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A B S T R A C T

Cold storage is widely used to preserve an organ for transplantation; however, a long duration of cold storage neg-
atively impacts graft function. Unfortunately, the mechanisms underlying cold exposure remain unclear. Based on
the sphingosine-1-phosphate (S1P) signal involved in cold tolerance in hibernating mammals, we hypothesized
that S1P signal blockage reduces damage from cold storage. We used an in vitro cold storage and rewarming
model to evaluate cold injury and investigated the relationship between cold injury and S1P signal. Compounds
affecting S1P receptors (S1PR) were screened for their protective effect in this model and its inhibitory effect on
S1PRs was measured using the NanoLuc Binary Technology (NanoBiT)-β-arrestin recruitment assays. The effects
of a potent antagonist were examined via heterotopic abdominal rat heart transplantation. The heart grafts were
transplanted after 24-hour preservation and evaluated on day 7 after transplantation. Cold injury increased
depending on the cold storage time and was induced by S1P. The most potent antagonist strongly suppressed cold
injury consistent with the effect of S1P deprivation in vitro. In vivo, this antagonist enabled 24-hour preservation,
and drastically improved the beating score, cardiac size, and serological markers. Pathological analysis revealed
that it suppressed the interstitial edema, inflammatory cell infiltration, myocyte lesion, TUNEL-positive cell death,
and fibrosis. In conclusion, S1PR3 antagonist reduced cold injury, extended the cold preservation time, and
improved graft viability. Cold preservation strategies via S1P signaling may have clinical applications in organ
preservation for transplantation and contribute to an increase in the donor pool.
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TaggedPOrgan transplantation was developed as a treatment for fatal organ
dysfunction. The duration of transplanting organs from the donor to
TaggedEndTaggedPrecipient is critical to minimize cellular damage and preserve organ
function. Since early times, the conventional method of cold preserva-
tion (at approximately 4°C) has been adopted as a gold standard owing
to its simplicity and ability to reduce oxygen and energy consumption
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At A Glance Commentary

Kanemitsu E, et al.

Background

For organ transplantation, the cold storage time of a harvested
heart is limited, that is, only 4−6 hours. This leads to a decrease in
the utilization of the donor graft.

Translational Significance

We focused on sphingosine-1-phosphate (S1P) involved in the cold
tolerance of hibernating mammals and identified a novel S1P
receptor 3 antagonist that protected the rat graft heart from cold
injury. This antagonist could be effective as an organ preservation
solution that extends the cold storage time of graft organs and
improves the outcome of organ transplantation therapy.
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TaggedEndTaggedPlevels.1,2 Integrated approaches technically based on cold storage have
been developed; these include cryopreservation, subzero cooling,3,4 and
various ranges of low temperature with perfusion.5-7 However, despite
efforts to maintain graft function, long cold exposure inevitably causes
adverse effects such as dysfunction of the membrane and organelles.8

Therefore, cellular damage increases in a time-dependent manner and
organs can be kept viable only for a limited time under cold conditions.
While organ transplantation remains the best treatment method for
patients with advanced organ failure and the number of candidates is
increasing worldwide, the supply of organ donors cannot keep pace with
this demand. In particular, the shortage of hearts is worse owing to logis-
tical limitations between the donor and recipient, which leaves many
untreated patients struggling with poor quality of life and limited life
expectancy. Because the preservation time for graft organs is limited
from the 4−6 hours for heart to 18−24 hours for kidneys, the donor
graft and recipient must be matched over relatively short geographic dis-
tances and time periods; this often results in the use of grafts that are
immunologically not well-matched to recipients. This time constraint
restricts donor organ usage and contributes to a high rate of graft discard
of up to 26%−27% for abdominal organs and 70%−80% for thoracic
organs of over 10,000 organ offers in the United States, many of which
could have been successfully transplanted under the right
circumstances.2,9 Thus, innovative methods that decrease the adverse
effects of cold storage and enable longer preservation are highly desir-
able. However, because graft damage during cold storage is often recog-
nized as “(cold) ischemia reperfusion injury” shown after rewarming
and inseparable from rewarming injury, scientific evidence of the pro-
tective effect of cold exposure and the disruptive adverse effect, called
“cold injury,” has received insufficient attention. New clues to elucidate
the regulation of cold adaptation that reduces cold injury as well as a
solution for longer preservation are required. TaggedEnd

TaggedPTo this end, we focused on mammalian hibernation, which is known
as a seasonal state of dormancy characterized by a controlled reduction
in body temperature, reduced cellular metabolism, and decreased oxy-
gen and energy consumption levels leading to “cold tolerance.”10 Small
hibernators are able to survive under hypothermia equal to ambient
temperature for a few days and occasional rewarming; thus, they are
ideal models to elucidate the mechanism of cold tolerance for organ
preservation.11,12 Molecular mechanisms of cold tolerance to adapt to
the cold and protect hibernators from cold injury are still largely
unknown; however, recent studies have revealed a close association
between cold tolerance and sphingolipids, which are a class of lipids
containing a backbone of sphingoid bases, a set of aliphatic amino alco-
hols that includes sphingosine.13-15 Sphingosine-1-phosphate (S1P) is a
type of sphingolipid that plays an essential role in neurogenesis and
lymphocyte trafficking through G protein-coupled receptors (GPCRs)
of S1PRs (S1PR1-5)16 as well as in the modulation of an array of
prosurvival cellular processes.17 Recent studies indicate that S1P
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TaggedEndTaggedPlevels decrease in a temperature-dependent manner when mamma-
lian hibernators enter into torpor, leading to lymphopenia, which is
one of the hallmarks of hibernation,13,14 and the administration of a
S1PR antagonist, W146, induces lymphopenia in mice.15 These data
suggest that the deprivation of S1P or administration of S1PR antag-
onist is a key regulator to induce cold tolerance and protect from
cold injury. Here, we attempted to reduce cold injury in human cells
and isolated rat hearts by focusing on S1PR signaling to extend the
cold preservation time and achieve improved graft function. TaggedEnd
TaggedH1Materials and Methods TaggedEnd

