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ABSTRACT

Physiological and metabolomic changes during ex-vivo lung

perfusion according to temperature of the perfusate

Jee Won Suh

Department of Medicine
The Graduate School, Yonsei University

(Directed by Professor Hyo Chae Paik)

Purpose: Ex-vivo lung perfusion (EVLP) is a useful technique for evaluating and
repairing donor lungs for transplantation; it can increase lung utility rates and
reduce graft dysfunction due to ischemic reperfusion injuries. However, studies
demonstrating the effect of perfusate temperatures on graft function are limited.
This study aimed to examine the effects of subnormothermic perfusate
temperature during EVLP on the donor lung ischemic reperfusion injury in the
viewpoint of lung function and histology using metabolomics.

Material and Methods: Fifteen male Sprague—Dawley rats were randomly
divided into three groups, namely no treatment (sham group, n = 5),
normothermic EVLP (37 °C, control group, n = 5), and subnormothermic EVLP
(30 °C, study group, n = 5). Lung function analyses, in terms of oxygen capacity
(OC), compliance, and pulmonary vascular resistance (PVR), were performed.
The expression levels of inflammatory cytokines were evaluated. Metabolome
analysis was performed on lung tissues from each group using capillary
electrophoresis time-of-flight mass spectrometry.

Results: Functional parameters, including OC and PVR, were significantly
1



superior in the study group than in the control group during EVLP. Expression
levels of inflammatory cytokines, such as IL-6, 18, 18, and TNF-a, were
significantly lower in the study group than in the control group. Metabolome
analysis showed glycolysis to be significantly decreased in the study group than
in the control group.

Conclusion: Compared to normothermic EVLP, subnormothermic EVLP
improves the lung graft function by decreased expression of proinflammatory
cytokines and suppressed glycolytic activities. This could be explained by
inhibition the mTORC1-HIFla pathway in subnormothermic EVLP.

Key words: ex-vivo lung perfusion, temperature, lung transplantation,
metabolomics, glycolysis
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I. INTRODUCTION

Lung transplant is the only curative treatment for patients with end-stage
lung disease. Owing to the shortage of organ donors, due to the low procurement
rate of lungs from brain death donors, only 15-25% of potential donor lungs are
actually transplanted !. The low procurement rate of brain-dead donor lungs is
attributed to aspiration-associated injuries, barotraumas, and ventilator-
associated pneumonia during the brain death process 2. Considering the increased
waiting-list mortalities due to low procurement rate, alternative options of
marginal and circulatory death donors have emerged. Ex-vivo lung perfusion
(EVLP) is a method to increase lung utility rates and reduce graft dysfunction due
to ischemic reperfusion injuries.

EVLP is a well-known platform for the evaluation and preservation of
donor function, where donors do not meet standard donor criteria. Currently,
protocols from clinically available EVLP systems — the Lund, Toronto, and Organ
Care System — are mainly used with normothermic (37 °C) EVLP 3. In this
method, the lung is perfused and ventilated ex vivo at body temperature to mimic
physiological conditions *. From the time the concept of EVLP emerged until

3



recently, EVLP has performed under normothermic or near normothermic
conditions, since hypothermia could reduce metabolic functions, and preclude
meaningful evaluation and recovery °. Although normothermic EVLP leads to
increased waste and proinflammatory cytokine production ®%, it has been shown
to be safe and reliable for the repair of damaged organs °!!, and for improved
function of marginal donor lungs and post-transplant outcomes !5,

There are limited studies for the effect of perfusate temperature in EVLP
on donor lung function. Several studies have evaluated subnormothermic or
hypothermic machine perfusion in kidney and liver transplants. Based on better
nutrient supplies and endothelial protection !¢, hypothermic machine perfusion
(HMP) is considered the gold standard for circulatory death kidney

1

transplantation 7. Furthermore, HMP stimulates aerobic metabolism while

limiting organ metabolism and oxygen demand at low temperatures in liver

transplantation 6.

Recent studies have observed the effect of perfusate
temperature on EVLP in lung transplants. Subnormothermic EVLP showed
significantly lower energy consumption and inflammatory response compared to
normothermic EVLP, and protective effect on the lung was maintained in a rat
model of donation after circulatory death %18,

Metabolomic analysis, measuring a large number of metabolites,
quantitatively assesses the dynamic responses to physiological and pathological
changes . Metabolites may provide important information about the extent of
tissue repair or damage 2°. Oxidative stress and specific energy metabolites
emerge as a result of low perfusate temperatures 222, These metabolites have
been used to monitor organ function and perfusion injury in organ transplants 2.

Based on previous studies, the purpose of this study is to investigated
the mechamism by which subnormothermia during EVLP is associated with a
protective effect against IR injuries in the rat EVLP model. Further, the study
aimed to investigate the changes occurring in lung graft, after subnormothermic

EVLP and normothermic EVLP, focusing on energy metabolism and

4



inflammatory pathways.



