reduced
in the DCD-BP“Y'S group. The expression of eNOS significantly increased, and the expression of
nitrotyrosine, HNE, CD54, CD106, and CD31, markers of endothelial injury, majorly decreased in the
DCD-BPY'S group. Three genes allowed exact differentiation between groups; regulation of HIF1A
enabled differentiation between perfusion (DCD-BP, DCD-BPY'S) and non-perfusion groups. CAV1
allowed differentiation between BP and BP“¥'°S. The use of a cytokine adsorption device during BP
counteracts preload-dependent MVD and preserves the microvascular endothelium by preventing
oxidative stress and IRI of coronary arterioles of DCD hearts.

Keywords: heart transplantation; microvascular dysfunction; oxidative stress; donation after
circulatory death; machine perfusion; cytokine adsorption; hemoadsorption; cytokines

1. Introduction

Coronary microvascular dysfunction (CMVD {XE “MVD” \t “Coronary Microvascular
Dysfunction”}) in cardiac allografts is associated with a higher likelihood of death, graft
failure, or allograft vasculopathy after heart transplantation [1]. CMVD is primarily charac-
terized by impaired endothelial function in the myocardial microvasculature [2]. Coronary
endothelial damage in cardiac allografts initiates a diversity of complex pathophysiological
processes leading to the development of cardiac allograft vasculopathy, which is a common
reason for long-term graft failure [3]. Prolonged ischemia and ischemia/reperfusion injury
(IR{XE “IRI” \t “ischemia/reperfusion injury”}) promote endothelial damage in donor
hearts. In turn, IRI injury of the coronary endothelium is associated with oxidative stress,
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the expression of proinflammatory mediators, and platelet adherence—well-known mecha-
nisms that lead to further damage of the coronary vasculature and increased CMVD [4,5].

Some transplant centers have established heart transplantation programs with hearts
harvested from donors after circulatory death (DCD{XE “DCD” \t “Donation after Cir-
culatory Death”}) [6]. DCD hearts must withstand a warm ischemic period followed
by reperfusion during transportation by normothermic blood perfusion (BP{XE “BP” \t
“Blood Perfusion”}) with blood collected from the deceased donor [6]. Both brain-dead and
DCD donors increase proinflammatory cytokine levels before organ harvesting and blood
collection. They could potentially exacerbate vascular damage during BP of donor hearts
with the blood of the respective donor.

Considering this, we investigated the effect of cytokine adsorption during blood
perfusion of DCD hearts on CMVD, oxidative stress, and IRI of the coronary microvascular
endothelium. We also determined key regulatory gene expression using decision trees.

2. Materials and Methods
2.1. Animals and Anesthesia

The investigations were reviewed and approved (35-9185.81/G-150/19) by the appro-
priate institutional Ethical Committee for Animal Experimentation. The animals received
humane care. We sedated healthy pigs (40-50 kg bodyweight) with intramuscular in-
jection of ketamine (22.5 mg/kg; Bremer Pharma, Warburg, Germany) and midazolam
(0.375 mg/kg; Hameln pharma plus, Hameln, Germany). Anesthesia was maintained
intravenously with pentobarbital-sodium (15 mg/kg/h; Boehringer Ingelheim Vetmedicia,
Ingelheim, Germany).

2.2. Donation after Circulatory Death Model and Harvesting of Hearts

According to a previously published model, we induced circulatory death through
the termination of mechanical ventilation [7]. Within the subsequent period of 30 min, we
collected blood and harvested the heart. After a total warm ischemic period of 30 min, we
flushed the DCD hearts with 2 L of cold (4 °C) Custodiol solution (Kéhler Chemie GmbH,
Bensheim, Germany), followed by mounting on the perfusion system.

2.3. Blood Perfusion and Study Groups

DCD hearts were maintained for four hours by normothermic blood perfusion through
the ascending aorta with (DCD-BPYS, 1 = 5) or without (DCD-BP, n = 5) a cytokine
adsorber (CytoSorb®, Cytosorbents Europe, Berlin, Germany). Additionally, we performed
two control groups for the molecular biological analysis: DCD hearts and native control
hearts, without 4 h of maintenance perfusion. Finally, the hearts of all groups underwent
60 min of perfusion with fresh blood to mimic the reperfusion effects after transplantation
(Figure 1).

DCD ) ( \
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CD.BP bCD Harvesting 1h 'reperfusion +
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Figure 1. Workflow. BP: blood perfusion. DCD: donation after circulatory death. BPCY!°S: blood
perfusion with an integrated cytokine adsorption device.