TaggedH2Reagents and compounds TaggedEnd

TaggedPMCDB131 medium, FBS, Glutamax, HEPES, and Opti-MEM were pur-
chased from ThermoFisher (Waltham, MS). Dulbecco’s modified Eagle’s
medium (DMEM, 1.0 g/L glucose), penicillin-streptomycin mixed solu-
tion, protease inhibitor, phosphatase inhibitor cocktail, and Blocking
One were purchased from Nacalai Tesque (Kyoto-city, Kyoto, Japan).
Heparin sodium was purchased from Mochida Pharmaceutical Co. Ltd.
(Shinjuku, Tokyo, Japan). Belzer UW cold storage solution was pur-
chased from Bridge to Life Ltd. (Columbia, SC). S1P, VPC 23019, CYM
5541, TY52156, MP-A08, and SKI II were purchased from Tocris Biosci-
ence (Bristol, UK). Fingolimod, SEW2871, W146, JTE-013, and
CAY10444 were purchased from Cayman Chemical (Ann Arbor, MI).
Endothelial cell growth supplement from bovine neural tissue (ECGS),
CYM 5520, CYM 50358, and CelLytic M were purchased from Sigma-
Aldrich (St. Louis, MO). CYM 50308 was purchased from Tronto
Research Chemicals (North York, ON, Canada). AlamarBlue Cell Viabil-
ity Reagent was purchased from Invitrogen Corporation (Carlsbad, CA).
Cytotoxicity Detection Kit (LDH) was purchased from Roche Diagnostic
GmbH (Basel, Switzerland). TaggedEnd
TaggedH2Cell culture TaggedEnd

TaggedPThe human hepatoma cell line HepG2 (JCRB1054) was cultured in
DMEM (1.0 g/L glucose) supplemented with 10% FBS, 100 units/mL
penicillin and 100 µg/mL streptomycin. The immortalized human
umbilical vein endothelial cell (HUVEC) line established by electropora-
tion of pIRES-hTERT-hygr HUEhT-2 (JCRB1459) was cultured in
MCDB131 medium supplemented with 10% FBS, 0.03 g/L ECGS,
5 mg/L heparin sodium, and 5% Glutamax. All cell lines were cultured
at 37°C in a humidified atmosphere with 5% CO2. TaggedEnd
TaggedH2In vitro cold storage and rewarming modelTaggedEnd

TaggedPExperiments were performed with cells grown to 70%−80% conflu-
ence. Exposure to cold storage was performed by replacing warm media
with complete media containing 25 mM 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES) at 4°C. Chemical compound was added
concurrently with cold media, and cells were subjected to cold storage
for each time-course at 4°C in a refrigerated incubator. To stimulate
rewarming after cold storage, cold media was replaced with warm com-
plete media and the cells were again incubated at 37°C for 1 hour. TaggedEnd
TaggedH2Cell viability assay TaggedEnd

TaggedPThe alamarBlue Cell Viability assay was performed according to the
manufacturer’s instructions. Briefly, alamarBlue Cell Viability Reagent
was added to the cells, absorbance at 570 nm was measured after 1
hour, and cell viability was expressed as a percentage, divided by the
absorbance measured for cold storage 0-hour control cells. The absor-
bance of the control cells was measured at the same time when cold stor-
age exposure began for the experimental groups. TaggedEnd
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TaggedH2LDH release assay TaggedEnd

TaggedPLDH release was measured according to the manufacturer’s instruc-
tions. Briefly, 100 µL/well supernatant was carefully removed into a
clear 96-well flat bottom microplate and centrifuged at 250 × g for 5
minutes. To determine the LDH activity, 100 µL reaction mixture was
added to each well, incubated for up to 30 minutes at +15 to +25°C
(plates were protected from light), and the absorbance at 490 nm was
measured. Control cells were treated with 1% TritonX-100, 1 hour prior
to medium collection and were not cooled. TaggedEnd
TaggedH2NanoLuc Binary Technology (NanoBiT)-β-arrestin recruitment assayTaggedEnd
TaggedPCell culture TaggedEnd
TaggedPHuman Embryonic Kidney A (HEK293A) cells (Thermo Fisher Scien-

tific) were cultured in complete DMEM. TaggedEnd
TaggedPPlasmid construction for the NanoBiT-β-arrestin recruitment assay TaggedEnd
TaggedPIn NanoBiT, NanoLuc luciferase is split into Small BiT fragment