II. MATERIALS AND METHODS
1. Animals

Male Sprague Dawley rats (DBL, Eumseong, Korea) weighing 280-320
g were used in this study. All experimental and animal care procedures were
conducted in accordance with the Laboratory Animal Welfare Act, and the Guide
for the Care and Use of Laboratory Animals provided by the Ajou University
Institutional Animal Care and Use Committee (IACUC No. 2016-0047), and
were in compliance with the 'Guide for the Care and Use of Laboratory Animals'

by the National Institutes of Health (NIH Publication No. 86-23, revised 1996).

2. Experimental animal protocol for EVLP

Fifteen rats were randomly assigned to one of the three following groups:
no treatment (sham group, n = 5), normothermic (37 °C) EVLP (control group, n
= 5), and subnormothermic (30 °C) EVLP (study group, n = 5). The basic
anesthesia and EVLP protocol were as follows: rats were subjected to isoflurane
inhalation (Hana Pharm, Seoul, Korea), followed by tracheotomy, and received
mechanical ventilation with O, and 3% isoflurane. A 20 ml preservation solution
(Perfadex Plus; XVIVO, Goteborg, Sweden) containing 3 pg of prostaglandin E1
(Alpostin; Dongkook Pharmaceutical, Seoul, South Korea) was infused through
the pulmonary artery (PA), after which the lungs were harvested. The lung grafts
were procured and preserved at 4 °C for 1 h. After cannulation and during cold
ischemia, EVLP was applied for 4 h according to a previously published protocol
2, Briefly, EVLP was performed using a commercially available rodent system
(IL-2 isolated perfused rat or guinea pig lung system; Harvard Apparatus,
Holliston, MA, USA) 2%; EVLP for basic experiments was performed in the same
manner as described previously 2. During EVLP, the lungs were ventilated with
air, perfused with STEEN solution (XVIVO Perfusion AB, Gothenburg, Sweden),
deoxygenated with 6% O,, 8% CO», and balanced N», and supplemented with 50



mg methylprednisolone (Solu-Medrol; Pfizer, Inc., New York, NY, USA) and 50
mg cephalosporin (Cefazolin; West-Ward Pharmaceuticals Corp., Eatontown, NJ,
USA). Ventilation was set in a pressure-controlled mode (15 cm H>O) with 5 cm
H,O positive end-expiratory pressure and a respiratory rate of 30 breaths/min.
Perfusion flow was initiated when 10% of the target flow was reached, and was
then gradually increased for 1 h to a target flow rate that was calculated as 20%
of the cardiac output (75 mL/min/250 g rat body weight). In the control group,
the perfusate temperature was gradually increased to 37 °C for 20 min and
maintained at 37 °C throughout the EVLP period. In the study group, the
perfusate temperature was increased to 30 °C for 10 min and maintained at 30 °C

throughout the EVLP period (Figure 1).
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Figure 1. Protocol for ex vivo lung perfusion (EVLP). The lung grafts were
preserved at 4 °C for 1 h. Thereafter, sham group was preserved at 4 °C,
whereas EVLP was applied to control and study groups for 4 h at 37 °C or
30 °C, respectively.



3. Evaluation of pulmonary function during EVLP
Lung function parameters were measured hourly during EVLP.
Mechanical ventilation was performed with fraction of inspired oxygen (FiO,) =
1.0 for 10 min before each measurement. The functional parameters measured
included oxygen capacity (OC; [left atrial (LA) perfusate partial pressure of
oxygen (PO:)-pulmonary arterial (PA) perfusate PO,]/FiO;), which was
calculated using arterial blood gas analysis, pulmonary vascular resistance (PVR;
[PA pressure-LA pressure] x 80/pulmonary arterial flow), dynamic lung

compliance (Cdyn), and peak airway pressure (PAP).

4. Histopathological evaluation of lung tissue

After 4 h of EVLP, the upper right lobes of the lungs were fixed with
10% buffered formalin and prepared for histopathological evaluation using
hematoxylin and eosin staining. Histopathological analysis was performed by a
blinded pathologist using the lung injury severity (LIS) score system >, Lung
injuries are measured using a 5-point (0 to 4 point) scale according to the
assessment of i) alveolar congestion; ii) hemorrhage; iii) infiltration of
aggregation of neutrophils in the airspace or vessel wall; and iv) thickness of
alveolar wall/hyaline membrane formation, separately. Finally, the LIS score is

calculated by summation of the scores.