2.4. Microvascular Functional Assessment

We determined the regulation of coronary macro- and microvascular blood flow by
measuring total coronary flow and myocardial microcirculation while the coronary perfu-
sion pressure (CPP{XE “CPP” \t “Coronary Perfusion Pressure”}) was adjusted stepwise
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between 20 and 100 mmHg [8]. We measured myocardial microcirculation through laser
Doppler perfusion monitoring [9]. Myocardial microcirculation is proportional to the laser
Doppler perfusion (LDP{XE “LDP” \t “Laser-Doppler-Perfusion”}) signal. We inserted a
laser Doppler needle probe into the left ventricular anterior wall. Due to the dimensionless
properties of LDP, the signal needs to be related to a baseline measurement, leading to rela-
tive LDP (RLDP{XE “RLDP” \t “Relative LDP”}). A baseline measurement was performed
with a CPP of 20 mmHg and an LVV of 5 mL. We also determined the left-ventricular
myocardial workload at different preload volumes and, meanwhile, measured LDP.

2.5. Cytokine Profiling

We profiled the perfusate concentration of 13 cytokines from serum samples using
a Porcine Cytokine/Chemokine Magnetic Bead Panel (Milliplex® Map Kit, EMD Milli-
pore Corporation, Merck, Darmstadt, Germany) and a Bio-Plex 200 (Biorad, Feldkirchen,
Germany) according to the manufacturer’s instructions.

2.6. Immunohistochemical Staining

After the functional assessment, samples of LV myocardial tissue were frozen in liquid
nitrogen and stored at —80 °C or in a paraformaldehyde solution. Immunohistochemi-
cal staining of endothelial nitric oxide synthase (eNOS; 1:100; Cell signaling technology,
Danvers, MA, USA{XE “eNOS” \t “Endothelial Nitric Oxide Synthase”}), CD54 (1:100;
Novusbio, Wiesbaden, Germany{XE “ICAM” \t “Intracellular Cell Adhesion Molecule-1"}),
CD106 (1:1000; Santa Cruz Biotechnology, Heidelberg, Germany{XE “VCAM" \t “Vascular
Cell Adhesion Molecule-1"}), CD31 (1:1000; Santa Cruz Biotechnology, Heidelberg, Ger-
many{XE “PECAM-1" \t “Platelet Endothelial Cell Adhesion Molecule-1”}{ XE “CD-31" \t
“Cluster of Differentiation-31"}), markers of endothelial injury, nitrotyrosine (1:200, hm5101,
Hycult Biotech, Wayne, PA, USA), 4-hydroxy-2-nonenal (HNE{XE “HNE” \t “4-Hydroxy-
2-Nonenal”}; 1:2500, mab3249, R&D System, Minneapolis, MN, USA), and markers of
oxidative stress was performed according to the manufacturer’s instructions.

2.7. Gene Expression Analysis

The expression of 84 genes was analyzed using the RT? PCR array (Qiagen, Hilden,
Germany) as described elsewhere [9].

2.8. Statistical Analysis and Machine Learning Algorithm

Statistical analysis was performed using IBM SPSS Statistics for Windows (Version 25.0,
IBM Corp. Armonk, NY, USA). Results are expressed as mean =+ standard error. We tested
for homogeneity of variances using the Levene test. Data were analyzed using a one-way
analysis of variance for multiple comparisons with Tukey adjustment of p-values in case of
variance homogeneity, and Games-Howell adjustment in case of variance inhomogeneity.
For LDP analysis, a two-tailed unpaired classical t-test was applied in case of variance
homogeneity and a Welch t-test in case of variance inhomogeneity. A value of p < 0.05 was
considered statistically significant in all analyses, and a value of p < 0.001 was considered
statistically highly significant.

We compared gene expression between groups using a two-tailed unpaired t-test with
Benjamini-Hochberg corrected p-values. A principal component analysis was made for
genes preselected using the Borruta algorithm, a machine learning algorithm based on a
permutated random forest [10]. We also constructed a decision tree confusion matrix to
identify key regulated genes, which allows differentiation between groups.

3. Results
3.1. Microvascular Function
In DCD-BP, RLDP was decreased compared to DCD-BP9YS | with a major difference

at high CPP conditions (Figure 2A). At the same time, coronary flow significantly differed
in DCD-BP compared to DCD-BPY!*S in dependence on CPP (Figure 2B). While coronary
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flow and CPP showed almost a linear relationship in DCD-BP, the flow curve showed a
flattened, asymptotic profile in DCD-BPY*S. Even at a low CPP of 20 and 40 mmHg,
coronary flow remained high and was significantly increased compared to DCD-BP. During
preload-microcirculation matching, RLDP was highly significantly improved in DCD-BP<Y!0S
compared to DCD-BP. The myocardial workload was also improved in DCD-BPY°5.
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Figure 2. Microvascular function. (A) Pressure-Microcirculation-Matching. (B) Pressure-Flow-
Matchig. (C) Preload-Microcirculation-Matching. (D) Myocardial workload * p < 0.05, *1 p =0.053,
*2 p = 0.067 and ** p < 0.001 compared to DCD-BP. LDP in DCD hearts is only shown as a refer-
ence. BP: blood perfusion. BP<Y'S: blood perfusion with an integrated cytokine adsorption device.
DCD: donation after circulatory death. DP: developed pressure. LDP: laser Doppler perfusion.
LV: left-ventricular.