(SmBiT) and Large BiT fragment (LgBiT) subunits and the fused proteins
are used for detecting intracellular protein-protein interaction (PPI).18

For the assay, a receptor construct was designed to fuse the SmBiT of the
NanoBiT complementation luciferase to the C-terminus of human S1P1-5
with a 15-amino acid flexible linker (GGSGGGGSGGSSSGG), whose
sequences were recommended by the manufacturer (Promega). The con-
struct (HA-S1P1-5-SmBiT) was assembled and inserted into a pCAGGS
mammalian expression plasmid (a kind gift from Dr. Junichi Miyazaki,
Osaka University) at the KpnI-XhoI site using the NEBuilder HiFi DNA
Assembly system (New England Biolabs, Ipswich, MS). A β-arrestin con-
struct was generated by fusing the LgBiT whose nucleotide sequences
were gene-synthesized with mammalian codon optimization (Gen-
script), to the N-terminus of human β-arrestin1 or β-arrestin2 (βarr1 or
βarr2, respectively) with the 15-amino acid linker. To increase βarr
recruitment signal, alkaline phosphatase (AP)-2-binding-deficient muta-
tions were introduced in βarr1 (R393E and R395E) and βarr2 (R393E
and R395E).19 The mutant LgBiT-βarr1 and LgBiT-βarr2 were inserted
into the KpnI- and XhoI-digested pCAGGS plasmid.TaggedEnd
TaggedPNanoBiT-β-arrestin recruitment assay TaggedEnd
TaggedPHEK293 cells were seeded in a 10-cm dish at 2 × 106 cells in 10 mL of

complete DMEM and cultured for 1 day in a CO2 incubator. The cells
were transfected with a mixture of S1P1-5-SmBiT plasmid (1 µg) and the
LgBiT-βarr plasmid (LgBiT-βarr1 or LgBiT-βarr2; 500 ng) by diluting in
500 µL of Opti-MEM, and combining 25 µL of 1 mg/mL PEI reagent
diluted in 500 µL of Opti-MEM. As a negative control, the pCAGGS plas-
mid was used instead of the S1P1-5-SmBiT plasmid. Twenty-four hours
after addition of the transfection solution, the cells were harvested with
5 mL of a 0.53 mM ethylenediaminetetraacetic acid (EDTA)-containing
Dulbecco’s phosphate-buffered saline (D-PBS), followed by rinsing with
5 mL of Hanks’ balanced salt solution (HBSS) containing 5 mM HEPES
(pH 7.4). The cells were centrifuged at 190 × g for 5 minutes and sus-
pended in 10 mL of 0.01% bovine serum albumin (BSA)-containing
HBSS. The cell suspension was seeded in a 96-well white plate at a vol-
ume of 80 μL per well and loaded with 20 µL of 50 µM coelenterazine
(Carbosynth, Compton, Berkshire, UK) diluted in the BSA-HBSS. After
incubation at room temperature (approximately 23°C) for 2 hours, back-
ground luminescent signals were measured using a luminescent micro-
plate reader (SpectraMax L equipped with 2 detectors, Molecular
Devices, San Jose, CA). Test compounds at 6X concentration (20 µL)
were manually added to the cells. Five minutes after ligand addition,
luminescent signals were measured for 5 minutes with a 20-second
interval. For each well, luminescent signal was normalized to the initial
count and fold-change values over 5−10 minutes after ligand stimula-
tion were averaged. TaggedEnd
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TaggedH2Data analysisTaggedEnd

TaggedPCombined data of 3−5 independent experiments, each performed in
duplicates, are presented. For fitting sigmoidal concentration−response
curve, fold-change luminescent signals (NanoBiT-βarr assay) were fitted
to a 4-parameter sigmoidal curve using the Prism 7 software (GraphPad
Prism). TaggedEnd

TaggedPReverse transcription-polymerase chain reaction (RT-PCR) and quantitative
PCR (qPCR)TaggedEnd

TaggedPTotal RNA was extracted from cells and heart tissue using RNeasy
Mini Kit (Qiagen, Toronto, Ontario, Canada). A total of 1 µg of total
RNA was used to synthesize cDNA using PrimeScript RTase (Takara).
Gene expression of S1PR1, S1PR2, S1PR3, and GAPDH was detected
by qPCR using the SYBR Green method. Primers used for PCR were:
S1PR1 (F: 5′-TCTGCTGGCAAATTCAAGCGA-3′ and R: 5′-GTTGTCC
CCTTCGTCTTTCTG-3′), S1PR2 (F: 5′-ATCGTGCTAGGCGTCTTTATCG-
3′ and R: 5′-AGTGGGCTTTGTAGAGGATCG-3′), S1PR3 (F: 5′-
GGATGTGCTGGCTCATTGC -3′ and R: 3′- CAGGATGGTAGAGCAGT-
CAGG -5′), GAPDH (F: 5′-ACAACTTTGGTATCGTGGAAGG-3′ and R: 3′-
GCCATCACGCCACAGTTTC-5′). qPCR was conducted in a 10 µL PCR
1 × SYBR Green mixture (Bio-Rad), 10 µM primers, 1 µL of cDNA, with
the following thermal profiling: an initial activation step was carried out
at 95°C for 10 minutes, followed by 45 cycles of: 95°C for 15 seconds,
64°C for 1 minute. Expression levels between groups were quantitatively
compared using the ΔΔCt method with GAPDH as the endogenous con-
trol from RNA expression. TaggedEnd