5. Metabolic profiling by capillary electrophoresis time-of-flight mass
spectrometry (CE-TOFMS)
A. Sample preparation
The samples for each group (sham, control, and study) were placed in a
homogenization tube with zirconium beads (5 mm ¢ and 3 mm ¢); 750 pL of 50%
acetonitrile in Milli-Q water (v/v) containing internal standards (20 uM) were

added to the tube. The sample was completely homogenized at 1,500 rpm at 4 °C,
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4 times for 2 min each, using a bead shaker. Following this, 750 uL of 50%
acetonitrile in Milli-Q water (v/v) were added to the mixture and homogenized
once again. The homogenate was centrifuged at 2,300 x g, at 4 °C for 5 min, and
the upper aqueous layer was centrifugally filtered at 4 °C through a 5-kDa cut-
off filter (ULTRAFREE-MC-PLHCC, Human Metabolome Technologies,
Yamagata, Japan) to remove macromolecules. The filtrate was evaporated to
dryness, under vacuum, and reconstituted in Milli-Q water for CE-TOFMS
analysis.
B. CE-TOFMS conditions

CE-TOFMS was performed using an Agilent CE Capillary
Electrophoresis System (Agilent Technologies Inc., Waldbronn, Germany).
Cationic metabolites were analyzed using a fused silica capillary column (i.d. 50
um x 80 cm) with commercial cation electrophoresis buffers (Solution ID:
H3301-1001, Human Metabolome Technologies). The sample was injected at a
pressure of 50 mbar for 10 s at an applied voltage of 30 kV. Electrospray
ionization-mass spectrometry (ESI-MS) was conducted in positive-ion mode with
a capillary voltage of 4000 V. The spectrometer scanned the range of mass-to-
charge ratio (m/z) of 50-1000.

Anionic metabolites were analyzed using a fused silica capillary column
(i.d. 50 um x 80 cm) with commercial anion electrophoresis buffers (Solution ID:
13302-1023, Human Metabolome Technologies). The sample was injected at a
pressure of 50 mbar for 10 s at an applied voltage of 30 kV. ESI-MS was
conducted in the negative ion mode with a capillary voltage of 3500 V. The
spectrometer scanned the range of m/z ratio of 50—1000.

C. Data processing

Peaks detected in CE-TOFMS analysis were extracted using automatic
integration software (MasterHands ver. 2.19.0.2, developed at Keio University),
and the extracted data included m/z, migration time (MT), and peak area. Five

lung samples from each group (sham, control, and study) were used for the
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metabolomic analysis, and 292 peaks (175 in cation and 117 in anion mode) were
detected. The peak area was converted to relative peak area, using an equation
from a previous study?’. Putative metabolites were assigned from the Human
Metabolome Technologies (HMT) standard library and known-unknown peak
library on the basis of m/z (tolerance =10 ppm*) and MT (tolerance £ 0.5 min). If
several peaks were assigned to the same candidate, the latter was assigned a
branch number. Absolute quantification was performed for the target metabolites.
Metabolite concentrations were calculated by normalizing the peak area of each
metabolite with respect to the area of the internal standard using standard curves
obtained from single-point (100 uM) calibrations. Among the target metabolites,
88 (50 in cation and 38 in anion mode) were detected and quantified. Hierarchical
cluster analysis (HCA) and principal component analysis (PCA) were performed
using a statistical software (developed at HMT) 2’. The peak profiles with putative
metabolites were represented on metabolic pathway maps using VANTED
(Visualization and Analysis of Networks containing Experimental Data,
http://vanted.ipk-gatersleben.de/) 5 software. The pathway map was prepared
based on the metabolic pathways that are known to exist in human cells.
Metabolite abundance differences were considered significant when the final

corrected value had P < 0.05.

6. RNA extraction and qPCR

Quantitative reverse transcription-polymerase chain reaction (QRT-PCR)
was performed to evaluate the expression levels of inflammatory cytokines,
caspase-3, and enzymes that are associated with glycolysis pathway in each group,
along with those of mTORC, HIF-10, and NLRP3. RNA was extracted from the
lung tissues of sham (n = 5), control (n =5), and study groups (n =5). Total RNA
was isolated from the upper left lobes of the lungs using TRIzol reagent (#TR118,
Molecular Research Center Inc., Cincinnati, OH, USA), according to the

manufacturer’s protocol. For gRT-PCR, total RNA was reverse transcribed using
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AMYV Reverse Transcriptase (#M0277L, New England Biolabs, Ipswich, MA,
USA). The transcript levels of target genes were quantified with 2x KAPA SYBR
Fast qPCR Master Mix (#kk4602, Kapa Biosystems, Cape Town, South Africa)
using the StepOnePlus™ Real-Time PCR System 510 (Applied Biosystems,

Foster City, CA, USA). For each target gene, the transcript level was normalized
to that of GAPDH and calculated using the standard AACT method. The primer

sequences are shown in Table 1.