3.2. Perfusion Pressure

The CPP was analyzed in parallel to exclude a possible impact of the CPP on the RLDP
results. The CPP was comparable between all groups at all LVVs during microvascular
assessment (Figure 3).
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Perfusion pressure during Preload-Microcirculation-Matching
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Figure 3. Perfusion pressure. Light grey: DCD. Grey: DCD-BP. Dark grey: DCD-BPCY!S. LV: left
ventricular. MP: machine perfusion. BP: blood perfusion. DCD: donation after circulatory death.
BPCY!S: blood perfusion with an integrated cytokine adsorption device.

3.3. Cytokine Profile

The microvascular function can be influenced by inflammation. Therefore, we deter-
mined pro- and anti-inflammatory cytokines using a porcine cytokine /chemokine multiplex
array system. The cytokine profile in the perfusate is shown in Figure 4. The concentration
of several cytokines was decreased in DCD-BPY'S, such as interleukin (IL{XE “IL” \t
“Interleukine”})-1a, -1b, -1ra, -8, -18, and TNF-«. IL-4 and -10 could only be determined
in DCD-BP at the beginning of perfusion in very low concentrations. GM-CSF and INF-y
were only detected in DCD-BPYS after 240 min of perfusion. IL-6 and -12 did not signif-
icantly differ between the groups. We could not detect IL-2 in either of the groups. The
concentration of cytokines increased by perfusion time after 4 h with a marked increase,
especially in DCD-BP.

3.4. Oxidative Stress and Endothelial Injury

Endothelial oxidative stress and function/injury parameters were analyzed in arte-
rioles of the left ventricular myocardium by immunohistochemical analysis. Nitrotysine
and HNE were expressed lower in DCD-BP“Y*S compared to DCD-BP (Figure 5). Blood
perfusion without cytokine adsorption resulted in an eNOS score comparable to the DCD
group (Figure 6). The expression of CD54, CD106, and CD31 decreased in DCD-BPY°S
(Figure 6).
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Figure 4. Cytokine profile. IL: interleukine. INF: interferone. TNF: tumor necrosis factor. MP:

machine perfusion. BP: blood perfusion. DCD: donation after circulatory death. BP<Y*S: blood

perfusion with an integrated cytokine adsorption device.
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Figure 5. Representative photomicrographs of immunohistochemical staining of endothelial oxidative
stress (A,B). Semiquantitative analysis of arteriolar immunoreactivity (C,D). BP: blood perfusion. CD:
cluster of differentiation. DCD: donation after circulatory death. BPCY!°S: blood perfusion with an
integrated cytokine adsorption device. NT: nitrotyrosine. HNE: hydrxynonenal.



Antioxidants 2022, 11, 2280

8 of 14

(B) CD54 (A) eNOS

(C) CD106

(D) CD31

(E) eNOS

DCD-BPCytos
N S

Figure 6. Representative photomicrographs of immunohistochemical staining of injury markers
(A-D). Semiquantitative analysis of arteriolar immunoreactivity (E-H). ** p < 0.001 compared to
DCD. # p < 0.001 compared to DCD-BP. BP: blood perfusion. CD: cluster of differentiation. DCD:
donation after circulatory death. BPCYS: blood perfusion with an integrated cytokine adsorption
device. eNOS: endothelial nitric oxide synthase.

3.5. Gene Expression

Myocardial samples from the hearts of the DCD group did not show significantly up-
or downregulated genes compared to the non-DCD control group (Figure 7A). Instead,
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hearts from the perfusion groups showed an extensive profile of significantly regulated
genes (Figure 7B,C). The principal component analysis showed clear separation of groups
based on the Borruta preselected variables (Figure 7D). We identified three genes that allow
differentiation between experimental groups: Regulation of hypoxia-inducible factor 1a
(HIF1A{XE “HIF1A” \t “Hypoxia Inducible Factor 1a”}) allows differentiation between
perfusion groups (DCD-BP and DCD-BP®YS) and non-perfusion groups. By regulation
of caveolin 1 (CAVI{XE “CAV1” \t “Caveolin 1”}), BP hearts can be separated from those
that received cytokine adsorption therapy. Fibroblast growth factor 2 (FGF2{XE “FGF2" \t
“Fibroblast growth factor 2”}) allows differentiation between the DCD and the control group.
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Figure 7. (A) Volcano plots for regulated genes of the group DCD, (B) DCD-BP, and (C) DCD-
BPCY!S compared to Control. (D) Principal component analysis on the Borruta preselected variables,
(E) Decision tree to show key regulated genes, which allow differentiation between groups. BP:
blood perfusion. BPCytS or Cy: blood perfusion with an integrated cytokine adsorption device. Crtl:

control. DCD: donation after circulatory death.

4. Discussion

We demonstrated (1) a decreased CMVD, (2) reduced cytokine concentrations, (3) re-
duced level of oxidative stress and an alleviated microvascular endothelial IRI, and (4) key
regulated genes in porcine DCD hearts after cytokine adsorption during normothermic ex

vivo blood perfusion.