TaggedPAnimals TaggedEnd
TaggedPInbred line of Lewis (LEW) rats (male, 7-weeks old, weight: 180−240

g) were purchased from the Oriental Bio Service (Koto, Japan), and used
as both donors and recipients. The rats were fed water and standard rat
chow without fasting, and were housed at a density of 3 per cage and
maintained on a 12-hour light−dark cycle at 21°C. At the end of each
procedure and experiment, rats were euthanized by exsanguination
according to AVMA Guidelines for the Euthanasia of Animals under
anesthesia with 5% isoflurane inhalation through a facial mask. The
experiment was approved by the Animal Research Committee of Kyoto
University (Med Kyo 19178), and all animals received humane care, in
accordance with the “Guide for the Care and Use of Laboratory Animals”
published by the National Academy of Science and the National Insti-
tutes of Health. TaggedEnd

TaggedPExperimental design TaggedEnd
TaggedPDonor and recipient rats (inbred line of Lewis) matched in age and

weight were randomly assigned to 10 µM TY52156 or the vehicle group.
The transplantation maneuvers were standardized and performed at the
same time of day by the same microsurgeon (X.Z.). The grafts were per-
fused with plain University of Wisconsin (UW) cold preservation solu-
tion (fresh control) or UW solution supplemented with compound (S1PR
antagonist, TY52156) or vehicle and preserved for 24 hours at 4°C in
the same solution. After 24-hour hypothermic preservation, the grafts
were flushed with Ringer solution and transplanted. Fresh control was
transplanted immediately after donation with 30-minute cold storage
and perfusion with Ringer solution. TaggedEnd

TaggedPHeterotopic abdominal heart transplantation TaggedEnd
TaggedPHeterotopic abdominal heart transplantation was performed as pre-

viously reported.20 Briefly, the rat hearts were surgically removed under
anesthesia with 5% isoflurane inhalation through a facial mask. After
anesthetization, sodium heparin (1000 U/kg) was administered from
the dorsal vein of the penis to avoid thrombus formation. The chest of
the donor rat was opened using the median sternotomy approach to
expose the heart. The superior vena cava (SVC), inferior vena cava
(IVC), and pulmonary veins (PV) were tied with silk 6.0 sutures, and
ascending aorta and pulmonary artery were cut at 3−4 mm from their
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TaggedEndTaggedPorigin. The heart was then perfused in situ with 4°C plain UW solution
(fresh control) or UW solution with compound (S1PR antagonist,
TY52156) or vehicle by retrograde perfusion through ostia of coronary
artery in the ascending aorta stump and venous return (majority through
the coronary sinus in the right atrium, some through the auxiliary open-
ing in the right ventricle, and via the Thebesian veins into the cavity of
the left ventricle), rapidly excised, and preserved in the same solution as
perfusion. Heart grafts were preserved at 4°C for 24 hours. After the
same anesthesia as donor rats, recipient rats underwent a mid-line
abdominal incision. The heart graft was flushed with 4°C Ringer solu-
tion along the same route as the harvest, and then the ascending aorta
and pulmonary artery of the graft were anastomosed with the infra-renal
abdominal aorta and IVC using 9-0 suture thread, respectively. The
median warm ischemic time was 32.5 minutes (range: 36−27 minutes). TaggedEnd

TaggedPGraft evaluation TaggedEnd
TaggedPPrimary endpoints were the effect on cardiac graft function and his-