Table 1. Primer sequences for gPCR

Symbol Forward Reverse

TNF-a AAGCTGTCTTCAGGCCAACA CCCGTAGGGCGATTACAGTC
IL-18 GTCTGACCCATGTGAGCTGAA CAAGGCCACAGGGATTTTGTC
IL-6 TAGTCCTTCCTACCCCAACTTCC TTGGTCCTTAGCCACTCCTTC
IL-18 TGGAATCAGACCACTTTGGCA TCTGGGATTCGTTGGCTGTT
Caspase 3 GTGGAACTGACGATGATATGGC CGCAAAGTGACTGGATGAACC
HK GACGAACCTGGACTGTGGAAT TCCTCTCTCCTCTTCACCGC
PFK ATCCACGACTTGAAGGCCAA CTGCAGTCGAACACACCTCT

11



PKM CCTGATAGCTCGAGAGGCTG TATAAGAGGCCTCCACGCTG

HIF-1a ACATCTTCTTCTGCTCCACTAC CTGGAGATTAGTAATGGCCCAT

mTORC ACTGTTCCTGTCCATGTA TCTG  GTAGTGGAGCAGAAGAAGATGT

NLRP3 GCCACTATGTACTCAT ACGACA AGTCAGGGATCTTCACTTTGAG

Caspase 1  AAAGATTCAGTAGGGAACTCCG TCACAAGACCAGGCATATTCTT

GAPDH TCTCTGCTCCTCCCTGTTCTA ATGAAGGGGTCGTTGATGGC

7. Statistical analysis

Functional and histological parameters were expressed as mean =+
standard error of the mean. For comparison of lung function parameters, such as
OC, PVR, and PAP, repeated measures analysis of variance (ANOVA) was
performed. The LIS scores were compared using Fisher’s exact test. Statistical
analysis of gene expression levels was performed using one-way ANOVA with
Tukey’s multiple comparison test. All statistical analyses were performed using
SPSS software 26 (IBM, USA) and graphic figures were prepared using
GraphPad Prism 9 (GraphPad Software, San Diego); statistical significance was
set at p <0.05.

12



II1. RESULTS
1. Lung function during EVLP

There were statistically significant differences in functional parameters
during EVLP between the control and study groups in terms of OC (1-h control
vs. study, 302.2 £ 17.51 vs. 419.4 £ 41.94; 4-h control vs. study, 306.6 + 35.98
vs. 368.6 + 68.23, p < 0.0001) and PVR (1-h control vs. study, 0.79 + 0.04 vs.
0.69 £+ 0.05; 4-h control vs. study, 1.10 £ 0.11 vs. 0.74 + 0.06, p = 0.0002). There
was, however, no significant difference in lung compliance (1-h control vs. study,
0.19£0.03 vs. 0.19 £ 0.01; 4-h control vs. study, 0.18 + 0.04 vs. 0.18 £ 0.02, p =
0.7566) (Figure 2).

ocC PVR
450 1.5
—=— Control _ -+ Control
c
2 400 -=- Study E -=- Study
5 £
~ £
o] *ok K *k *k 2 1.0
ié-__ 350 % %k %k k. ZIE: " * KKk
S E
€ 300 %/%\F% M H—“{*/{
14
* z
0.5
250 T T T T T T T T
1 2 3 4 1 2 3 4
Time (hour) Time (hour)
Compliance
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N
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Figure 2. Analyses of ex-vivo lung perfusion (EVLP) parameters and lung graft
pathologic findings. Functional parameters, including oxygen capacity (OC) (p <
0.0001), pulmonary vascular resistance (PVR) (p = 0.0002), and dynamic lung
compliance (Cdyn) (p = 0.7566), were measured every hour during EVLP. Graft
function showed statistically significant superiority in terms of OC and PVR in
the study than in the control group (* p < 0.05, ** p <0.01, *** p <0.001, and

FxEp < 0.0001). OC, oxygen capacity; PVR, pulmonary vascular resistance
13



2. Histological analysis

There were significant differences in histological changes between the
control and study groups, according to the LIS score. The LIS score was 8.75 +
4.72 in the control group and 1.0 + 1.16 in the study group (p = 0.0449). Alveolar
wall thickening and inflammatory cell accumulation in alveolar space were
observed in the control group, while the normal alveolar structure was well
maintained in the study group (Figure 3). These results suggested that, the
superior graft function of subnormothermic EVLP is due to less inflammatory
cell infiltration and alveolar wall thickening. In addition, it could be inferred that
the inflammatory response plays a major role of protective effect for perfusate

temperature.

(A) (B) Control Study
— - -
LIS

= X100

Control Study
X400

Figure 3. LIS score and histological findings upon H&E staining. (A) LIS score
was significantly higher in the control group (p = 0.0449). (B) Histologic findings
in graft (H&E, original magnification 100% and 400x); control group (left) and

study group (right). Alveolar wall thickening and inflammatory cell accumulation
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were observed in the control group. Normal alveolar structure was maintained in

the study group.