4.1. Microvascular Functional Effects

Different methods can assess coronary microvasculature. First, the assessment aims
to characterize either the morphohistological or the functional status of microcirculatory
vessels, predominantly arterioles [2]. In clinical practice, the coronary flow reserve is the
most common method to evaluate coronary microvascular function [1]. Furthermore, the
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functional status is assessed using pharmacological stimulation of vasodilative mechanisms.
Nevertheless, this method does not allow the evaluation of the autoregulation of coro-
nary microcirculation. Instead, variation of the CPP can assess the regulative function of
coronary microcirculatory vessels [8]. In healthy hearts, the coronary flow is regulated pre-
dominantly by arterioles that dilate or contract to keep the coronary circulation constant—a
phenomenon known as the Bayliss effect [11]. Under physiological conditions, the flow—
pressure relationship is linear in small pressure ranges due to maximally dilated vessels and
shows a flattened profile at higher pressures. In the present study, the relationship of CPP
and coronary flow was steep and linear in DCD-BP hearts over all CPPs. In DCD-BP®Y!0S
hearts, a high flow was maintained at low CPP, and the flow curve was linear only at low
and then flattened at high CPP ranges. Therefore, DCD-BP“Y'S hearts were able to com-
pensate for low CPPs well. The significant upregulation of the coronary microcirculation
by CPP elevations in the low CPP range in DCD-BPY*S and the minor upregulation in the
DCD-BP group indicate that treatment of DCD hearts with CytoSorb® leads to the ability
of autoregulative compensation of low CPP ranges in the coronary circulation. Instead,
the minor microcirculatory change, despite a high coronary flow at a high CPP range
in DCD-BP“Y'S, indicates that without CytoSorb® use, most of the coronary flow might
pass arterio-venous anastomoses when the CPP has been increased. In the case of blood
perfusion within the organ care system, optimizing the perfusion by elevating the CPP
and/or increasing the infusion of the maintenance solution has to be carefully considered
because the actual effective tissue perfusion, which is the coronary microcirculation, might
only change slightly. This could be a potential reason for the well-known cases of elevating
lactate concentrations during heart perfusion [12].

Myocardial microcirculation is also upregulated in an autoregulative manner by an in-
creased LV preload, as Kjekshus et al. demonstrated in an experimental research project on
dogs using labeled microspheres [13]. The present study confirms that preload-dependent
microvascular flow regulation is impaired in porcine DCD hearts and in DCD hearts that
underwent standard blood perfusion. Furthermore, this study shows that in DCD hearts
that underwent BP using cytokine adsorption, the regulation of microvascular flow in
dependence on LV preload is existent. Next to possible effects on the cardiomyocyte level,
this reestablished regulation of microvascular flow and, therefore, improved myocardial
supply could also be a reason for the increased myocardial workload in DCD-BPY!°S,

4.2. Cytokine Profile

We could show that CytoSorb® modified the cytokine profile in the perfusate. This
may have caused the microvascular functional improvement. Nevertheless, it has to be
considered that CytoSorb® is not selective and therefore does not only reduce proinflamma-
tory mediators. The adsorption device presumably can bind a diversity of other molecules
that might also affect microvascular function. Further work is required to characterize the
binding properties not only for cytokines but also for proteins and metabolites, if possible,
in an omics-based manner.

4.3. Oxidative Stress and Endothelial Injury

The vascular endothelium is of major importance for regulating blood flow in cardiac
allografts [14]. Endothelial dysfunction induced by IRI has already been shown to reduce
myocardial reperfusion due to vascular occlusion [15]. As demonstrated by the expression
of cell adhesion molecules, endothelial IRI was increased without cytokine adsorption and
could have been a driving factor for impaired microvascular function.

Oxidative stress commonly occurs during the reoxygenation of ischemic tissue and
promotes endothelial injury and, consequently, endothelial dysfunction. Reactive oxygen
species (ROS{ XE “ROS” \t “Reactive Oxygen Species” }) are key mediators of oxidative
stress. A significant part of ROS is released from injured endothelial cells after reperfusion
and contributes to an enhanced I/R injury. TNF-«, which was reduced in DCD-BPCYtoS,
induces ROS formation in the mitochondria of endothelial cells [16]. Furthermore, it
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was shown in pig coronary arterioles that TNF-« activates the enzyme xanthine oxidase,
producing ROS [17]. ROS have also been shown to induce CD54, which was increased in
DCD-BP but not in DCD-BPY'S  in endothelial cells [18]. Both TNF-« and IL-1b can induce
IL-8 [19]. Thus, next to the binding of IL-8 to the cytokine adsorber, a decreased induction
of IL-8 might have been another reason for the major reduction of IL-8 in DCD-BPYS,

CD106 promotes the adhesion of leukocytes to endothelial cells and is, therefore,
involved in inflammatory processes and endothelial activation [20]. This may be the
reason for the decreased microvascular function in DCD-BP. Furthermore, the expression
of CD106 can be stimulated by TNF-« and IL-1b [21]. Both cytokines, but especially IL-1b,
were decreased in DCD-BP“Y'S, which could be a potential explanation for the decreased
expression of CD106 in the coronary arterioles in DCD-BP®Y'S hearts.