tology at 7 days, and analyses were performed by a trained individual
who was blinded to the study. One rat in the fresh control group died of
anastomosis rupture caused by thin suture thread and was thus excluded
from statistical analyses. Beating score of the graft was evaluated visu-
ally at 10 minutes and 7 days after reperfusion by direct inspection, and
at 24 hours by palpitation using the Stanford Cardiac Surgery Laboratory
graft scoring system: 0 = no contraction; 1 = contraction barely visible
or palpable; 2 = obvious decrease in contraction strength, but still con-
tracting in a coordinated manner, with rhythm disturbance; 3 = strong,
coordinated beat, but noticeable decrease in strength or rate; 4 = strong
contraction of both ventricles, at regular rate.21 The horizontal and ver-
tical lengths of pretransplant grafts were measured by caliper ex vivo.
Graft sizes were expressed as multiplication of horizontal and vertical
lengths. At 7 days after reperfusion, rats were subjected to laparotomy
to examine the graft survival. Wall motion and beat, post-transplant size
in vivo at diastolic phase were measured, and the rats were then sacri-
ficed. Graft enlargements were expressed as ratio of the post-transplant
size to the pretransplant size. Grafts excised at 7 days were fixed in 10%
formalin-PBS, embedded in paraffin, and stained with hematoxylin &
eosin (HE), Masson’s trichrome (MT), and terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL, In Situ Apoptosis Detection
Kit, TaKaRa, Kusatsu, Shiga, Japan). Interstitial edema was measured in
randomly selected coronary arteries (at least 5/heart) and expressed as
a median diameter. Perivascular edema (S1) and the vascular area (S2)
were measured. The edema index was determined as the ratio of S1 sub-
tracted S2 to S2 and graded as follows: 0 = index ≤ 0; 1 = index 0.1 to
≤0.5; 2 = index 0.6 to ≤1.0; 3 = index > 1.0.22 The grade of inflamma-
tory cell infiltration in the myocardium: 0 = no infiltration; 1 = mild
(focal, perivascular) infiltration; 2 = moderate (multifocal); 3 = exten-
sive (most dense and diffuse), and Myocyte lesion: 0 = no lesion;
1 = vacuolization (myocyte becomes vacuolized); 2 = focal myocyte
necrosis (irregular border, fragmented sarcoplasm, debris, myocyte
dropout); 3 = extensive myocyte necrosis (interstitial hemorrhage and
eosinophil infiltration) were also evaluated.22 TUNEL-positive cells
were counted in 5 randomly selected high-power fields (HPF, magnifica-
tion 400 ×) adjacent to the necrotic area, and were expressed as the
average number of TUNEL-positive cells per single HPF. The fibrotic
areas in MT were expressed as ratio to the total heart area. Images were
obtained using a fluorescence microscope BZ-X710 (Keyence, Osaka,
Japan), and processed using computerized planimetry software (KEY-
ENCE). The fibrotic areas were expressed as ratio to the total heart area.
Grafts fixed in 10% formalin-PBS at the end of storage were immersed in
30% sucrose, embedded in OCT compound, frozen in liquid nitrogen,
and stained with HE. Blood was drawn from the IVC at 7 days after
reperfusion and the rats were euthanatized. Serum was obtained by cen-
trifugation and aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), lactate dehydrogenase (LDH) levels, and creatinine kinase
(CK) activity were measured by standard enzymatic methods (JSCC for
AST, ALT, and CK; IFCC for LDH). All measurements were performed in
29
TaggedEndTaggedPthe central laboratory of the Nihon Rinsho and according to interna-
tional standards. TaggedEnd

TaggedH2Statistical analysis TaggedEnd

TaggedPAll in vitro data presented were confirmed in at least 3 or 4 indepen-
dent experiments. An unpaired Student’s t-test was performed for cell
death and cell viability assay between groups and one-way ANOVA was
performed at P = 0.05, with post hoc Dunnett’s test for comparisons of
time-course assays. Curve fittings for EC50 values in concentration-
dependent curve were determined using nonlinear regression analysis
GraphPad (Prism). One-way ANOVA was performed at P = 0.05, with
post hoc Tukey’s multiple comparison test for comparisons between dif-
ferent preservation groups over time. All in vitro and in vivo values are
expressed as means ± SEM. TaggedEnd

TaggedH1Results TaggedEnd

TaggedH2Long cold exposure causes irreversible damage to human cells in a time-
dependent manner TaggedEnd

TaggedPTo evaluate cold injury of the cells derived from major target organs
in transplantation therapy, we generated an in vitro model of cold injury
(Fig 1, A) using a HepG2 cell line. Cell integrity was gradually lost dur-
ing incubation at 4°C and morphological changes were observed, which
appeared more severe after rewarming than before rewarming (Fig 1,
B). During cold storage, LDH release increased in a time-dependent man-
ner (Fig 1, C), indicating that cold exposure time-dependently impairs
cells. Cell viability after the indicated cold storage time points followed
by 1-hour rewarming decreased in a time-dependent manner in inverse
proportion to LDH release (Fig 1, D), indicating that cell viability after
rewarming is inversely correlated with cold injury. Cold storage for 8
hours led to a 50%mortality in HepG2 cells after 1-hour rewarming, and
the cells almost completely died after 24-hour cold storage followed by
1-hour rewarming. To achieve longer preservation and better cell viabil-
ity after rewarming, we attempted to reduce cold injury. TaggedEnd

TaggedH2Deprivation of S1P protects human cells from cold injury TaggedEnd

TaggedPTo confirm that S1P is a key factor for inducing cold injury, we exam-
ined the effect of deprivation of S1P during cold storage on cell viability
after rewarming. HUVECs are endothelial cells isolated from human
umbilical vein. Endothelial cells, which commonly exist in target organs
for transplantation, are the main source of circulating S1P secreted after
intracellular S1P synthesis,23 and are known to be susceptible to hypo-
thermic conditions.24 Thus, we used HUEhT-2 cells, which are immortal-
ized HUVECs, established by the electroporation of pIRES-hTERT-hygr,
which have sufficient and stable capacity to secrete S1P into the extra-
cellular space. S1P is generated from plasma membrane lipids and its
catalytic process in the intracellular space is mediated by 1 of 2 sphingo-
sine kinases (sphingosine kinase 1 (SPHK1) or SPHK2) resulting in
increased intracellular S1P level or secretion into extracellular space
and acting in an autocrine or a paracrine manner.16 For S1P deprivation,
we used 2 different SPHK inhibitors, MP-A08 and SKI II. Charcoal
stripped lipid-free fetal bovine serum (FBS) was used to completely
deprive S1P. When HUEhT-2 cells were incubated with SPHK inhibitors
and lipid-free serum in normothermic conditions for 24 hours, cell via-
bility decreased in a dose-dependent manner (Fig 2, A and B), indicating
that S1P is necessary for survival during normothermia.16 When
HUEhT-2 cells were subjected to cold storage and rewarming, cell viabil-
ity decreased in a time-dependent manner after the indicated cold stor-
age time points followed by 1-hour rewarming (Fig 2, C), similar to that
observed in HepG2 cells, although the durations were different. Cold
storage for 3 days followed by 1-hour rewarming resulted in 80% mor-
tality in HUEhT-2 cells, and HUEhT-2 cells almost completely died after
5 days of cold storage followed by 1-hour rewarming. Next, we added