3. Cytokine and protein expression

The mRNA levels of TNF-a (sham: 1, control: 16.78, study: 2.719; sham
vs. control, p =0.0005; sham vs. study, p = 0.8325; control vs. study, p = 0.0013),
IL-18 (sham: 1, control: 24.18, study: 3.404; sham vs. control, p = 0.0093; sham:
vs. study, p=0.9263; control vs. study, p=0.0183), IL-6 (sham: 1, control: 19.67,
study: 4.978; sham vs. control, p < 0.0001; sham: vs. study, p = 0.2483; control
vs. study, p=10.0001), and IL-18 (sham: 1, control: 12.93, study: 1.807; sham vs.
control, p = 0.0309; sham: vs. study, p = 0.9785; control vs. study, p = 0.0440)
were significantly higher in the control group than in the sham and study groups.
The mRNA levels of caspase-3 (sham: 1, control: 29.87, study: 4.887; sham vs.
control, p = 0.0035; sham: vs. study, p = 0.8437; control vs. study, p = 0.0095)
were significantly higher in the control group than in the sham and study groups
(Figure 4).

These inflammatory cytokine level showed that subnormothermic
EVLP has less inflammatory response than normothermic EVLP. It is correlated
with histologic finding seen previously, and an experiment was conducted to find

the mechanism that related to this inflammatory response.
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Figure 4. Proinflammatory cytokine and caspase 3 mRNA expression levels in
samples from sham, control, and study groups (* p <0.05, ** p <0.01, and ***
p < 0.001). In the control group, inflammatory cytokines were significantly
increased compared to that in sham, and the changes were decreased in the study

group to a similar level as in sham.

4. Metabolite analysis
Results of PCA using the detected peaks are shown in Figure 5. The
principal componentl (PC1) score was positively correlated to the EVLP effect.
Metabolites with large positive factor loadings in PC1 tended to increase in the
control and study groups than in the sham group. The PC2 score was positively
correlated to the study group. Metabolites that had positive factor loadings in PC2

tended to increase in the study group than in the control group. Details of the
16



metabolites that 10 highest and lowest loading factors in PCA are described in
the Table 2.
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Figure 5. Principal component analysis. Each plot indicates a PCA score for each

sample. Percentages shown are the contribution rate for each component.

Table 2. Metabolites showing 10 highest and lowest loading factors in PCA

Component 1 (44.16%) Component 2 (14.71%)
Metabolite PCA Metabolite PCA
loading loading
Octanoic acid 0.98997  Choline 0.92145
N-Acetyltryptophan 0.97772  UDP-N- 0.91567
acetylgalactosamine
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UDP-N-

acetylglucosamine
Ibuprofen 0.96209  Glucose 1-phosphate 0.87656
o-Hydroxybenzoic acid 0.95795 XA0065 0.82838
Butyric acid 0.95366  y-Glu-Gly 0.81370
Isobutyric acid
Glycerol 0.91829 Inosine 0.80679
8-Hydroxyoctanoic 0.89003  Uridine 0.80466
acid-1
2-Hydroxyoctanoic
acid-1
Hexanoic acid 0.88520  Guanosine 0.80181
N'-Acetylspermidine 0.86887 CMP 0.78705
XC0154 0.86246  N-Acetylglucosamine 0.77429
1-phosphate
Leu -0.99215 4-Methyl-2-oxovaleric -0.72633
acid
3-Methyl-2-oxovaleric
acid
2-Oxohexanoic acid
Met -0.98692 Thiaproline -0.68469
S-Methylglutathione -0.98601 2-Oxoisovaleric acid -0.66474
Ile -0.98495 Phosphoenolpyruvic -0.63699
acid
Val -0.97747 Pyruvic acid -0.63316
Pro -0.97709 Phosphocreatine -0.55766
Homoserinelactone -0.97108 2-Oxoglutaric acid -0.54713




N, N-Dimethylglycine -0.96416 Isoglutamic acid -0.51861
S-Adenosylmethionine -0.96004 Putrescine -0.50646
S-Lactoylglutathione -0.95747 1-Methylnicotinamide -0.48822

With these PCA results, it was possible to infer metabolites and
pathways that could classify three groups. PC1 was a metabolite showing a
different trend between the sham group and the EVLP group and is related to the
TCA cycle and energy conversion (Butyric acid, Isobutyric acid, 8-
hydroxyoctanoic acid, 2-hydroxyoctanoic acid, Leucine, Isoleucine, Valine) was
the most common. PC2 has shown metabolites that have different trends between
the normothermic EVLP group and the subnormothermic EVLP group. Most of
these metabolites were carbohydrate metabolism-related metabolites (UDP-N-
acetylgalactosamine, UDP-N-acetylglucosamine, Glucose 1-phosphate, N-
Acetylglucosamine 1-phosphate, Phosphoenolpyruvic acid, Pyruvic acid). As
such, it was possible to obtain a clue to select a metabolite that distinguishes

characteristics between groups through PCA.