CD31 is a multifunctional molecule in vascular cell physiology. It plays a significant
role in exacerbating the pathological effects of vascular IRI by promoting leukocyte infil-
tration and increasing platelet adherence and endothelial permeability [22]. It has been
shown that the inactivation of CD31 by neutralizing antibodies reduces pathological effects
of the adhesion molecule in response to proinflammatory stimuli or an environment of
ischemia/reperfusion [22].

Nitric oxide is a potent vasodilator produced by eNOS and is released from endothelial
cells in response to various physiological stimuli [23]. LV filling was shown to directly
impact eNOS release [24]. CD31 also interacts with eNOS in endothelial cells [25,26]. The
slightly increased eNOS expression in DCD-BP“Y'S suggests some additional endothelial
protective effects of cytokine adsorption.

Furthermore, a reduced bioavailability of nitric oxide due to a reduced expression or
activity of eNOS was shown to be associated with the impaired endothelial function of
the coronary vasculature in the context of heart transplantation [14]. CD54 is involved in,
and is stimulated by, inflammatory processes in the coronary vascular endothelium [27].
Furthermore, it has been identified as a potential predictor and marker of coronary allograft
vasculopathy [28].

4.4. Gene Expression

Gene expression analysis was performed from left-ventricular tissue samples, which
contained predominantly myocardium but also vascular tissue. Nevertheless, it is known
that within a tissue compound, genes expressed from one type of cells, e.g., cardiomyocytes,
also affect the cells of the surrounding tissue, e.g., endothelial cells and vascular smooth
muscle cells. Conceivably, significantly regulated genes that were potentially expressed
by the myocardium, if not even by arterioles themselves, would most likely also have
had an effect on the arterioles. On the gene expression level, the perfusion of DCD hearts
with blood leads to an upregulation of the plasminogen pathway, including plasminogen
activator (PLAT{ XE “PLAT” \t “Plasminogen Activator” }) and plasminogen activator
inhibitor 1 (SERPRINE1{ XE “SERPRINE1” \t “Plasminogen Activator Inhibitor 1” }),
and plasminogen activator urokinase (PLAU{ XE “PLAU” \t “Plasminogen Activator
Urokinase” }). Nitric oxide synthase 3 (NOS3{ XE “NOS3” \t “Nitric Oxide Synthase 3,
eNOS”}, eNOS), which also showed a reduced immunoreactivity in the DCD-BP group,
was downregulated in blood-perfused hearts without cytokine adsorption. Therefore, it
is conceivable that eNOS could potentially stay reduced even longer than in a short-term
manner. Furthermore, integrin beta 1 (ITGB1{ XE “ITGB1” \t “Integrin Beta 1” }), also
upregulated, is involved in cytokinesis [29]. Three proinflammatory cytokines, interleukin
(IL{ XE “IL” \t “Interleukin” })-6, -7, and -11, were also upregulated in DCD-BP compared
to control. Overall, we found three key regulations of gene expression: HIF1A, CAV1, and
FGF-2. HIF1A plays an essential role in adapting tissue to hypoxic conditions and is also
known for its cardioprotective properties [30]. Furthermore, it is involved in angiogenesis
and vascular remodeling during or in response to hypoxia [31]. Blood perfusion, whether
with or without cytokine adsorption, facilitates a sufficient oxygen supply of the heart.
Consequently, the reason for the differential HIFla regulation between the perfusion and
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non-perfusion groups must be different. Presumably, cardioplegia delivery, which was
performed in all groups, triggers HIF1a regulation, and during perfusion, this regulation
could already be counter-regulated due to the 4 h of perfusion. CAV1, which was also
identified by the decision tree as a key regulated gene, inhibits eNOS activity through direct
binding and could therefore be a reason for the inferior microvascular function in DCD-BP
compared to DCD-BPY'S [32].

4.5. Limitations

LDP monitoring is characterized by a high temporal resolution and therefore allows
the detection of small changes in microvascular perfusion. Nevertheless, measurement
circumstances can affect the LDP signal. Therefore, LDP measurements must follow a strict
protocol, including a replicable technique applied by experienced investigators. The LDP
signal is proportional to the local microcirculation in various validated tissues. However,
validation experiments must be performed to determine the exact correlation between the
LDP signal and absolute microcirculation in myocardial tissue.