TaggedFigure

Fig 1. Long cold exposure causes irreversible damage to human cells in a time-dependent manner. (A) Scheme of in vitro study of cold injury. (B) Representative image
(n = 4) of phase differential image at physiological temperature and indicated cold storage time points before and after 1-hour rewarming in HepG2 cells. Scale bar,
100 µm (400 ×). (C and D) Cytotoxicity induced by cold storage at 4°C before rewarming was evaluated by periodic measurement of LDH release (C), and cell viability
was expressed using alamarBlue assay after indicated cold storage time points followed by rewarming for 1 hour in HepG2 cells (D). For C and D, n = 6 for each time
point. n.s. P > 0.05, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 compared to the corresponding baselines of cold storage 0-hour calculated using one-way
ANOVA followed by post hoc Dunnett’s test. In all statistical plots, data are shown as the mean ± SEM.TaggedEnd
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TaggedEndTaggedPcompounds into cold media at indicated concentrations during cold stor-
age and removed it by washing out at rewarming. When HUEhT-2 cells
were grown in media supplemented with SPHK inhibitor and lipid-free
serum and subjected to cold storage for 5 days followed by 1-hour
rewarming, the decrease in cell viability after 1-hour rewarming was
substantially alleviated in a dose-dependent manner (Fig 2, D and E),
indicating that S1P deprivation reduces cold injury. To determine
whether the effect of SPHK inhibitor was specifically caused by the dep-
rivation of S1P, we added exogenous S1P and examined whether it could
nullify the effect of S1P deprivation. With treatment of 25 µM MP-A08
or 5 µM SKI II using lipid-free serum during cold storage for 3 days (80%
mortality after 1-hour rewarming), the addition of exogenous S1P
decreased cell viability after 1-hour rewarming in a S1P dose-dependent
manner (Fig 2, F and G). These data indicate that S1P induces cold injury
in a dose-dependent manner and the deprivation of S1P reduces cold
injury. TaggedEnd

TaggedH2S1PR antagonists protect human cells against cold injury TaggedEnd

TaggedPTo examine whether the inhibition of S1P receptors (S1PR) could
reduce cold injury in human cell lines, we used compounds affecting
S1PRs to reduce the potential adverse effects of S1P deprivation during
normothermic rewarming (Fig 2, A and B).17 Using the 24-hour cold
storage and 1-hour rewarming model (100% mortality; Fig 1, D) in
HepG2 cells that were confirmed to express S1PR 1, 2, and 3 (Fig 3, A),
we screened compounds affecting S1PRs and found that TY52156 and
JTE-013 induced a substantial increase in cell viability in a dose-depen-
dent manner (Fig 3, B). Furthermore, TY52156 was found to be the most
potent, with an effect of up to 89.8 ± 1.1% of viability in the 100% mor-
tality model. TaggedEnd

TaggedPNext, we tried to confirm the antagonistic effect of TY52156 on
S1PR1−5 using the NanoLuc Binary Technology (NanoBiT)-β-arrestin
recruitment assay system (Fig 3, C). We found that the activated GPCRs
were uncoupled from G-proteins, resulting in signal desensitization by
recruitment of β-arrestin-1 and -2.25 One of the S1PR1−5-SmBiT plas-
mids was transiently cotransfected with the LgBiT-βarr1/βarr2 plasmid
30
TaggedEndTaggedPinto parental cells, and the recruitment of β-arrestin to the plasma mem-
brane upon S1P stimulation was quantified using NanoBiT lumines-
cence. This background demands an extremely high transfection
efficiency in NanoBiT assay, and HEK293 cells, which have high trans-
fection efficiency,18,19 were used. The administration of S1PR antago-
nists inhibited the recruitment of β-arrestin, as observed through lost
luminescence. The administration of S1P as a positive control induced
luciferase activity in all S1PR1−5 receptors (Fig 3, D), indicating that
S1P-signaling stimulation was detected through β-arrestin-1 and -2
recruitment. In particular, TY52156 had stronger antagonizing effects
on S1PR3, compared to that on the other receptors, in both β-arrestin-1
and -2 recruitment (Fig 3, E and F). We examined the time duration for
which the most potent compound, TY52156, could maintain its pro-
tective effect during extended cold storage in HepG2 and HUEhT-2
cells. HUEhT-2 cells also expressed S1PR 1, 2, and 3, and showed
stronger expression of S1PR1 and 3 mRNAs compared to HepG2
cells (Fig 3, A). HepG2 and HUEhT-2 cells treated with 10 µM
TY52156 remained viable even after 48 hours and 14 days of cold
storage followed by 1-hour rewarming, respectively (Fig 3, G and
H). TY52156 extended the cold storage time more than twice in
HepG2 cells and more than 3-fold in HUEhT-2 cells. These results
indicate that S1PR antagonists maintain cellular viability during
cold storage, similar to the result observed after S1P deprivation,
which reduced cold injury (Fig 2, D and E). Furthermore, in contrast
to the finding that S1P deprivation showed potential adverse effects
in normothermia (Fig 2, A and B), we found that TY52156 neither
inhibited cell proliferation nor reduced cell viability in normother-
mic conditions in both HepG2 (Fig 3, I) and HUEhT-2 cells (Fig 3,
J). These results indicate that the inhibition of S1PRs is a viable
solution for cold preservation in human cells. TaggedEnd