A. Glucose metabolism

The level of metabolites from early step of glycolysis, such as glucose-
6-phosphate (G6P, control vs. study, 0.001765 vs. 0.004330; p = 0.1338),
fructose-6-phosphate (F6P, control vs. study, 0.0003834 vs. 0.0009974; p =
0.1073), and fructose-1,6-bisphosphate (F1,6P, control vs. study, 0.001849 vs.
0.002430; p = 0.6732) had lower tendency in control group than in study group.
Enzymes related to glycolysis, such as hexokinase (HK) and phosphofructokinase
(PFK), were significantly expressed in control group than in study group (HK,
control vs. study 5.879 vs. 0.2082, p = 0.0135; PFK, control vs. study 2.649 vs.
0.3856, p < 0.0001) (Figure 6). HK and PFK, key enzymes of glycolysis, were
significantly increased in normothermic EVLP, it suggested that glycolytic
activity was increased in normothermic EVLP and was alleviated under
subnormothermic conditions. Intermediate metabolites of glycolysis were
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decreased in normothermic EVLP, it reflects high glycolytic activity and

depletion of intermediate metabolites.
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Figure 6. Metabolite levels in glycolysis pathways. Metabolites associated
with glucose metabolism showed a lower tendency in control group than in
study group (G6P, F6P, F1, 6P). HK and PFK, important enzymes in glycolysis,
showed significantly increased expression in the control group than in the study
group (* p <0.05, ** p <0.01, *** p <0.001, and ****p <0.0001).

HK, hexokinase; G6P, glucose-6- phosphate; FOP, fructose-6-phosphate; PFK,
phosphofructokinase; F1,6P, fructose-1,6-bispohsphate; 3PG, 3-
phosphoglycerate; PEP, phosphoenolpyruvate; PK, pyruvate kinase

B. TCA cycle

TCA cycle metabolites were not significantly different between the
control and study groups (Figure 7), and showed similar trends in both. This result
of the TCA cycle was thought to show similar energy conversion in both groups
due to the inflow of acetyl CoA and succinyl CoA through branched-chain amino

acid and beta-oxidation in addition to pyruvate.
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Figure 7. Metabolite levels in TCA cycle. The metabolites showed no significant
difference.

aKG, a-ketoglutarate; Glu, glutamate; Gln, glutamic acid

5. mTORC- HIF1a- NLRP3 inflammasome pathway signaling

The expression level of mTORC (control vs. study, 4.092 vs. 0.2626; p
=0.0011) and HIF-1a (control vs. study, 5.614 vs. 0.1616; p =0.0008) were
significantly increased in the control group than in the study group. The
expression level of NLRP3 inflammasome (control vs. study, 4.782 vs. 2.309; p
=0.0572) tended to increase in the control group, though not significantly, than in
the study group, but its main effector Caspase-1 (control vs. study, 2.798 vs.
0.3470; p =0.0004) was significantly increased in the control group than in the

study group (Figure 8).
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Figure 8. Expression level of mTORC, HIF-1a, NLRP3 and Caspase 1 in samples
from sham, control, and study groups. HIF-la expression was significantly
increased in the control group than in the study group (** p <0.01, *** p<0.001).

The above results confirmed that mTORC was activated in
normothermic EVLP, and thus HIF-1a expression and activity were increased
under aerobic conditions, and this reaction was suppressed in subnormothermic
EVLP. This leads to an increase in glycolysis in normothermic EVLPs compared
to subnormothermic EVLP, which is consistent with previously identified results
of glucose metabolism. In addition, it was shown that the expression of Caspase

24



1, a major effector, was increased in normothermic EVLP through activation of
NLRP3 inflammasome, which is consistent with the previously confirmed
increase in inflammatory cytokine secretion in normothermic EVLP group

compared to subnormothermic EVLP.
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IV. DISCUSSION

The concept of using EVLP to increase the rate of organ procurement is
highly accepted due to the shortage of donor organs. The shortage is the primary
limiting factor in the widespread use of lung transplants. Machine perfusion
provides a continuous supply of oxygen and substrates. Previous studies had
attempted to increase graft survival rates by increasing the number of available
donor lungs through functional re-evaluations of marginal lungs and by
improving graft functions through therapeutic modifications during EVLP. In
some studies, normothermic EVLP was found to maintain stable donor graft
function and show minimal EVLP-induced injuries . Although a few studies
have demonstrated the usefulness of subnormothermic EVLP recently 823, the
perfusate temperature that would be favorable for lung preservation still remains
unclear. Subnormothermic machine perfusion settings are already in clinical use

1631 and liver *2, transplants. Studies have

for other solid organ, such as kidney
shown the former to be able to lower the rate of metabolism, reduce oxygen
demand, and simultaneously enable the removal of metabolic waste product and
restoration of ATP.