5. Conclusions

Integration of CytoSorb® into the machine perfusion system counteracts CMVD in
a porcine model of DCD. Furthermore, CytoSorb® use preserves the microvascular en-
dothelium of DCD hearts and reduces oxidative stress and ischemia/reperfusion injury
of coronary arterioles. In complex regulated gene expression, machine learning, notably
the Borruta algorithm, provides an innovative way to identify relevant variables—in this
case, genes. Our findings suggest that the use of CytoSorb® in BP of DCD hearts could be
beneficial in the clinical setting.
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Abbreviations
BP blood perfusion
CAV1 caveolin 1
CD-31 cluster of differentiation-31
CPP coronary perfusion pressure
DCD donation after circulatory death
eNOS endothelial nitric oxide synthase
FGF2 fibroblast growth factor 2
HIF1A hypoxia inducible factor 1a
ICAM intracellular cell adhesion molecule-1
IL interleukin, interleukine
IRI ischemia/reperfusion injury
ITGB1 integrin beta 1
LDP laser-doppler-perfusion
CMVD coronary microvascular dysfunction
NOS3 nitric oxide synthase 3, eNOS
PECAM-1 platelet endothelial cell adhesion molecule-1
PLAT plasminogen activator
PLAU plasminogen activator urokinase
RLDP relative LDP
ROS reactive oxygen species
SERPRINE1 plasminogen activator inhibitor 1
VCAM vascular cell adhesion molecule-1
References
1. Haddad, F; Khazanie, P; Deuse, T.; Weisshaar, D.; Zhou, J.; Nam, C.W.; Vu, T.A.; Gomari, FA.; Skhiri, M.; Simos, A.; et al. Clinical

10.
11.

12.

13.

and Functional Correlates of Early Microvascular Dysfunction After Heart Transplantation. Circ. Hear. Fail. 2012, 5, 759-768.
[CrossRef] [PubMed]

Camici, P.G.; Crea, F. Coronary Microvascular Dysfunction. N. Engl. . Med. 2007, 356, 830-840. [CrossRef] [PubMed]

Chih, S.; Chong, A.Y.; Mielniczuk, L.M.; Bhatt, D.L.; Beanlands, R.S. Allograft Vasculopathy: The Achilles” Heel of Heart
Transplantation. J. Am. Coll. Cardiol. 2016, 68, 80-91. [CrossRef] [PubMed]

Syrjdld, S.O.; Nykédnen, A.L; Tuuminen, R.; Raissadati, A.; Kerdnen, M.A.L; Arnaudova, R.; Krebs, R.; Koh, G.Y.; Alitalo, K,;
Lemstrom, K.B. Donor Heart Treatment With COMP-Ang1 Limits Ischemia-Reperfusion Injury and Rejection of Cardiac Allografts.
Am. ]. Transplant. 2015, 15, 2075-2084. [CrossRef] [PubMed]

Pernow, J.; Gonon, A.; Gourine, A. The role of the endothelium for reperfusion injury. Eur. Hear. . Suppl. 2001, 3, C22-C27.
[CrossRef]

Messer, S.; Page, A.; Axell, R;; Berman, M.; Hernandez-Sanchez, J.; Colah, S.; Parizkova, B.; Valchanov, K.; Dunning, J.; Pavlushkov,
E.; et al. Outcome after heart transplantation from donation after circulatory-determined death donors. J. Hear. Lung Transplant.
2017, 36, 1311-1318. [CrossRef]

Saemann, L.; Wenzel, F.; Kohl, M.; Korkmaz-Ic6z, S.; Hoorn, E; Loganathan, S.; Guo, Y.; Ding, Q.; Zhou, P,; Veres, G.; et al.
Monitoring of perfusion quality and prediction of donor heart function during ex-vivo machine perfusion by myocardial
microcirculation versus surrogate parameters. J. Hear. Lung Transplant. 2021, 40, 387-391. [CrossRef]

Saemann, L.; GroSkopf, A.; Hoorn, E; Veres, G.; Guo, Y.; Korkmaz-Ictz, S.; Karck, M.; Simm, A.; Wenzel, F,; Szab6, G. Relationship
of Laser-Doppler-Flow and coronary perfusion and a concise update on the importance of coronary microcirculation in donor
heart machine perfusion. Clin. Hemorheol. Microcirc. 2021, 79, 121-128. [CrossRef]

Saemann, L.; Korkmaz, S.; Hoorn, F; Zhou, P.; Ding, Q.; Guo, Y.; Veres, G.; Loganathan, S.; Brune, M.; Wenzel, E; et al.
Reconditioning of Donation after Cardiac Death Hearts by Ex-Vivo Machine Perfusion with a Novel HTK-N Preservation
Solution. . Hear. Lung Transplant. 2021, 40, S29. [CrossRef]

Kursa, M.B.; Rudnicki, W.R. Feature Selection with theBorutaPackage. J. Stat. Softw. 2010, 36, 1-13. [CrossRef]

Bayliss, W.M. On the local reactions of the arterial wall to changes of internal pressure. J. Physiol. 1902, 28, 220-231. [CrossRef]
[PubMed]

Ardehali, A.; Esmailian, F; Deng, M.; Soltesz, E.; Hsich, E.; Naka, Y.; Mancini, D.; Camacho, M.; Zucker, M.; Leprince, P;
et al. Ex-vivo perfusion of donor hearts for human heart transplantation (PROCEED II): A prospective, open-label, multicentre,
randomised non-inferiority trial. Lancet 2015, 385, 2577-2584. [CrossRef]