TaggedH2TY52156 treatment reduces heart graft damage and improves transplanted
graft function after prolonged cold preservation in vivoTaggedEnd

TaggedPTo confirm whether the effect of TY52156 could apply for the organ
preservation, heterotopic abdominal rat heart transplantation was
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Fig 2. Deprivation of S1P protects human cells from cold injury. (A and B) Cell viability after 24-hour incubation in normothermic condition supplemented with MP-
A08 (A) and SKI II (B) in HUEhT-2 cells. For A and B, charcoal stripped lipid-free fetal bovine serum (FBS) was used to deprive S1P completely (n= 6 for each concen-
tration point). Curve fitting for IC50 values were determined using nonlinear regression analysis. (C) Cell viability was expressed using alamarBlue after indicated cold
storage time points followed by 1-hour rewarming in HUEhT-2 cells. For C, n=6 for each time point. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the correspond-
ing baselines of cold storage 0-hour calculated using one-way ANOVA followed by post hoc Dunnett’s test. (D and E) Cell viability after 5-day cold storage and 1-hour
rewarming (almost 100% mortality) with MP-A08 (D) and SKI II (E) of HUEhT-2 cells. For A and B, charcoal stripped lipid-free fetal bovine serum (FBS) was used to
deprive S1P completely (n= 6 for each concentration point). Curve fitting for IC50 values were determined using nonlinear regression analysis. (F and G) Cell viability
after 3-day cold storage and 1-hour rewarming (80% mortality) of HUEhT-2 cells given 25 µM MP-A08 (F), or 5 µM SKI II (G) supplemented with exogenous S1P at
indicated concentrations. At cold storage, compounds were added into cold media at indicated concentrations and removed by washing out at rewarming. For D−G,
charcoal stripped lipid-free FBS was used to deprive S1P completely and n = 6 for each concentration point. Curve fitting for EC50 and IC50 values were determined
using nonlinear regression analysis. In all statistical plots, data are shown as the mean ± SEM.TaggedEnd
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TaggedEndTaggedPexamined. With reference to conventional methods indicating that the
time limit for rat heart preservation in the University of Wisconsin (UW)
cold storage solution is 12 hours,26 isolated rat hearts were preserved 24
hours prior to transplantation (Fig 4, A). To evaluate the graft at the end
of cold storage, hematoxylin & eosin (HE) staining of graft section were
taken (Supplementary Fig 1). While normal heart (Supplementary Fig
1A) and fresh control (cold storage for 30 minutes, Supplementary Fig
1B) group showed comparable normal tissue structure, vehicle group
(cold storage for 24 hours with vehicle, Supplementary Fig 1C) showed
disruption of myofibril architecture and endothelial edema. In contrast,
grafts treated with TY52156 (cold storage for 24 hours with TY52156,
Supplementary Fig 1D) showed a little structural disruption but not as
much the graft treated with vehicle. Next, we evaluated the graft at the
7 days after transplantation. In the fresh control group, grafts showed a
normal shape, no distension, healthy wall motion (Supplementary Video
1A), and high beating score (10 minutes, 3.8 ± 0.20; 24 hours, 4.0 ± 0;
7 days, 4.0 ± 0). However, in the grafts of the vehicle group, distension,
loss of coordination, and hypokinetic wall motion were detected (Sup-
plementary Video 1B) and beating score was low (10 minutes, 1.4 ± 0;
24 hours, 0.8 ± 0; 7 days, 1.6 ± 0). In contrast, grafts treated with
TY52156 showed no apparent distension, well-maintained wall motions
(Supplementary Video 1C), and significantly higher beating scores (P <
0.001 at each time point) than those of the vehicle group (10 minutes,
3.4 ± 0.40; 24 hours, 3.8 ± 0.20; 7 days, 3.6 ± 0.24; P < 0.001 at each
time point, Fig 4, B), which were similar to the fresh control group lev-
els. To further evaluate the graft, histopathological analysis was carried
out. Interstitial edema, inflammatory cell infiltration, and myocardial
lesions were evaluated by HE staining (Fig 4, C). The vehicle group
showed clear perivascular edema; less edema was observed in the fresh
control and TY52156 groups. The extent of interstitial edema in the
vehicle group (2.0 ± 1.2) was significantly higher than that of the fresh
31
TaggedEndTaggedPcontrol group (0.2 ± 0.5, P < 0.001) and TY52156 group (0.6 ± 0.9, P <
0.001, Fig 4, D). The inflammatory cell infiltration and myocyte lesions
were also extensive and diffuse in the vehicle group but lesser in the
fresh control or TY52156 group (Fig 4, C). The vehicle group showed
significantly severe inflammatory cell infiltration and myocyte lesions
(2.6 ± 0.6 and 2.4 ± 0.8) compared to the fresh control group (1.0 ± 0.4
and 0.2 ± 0.4, P < 0.001 for each) or TY52156 group (1.9 ± 0.7 and 1.4
± 1.0, P < 0.001 for each, Fig 4, D). Next, irreversible cellular damage