In this study, subnormothermic EVLP showed favorable results for OC
and PVR compared to normothermic EVLP. The inflammatory cytokine levels
supported the results. Inflammatory cytokines, such as TNF-a, IL-18, IL-6, and
IL-18, were significantly higher in normothermic EVLP than in sham and
subnormothermic EVLP. Additionally, caspase-3, an apoptotic marker, was
significantly higher in normothermic EVLP than in sham and subnormothermic
EVLP. Histologic evaluation showed subnormothermic EVLP to cause less lung
injury than normothermic EVLP in terms of LIS. Briefly, subnormothermic
EVLP has superior graft function, and less graft injury and inflammation than
normothermic EVLP. Some recent studies on subnormothermic EVLP have also
reported similar results. Arni et al. showed that an EVLP at 28 °C had more

protective effect than normothermia, with a better physiological state of the DCD
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donor graft after 4 h of ELVP #. Physiological data, including PVR, edema,
compliance, and OC, were significantly improved at low perfusate temperatures,
which was due to the improvement of tissue ATP content and decreased secretion
of pro-inflammatory cytokines ?°. In another study conducted by the same authors,
perfusion at normothermia was shown to have a strong potential benefit for both
physiological parameters and attenuation of I/R injury in a rat model *.

In this study, we considered the difference to be a protective effect of
perfusate temperature, in addition to the effect of graft protection due to EVLP.
Metabolomics is a postgenomic systems biology approach of diagnostic
innovation that involves the measurement of a large number of metabolites using
non-chemical and non-colorimetric methods 3. In organ transplantation era,
metabolomics is performed to monitor the severity of organ IRI and function
during preservation **. The results can help in identifying innovative metabolite
biomarkers for graft function or therapeutic intervention **. In a previous study,
IR injury was found to occur when there was a change from aerobic to anaerobic
metabolism due to brief post-ischemic reperfusion *4. During ischemia, energy
metabolism switched from fatty acid oxidation to oxidative glycolysis for ATP
production 3%, During reperfusion, there was an increase in both lipid and
protein oxidation over that before the ischemic insult *’. Based on this evidence,
we used metabolomics to identify the mechanism by which perfusate temperature
affects graft protection.

‘Metabolic reprogramming’ is an altered configuration of cellular
metabolism, in order to meet the specialized needs of cells exposed to stimuli or
stressors %, Glycolysis and oxidative phosphorylation (OXPHOS) are some
metabolic processes that generate ATP 3°. Anaerobic glycolysis is a less efficient
process compared to OXPHOS, and is the preferred metabolic pathway in highly
proliferative cells, such as in inflammation and cancer, although under aerobic
conditions 3°*2. This metabolic change is called "Warburg effect", and refers to

the fact that some cells rely on glycolysis for energy generation, even in aerobic
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conditions*'. During an inflammatory response, immune cells, such as
macrophage and T cells, undergo this metabolic shift *1*%; the inflammatory phase
favors the anaerobic glycolysis process, and OXPHOS dominates in the
resolution phase of inflammation *.

Previous studies had shown that metabolic reprogramming in glycolysis
promotes inflammatory response in an animal model of ALIL In mouse model of
ALI glycolysis is enhanced during ALI and augments the inflammatory response
4446 Tn murine model of ALI, PFK2 enzyme, involved in glycolysis, acts as an

47 and

innate protective mechanism of alveolar epithelial cell metabolism
glycolysis contributes to the profibrotic phenotype in lung . The inflammatory
phenotype, M1 macrophage, relies on glycolysis and breaks down in the TCA
cycle in chronic lung disease *2. In our study, HK and PFK, important enzymes
involved in glycolysis, were significantly increased in the control group than in
the study group, whereas glycolysis intermediate metabolites in the control group
tended to decrease. Based on these results, we inferred that metabolic
reprogramming occurs from the control group to the glycolytic process and the
inflammatory response is intensified. The field of organ preservation has shown
similar results. Aerobic glycolysis was decreased in subnormothermic EVLP 3¢
and lactate level was decreased in hypothermic machine perfusion in EVLP .
mTORCI1 mainly maintains a cellular balance between anabolism and
catabolism in response to environmental stimuli **#°, and HIF-10. is an important
transcription factor for cells to sense and adapt to changes in oxygen level *°. HIF-
1a-PFK?2 axis appears to act as an innate protective mechanism for the critical
intersection between alveolar epithelial cell metabolism and Iung inflammation
during ALI . HIFla and its target genes involved in glucose uptake and
glycolysis are upregulated in mTORC]1 signaling-dependent manner 4%4>%!; the
glycolytic genes include GLUT1, HK, OFK, and PK %% mTORCI activation
alone increased HIF-1a levels at transcription and translation under normoxic