Kjekshus, J.K. Mechanism for Flow Distribution in Normal and Ischemic Myocardium during Increased Ventricular Preload in
the Dog. Circ. Res. 1973, 33, 489-499. [CrossRef] [PubMed]


http://doi.org/10.1161/CIRCHEARTFAILURE.111.962787
http://www.ncbi.nlm.nih.gov/pubmed/22933526
http://doi.org/10.1056/NEJMra061889
http://www.ncbi.nlm.nih.gov/pubmed/17314342
http://doi.org/10.1016/j.jacc.2016.04.033
http://www.ncbi.nlm.nih.gov/pubmed/27364054
http://doi.org/10.1111/ajt.13296
http://www.ncbi.nlm.nih.gov/pubmed/25932532
http://doi.org/10.1016/S1520-765X(01)90026-4
http://doi.org/10.1016/j.healun.2017.10.021
http://doi.org/10.1016/j.healun.2021.02.013
http://doi.org/10.3233/CH-219116
http://doi.org/10.1016/j.healun.2021.01.1807
http://doi.org/10.18637/jss.v036.i11
http://doi.org/10.1113/jphysiol.1902.sp000911
http://www.ncbi.nlm.nih.gov/pubmed/16992618
http://doi.org/10.1016/S0140-6736(15)60261-6
http://doi.org/10.1161/01.RES.33.5.489
http://www.ncbi.nlm.nih.gov/pubmed/4752851

Antioxidants 2022, 11, 2280 14 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Méndez-Carmona, N.; Wyss, R.K.; Arnold, M.; Joachimbauer, A.; Segiser, A.; Fiedler, G.M.; Carrel, T.P.; Stahel, H.T.T.; Longnus,
S.L. Differential effects of ischemia/reperfusion on endothelial function and contractility in donation after circulatory death. J.
Hear. Lung Transplant. 2019, 38, 767-777. [CrossRef]

Rezkalla, S.H.; Dharmashankar, K.C.; Abdalrahman, I.B.; Kloner, R.A. No-Reflow Phenomenon Following Percutaneous Coronary
Intervention for Acute Myocardial Infarction: Incidence, Outcome, and Effect of Pharmacologic Therapy. J. Interv. Cardiol. 2010,
23,429-436. [CrossRef]

Chen, X.; Andresen, B.; Hill, M.; Zhang, J.; Booth, F; Zhang, C. Role of Reactive Oxygen Species in Tumor Necrosis Factor-alpha
Induced Endothelial Dysfunction. Curr. Hypertens. Rev. 2008, 4, 245-255. [CrossRef]

Zhang, C.; Hein, TW.; Wang, W.; Ren, Y.; Shipley, R.D.; Kuo, L. Activation of JNK and xanthine oxidase by TNF-o impairs nitric
oxide-mediated dilation of coronary arterioles. J. Mol. Cell. Cardiol. 2006, 40, 247-257. [CrossRef]

Roebuck, K.A. Oxidant stress regulation of IL-8 and ICAM-1 gene expression: Differential activation and binding of the
transcription factors AP-1 and NF-kappaB (Review). Int. . Mol. Med. 1999, 4, 223-253. [CrossRef]

Yeh, M.; Leitinger, N.; de Martin, R.; Onai, N.; Matsushima, K.; Vora, D.K.; Berliner, J.A.; Reddy, S.T. Increased Transcription of
IL-8 in Endothelial Cells Is Differentially Regulated by TNF-« and Oxidized Phospholipids. Arter. Thromb. Vasc. Biol. 2001, 21,
1585-1591. [CrossRef]

Elices, M.].; Osborn, L.; Takada, Y.; Crouse, C.; Luhowskyj, S.; Hemler, M.E.; Lobb, R.R. VCAM-1 on activated endothelium
interacts with the leukocyte integrin VLA-4 at a site distinct from the VLA-4/Fibronectin binding site. Cell 1990, 60, 577-584.
[CrossRef]

Wang, X.; Feuerstein, G.Z.; Gu, J.-L.; Lysko, P.G.; Yue, T.-L. Interleukin-1 induces expression of adhesion molecules in human
vascular smooth muscle cells and enhances adhesion of leukocytes to smooth muscle cells. Atherosclerosis 1995, 115, 89-98.
[CrossRef]

Woodfin, A.; Voisin, M.-B.; Nourshargh, S. PECAM-1: A Multi-Functional Molecule in Inflammation and Vascular Biology. Arter.
Thromb. Vasc. Biol. 2007, 27, 2514-2523. [CrossRef] [PubMed]

Fleming, L; Fisslthaler, B.; Dixit, M.; Busse, R. Role of PECAM-1 in the shear-stress-induced activation of Akt and the endothelial
nitric oxide synthase (eNOS) in endothelial cells. J. Cell Sci. 2005, 118, 4103-4111. [CrossRef] [PubMed]