conditions, without any effect on its stability “>*°. Overexpression of HIF-1a
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induces M1 marker upregulation and plays an important role in inflammatory
macrophage function *°. Activated macrophages result in a metabolic shift to
aerobic glycolysis, with HIF-1a accumulation playing an essential role in this
shift *°. Glycolysis via mTORCI activation is an important pathway related to
NLRP3 inflammasome activation in macrophages *“**°. At the end of this pathway,
secretion of inflammatory cytokines, such as IL-1B, IL-18, and IL-6, was
increased, indicating a proinflammatory condition *>°. Overall, it was confirmed
in ALI (a chronic lung disease), that metabolic reprogramming to glycolysis
exerts an inflammatory effect through the mTORCI-HIF-1a-NLRP3
inflammasome axis, as reported in previous studies. In our study, the expression
level of HIF-1a was increased in the control group than in the study group.
Expression of NLRP3 also tended to increase in the control group than in the
study group; however, it was not significant, possibly due to small sample
numbers. Therefore, we inferred that this pathway is related to increased
inflammatory response through increase in glycolysis.

Considering the changes in metabolomics, proinflammatory cytokines,
and graft function mentioned above, the protective effect of subnormothermic
EVLP was thought to be due to the metabolic shift to glycolysis. Compared to the
subnormothermic EVLP group, normothermic EVLP group uses glycolysis more
predominantly as the way of energy metabolism. In normothermic EVLP, the
change in glycolytic phenotype occurs through the mTORCI1-HIF-1a-NLRP3
pathway, especially via HIF-1a, and the secretion of inflammatory cytokines
through this causes deterioration of graft function. The changes were attenuated
through subnormothermia, showing a graft protective effect.

In our study, subnormothermic EVLP showed a sham-like pattern and
normothermic EVLP caused more lung injury. These results are because IRI
causes injury during reperfusion more than ischemia itself. In previous studies, it
was already known that IRI was initiated by the rapid and robust generation of

reactive oxygen species in the reperfusion phase rather than the ischemia phase
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52, In other words, lung injury due to reperfusion occurs during EVLP, and this
reperfusion injury is might to be affected by the temperature of the perfusate, and
the subnormothermic condition is thought to cause less injury due to this
reperfusion than the normothermic condition.

This study, however, has some limitations. First, since this study was
regarding the function and metabolites of rat lung grafts after EVLP, it did not
assess the graft function after in-vivo reperfusion. Secondly, although
subnormothermic conditions showed improvements in graft function during
EVLP, it was difficult to clarify the mechanism related to it. Significant changes
were seen in glycolysis pathway, but statistical power was not strong owing to

the small sample size.
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V. CONCLUSION

Our study provided a schematic overview of the glycolytic pathways in
lung ischemia reperfusion and identified the effect of perfusate temperature on
IRI during EVLP. Subnormothermic EVLP was confirmed to show better graft
function than normothermic EVLP. This may have been due to the metabolic
change, since subnormothermic EVLP especially showed superior graft function

by decreased expression of a proinflammatory cytokine through inhibition of
glycolysis via mTOCI1-HIF-1a-NLRP3 inflammasome pathway. Studies to

confirm the metabolic pathway required for a therapeutic target should be
conducted in future by identifying the appropriate perfusate temperature in the

EVLP protocol.
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APPENDICES

EVLP, ex-vivo lung perfusion; PA, pulmonary artery; FiO,, fraction of inspired
oxygen; OC, oxygen capacity; LA, left atrium PO, partial pressure of oxygen;
PA, pulmonary artery; PVR, pulmonary vascular resistance; PAP, peak airway
pressure; CE-TOFMS, capillary electrophoresis- time-of-flight mass
spectrometry; ESI-MS, electrospray ionization-mass spectrometry; MT,
migration time; HMT, human metabolome technology; HCA, hierarchical cluster
analysis; PCA, principal component analysis; qRT-PCR, quantitative reverse
transcription-polymerase chain reaction; IL, interleukin; TNF-a, tumor necrosis

factor-alpha
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Abstract (In Korean)
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Fastlon, A5 AlelEgRRIY wd B Sy
89 mTORCI pathway ## FHdz @S H71sks]
capillary electrophoresis Time-of-Flight Mass Spectrometry S A}-8-3}¢
Zh 2w #H Ao A tiaAl FA4 S F3skith

vk oC B PVRE ZAR 75A iz Alelu
S Aol dxvEtg TAHeR fosiA IS Th
IL-6,18,18 % TNF-at & A4 AolE7RQIS Bd FE2
AR dzaeA froletAl Frkekith. A A4S
g A7 LFNA A aFET &Y A8 fostA
st RAoZ YElSFYth mTORC-HIF-1a-NLRP3  pathway
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of Aels Aol Hal olA| sl B $5Ee Helagln,

mTORC1-HIFlo-glycolysis A=22] JA=Z <As Ty
AAE Sall AHSH AllEFIIY HAS HAEAA -5
o] 2] 715 S HAFAT

s A =] = & ex-vivo lung perfusion, temperature, lung transplantation,

metabolomics, glycolysis
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