Pinsky, D.J.; Patton, S.; Mesaros, S.; Brovkovych, V.; Kubaszewski, E.; Grunfeld, S.; Malinski, T. Mechanical transduction of nitric
oxide synthesis in the beating heart. Circ. Res. 1997, 81, 372-379. [CrossRef]

Dusserre, N.; L'Heureux, N.; Bell, K; Stevens, H.; Yeh, J.; Otte, L.; Loufrani, L.; Frangos, ]. PECAM-1 Interacts With Nitric Oxide
Synthase in Human Endothelial Cells: Implication for flow-induced nitric oxide synthase activation. Arter. Thromb. Vasc. Biol.
2004, 24, 1796-1802. [CrossRef]

McCormick, M.E.; Goel, R.; Fulton, D.; Oess, S.; Newman, D.; Tzima, E. Platelet-Endothelial Cell Adhesion Molecule-1 Regulates
Endothelial NO Synthase Activity and Localization Through Signal Transducers and Activators of Transcription 3-Dependent
NOSTRIN Expression. Arter. Thromb. Vasc. Biol. 2011, 31, 643-649. [CrossRef]

Valantine, H.A. Cardiac allograft vasculopathy: Central role of endothelial injury leading to transplant “atheroma”. Transplantation
2003, 76, 891-899. [CrossRef]

Labarrere, C.A ; Lee, ].B.; Nelson, D.R.; Al-Hassani, M.; Miller, S.J.; Pitts, D.E. C-reactive protein, arterial endothelial activation,
and development of transplant coronary artery disease: A prospective study. Lancet 2002, 360, 1462-1467. [CrossRef]

Aszodi, A.; Hunziker, E.B.; Brakebusch, C.; Fassler, R. 31 integrins regulate chondrocyte rotation, G1 progression, and cytokinesis.
Genes Dev. 2003, 17, 2465-2479. [CrossRef]

Eckle, T.; Kohler, D.; Lehmann, R.; El Kasmi, K.C.; Eltzschig, H.K. Hypoxia-Inducible Factor-1 Is Central to Cardioprotection: A
new paradigm for ischemic preconditioning. Circulation 2008, 118, 166-175. [CrossRef]

Shohet, R.V.; Garcia, J.A. Keeping the engine primed: HIF factors as key regulators of cardiac metabolism and angiogenesis
during ischemia. Klin. Wochenschr. 2007, 85, 1309-1315. [CrossRef] [PubMed]

Chen, Z.; Oliveira, S.D.S.; Zimnicka, A.M.; Jiang, Y.; Sharma, T.; Chen, S.; Lazarov, O.; Bonini, M.G.; Haus, ].M.; Minshall, R.D.
Reciprocal regulation of eNOS and caveolin-1 functions in endothelial cells. Mol. Biol. Cell 2018, 29, 1190-1202. [CrossRef]
[PubMed]


http://doi.org/10.1016/j.healun.2019.03.004
http://doi.org/10.1111/j.1540-8183.2010.00561.x
http://doi.org/10.2174/157340208786241336
http://doi.org/10.1016/j.yjmcc.2005.11.010
http://doi.org/10.3892/ijmm.4.3.223
http://doi.org/10.1161/hq1001.097027
http://doi.org/10.1016/0092-8674(90)90661-W
http://doi.org/10.1016/0021-9150(94)05503-B
http://doi.org/10.1161/ATVBAHA.107.151456
http://www.ncbi.nlm.nih.gov/pubmed/17872453
http://doi.org/10.1242/jcs.02541
http://www.ncbi.nlm.nih.gov/pubmed/16118242
http://doi.org/10.1161/01.RES.81.3.372
http://doi.org/10.1161/01.ATV.0000141133.32496.41
http://doi.org/10.1161/ATVBAHA.110.216200
http://doi.org/10.1097/01.TP.0000080981.90718.EB
http://doi.org/10.1016/S0140-6736(02)11473-5
http://doi.org/10.1101/gad.277003
http://doi.org/10.1161/CIRCULATIONAHA.107.758516
http://doi.org/10.1007/s00109-007-0279-x
http://www.ncbi.nlm.nih.gov/pubmed/18026917
http://doi.org/10.1091/mbc.E17-01-0049
http://www.ncbi.nlm.nih.gov/pubmed/29563255

	Introduction 
	Materials and Methods 
	Animals and Anesthesia 
	Donation after Circulatory Death Model and Harvesting of Hearts 
	Blood Perfusion and Study Groups 
	Microvascular Functional Assessment 
	Cytokine Profiling 
	Immunohistochemical Staining 
	Gene Expression Analysis 
	Statistical Analysis and Machine Learning Algorithm 

	Results 
	Microvascular Function 
	Perfusion Pressure 
	Cytokine Profile 
	Oxidative Stress and Endothelial Injury 
	Gene Expression 

	Discussion 
	Microvascular Functional Effects 
	Cytokine Profile 
	Oxidative Stress and Endothelial Injury 
	Gene Expression 
	Limitations 

	Conclusions 
	References