leading to cell death, measured using terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay (Fig 4, C), showed only a
small number of TUNEL-positive cells in both the fresh control group
(0.5 ± 0.4 counts/HPF) and TY52156 group (4.5 ± 4.1 counts/HPF, n.s.
for fresh control vs TY52156). In contrast, the vehicle group showed a
significantly larger number of TUNEL-positive cells (23.4 ± 12.0
counts/HPF) than the fresh control group or TY52156 group (P < 0.001
and P < 0.01 for vehicle vs fresh control and vehicle vs TY52156, respec-
tively, Fig 4, E). These results indicated that TY52156 significantly mini-
mized TUNEL-positive cardiomyocyte cell death caused by cold storage
followed by transplant. Graft enlargement and fibrosis expressed in Mas-
son’s trichrome (MT) staining were examined to determine the quantity
of distension and fibrosis of myocardium (Fig 4, C). Compared to that in
the fresh control group, the vehicle group showed significant enlarge-
ment of the graft (fresh control group 97.0 ± 9.6 %, vehicle group 139.2
± 23.6%, P < 0.01 for fresh control vs vehicle, Fig 4, F). Enlargement of
the graft was not detected in the TY52156 group compared to that in the
fresh control group (95.6 ± 6.4%, n.s. for fresh control vs TY52156),
indicating that TY52156 treatment significantly improved cardiac dis-
tention. The vehicle group (55.6 ±13.5%) showed significantly larger
fibrotic areas than the fresh control group (13.5 ± 3.5%, P < 0.001 for
vehicle vs fresh control, Fig 4, G). In the TY52156 group, the fibrotic
area was significantly diminished compared to that in the vehicle group
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Fig 3. S1PR antagonists protect human cells against cold injury. (A) Relative quantification of S1PR1, 2, and 3 mRNA comparing HUEhT-2 cells with HepG2 cells. For
A, n = 3 for each group. n.s. P > 0.05, not significant, *P < 0.05, **P < 0.01, ***P < 0.001 compared to each S1PR group calculated using 2-sided Student’s t-test. (B)
Effect of the compounds affecting S1PRs after 24-hour cold storage and 1-hour rewarming in HepG2 cells (100%mortality). For B, n = 6 for each concentration point.
(C) Scheme of NanoLuc Binary Technology (NanoBiT)-β-arrestin recruitment assay system. (D) Dose−response curves for NanoBiT-β-arrestin recruitment of S1PR1-5
upon S1P stimulation. (E and F) Inhibitory effect of vehicle, 10 µM TY52156 on β-arrestin1 (E) and β-arrestin2 (F) recruitment to S1PR1-5 under 1 µM S1P. For
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TaggedEndTaggedP(TY52156 group: 35.7 ± 8.5%, P < 0.05 for vehicle vs TY52156, Fig 4,
G), indicating that cold injury introduced fibrosis of myocardium, and
TY52156 significantly minimized this damage. Finally, the serological
markers, aspartate aminotransferase (AST, Fig 4, H), alanine amino-
transferase (ALT, Fig 4, I), lactate dehydrogenase (LDH, Fig 4, J), and
creatinine kinase (CK, Fig 4, K), that show extent of graft injury, were
measured. The vehicle group showed significantly increased serum AST,
ALT, LDH, and CK (1162 ± 80 U/L, 94 ± 4 U/L, 4042 ± 194 U/L, and
10482 ± 600 U/L) compared to the fresh control group (122 ± 19 U/L,
42 ± 2 U/L, 1626 ± 111 U/L, and 1963 ± 185 U/L, P < 0.001 for each)
or TY52156 group (478 ± 156 U/L, 53 ± 10 U/L, 2474 ± 388 U/L, and
5104 ± 1062 U/L, P < 0.01 for each), indicating that serological markers
of graft injury were significantly improved in TY52156 group compared
to vehicle group. These results clearly demonstrated that TY52156 treat-
ment reduced cold injury in vivo and protected the cardiac graft from
damage caused by 24-hour cold storage, doubling the preservation time
compared with those of the conventional cold preservation methods. TaggedEnd

TaggedH1Discussion TaggedEnd

TaggedPIn cold preservation, there is an inverse relationship between the
duration of cold storage and graft function.27 The maximum preserva-
tion time of rat heart is a little longer than that of the human heart,
which is limited to 4−6 hours in SCS; however, there is a consensus that
rat cardiac graft function preserved in UW solution can be maintained
and recovered for up to 12-hour preservation, but not 18-hour preserva-
tion or longer.26 TY52156 treatment reduced TUNEL-positive cell death
and graft fibrosis, maintained cardiac graft viability, and dramatically
improved graft function in 24-hour cold preservation, doubling the pres-
ervation time compared with that of the conventional cold storage
method. Each year in the United States, thousands of organs are dis-
carded, and approximately 10% of the number of donor hearts currently
discarded is equivalent to the number of waiting-list patients who die or
become too sick for a transplant before receiving graft.9 Extension of
preservation time could enable the transport of organs over longer dis-
tances, which could reduce the graft discard rate. Furthermore, it could
benefit low-priority recipients and provide more appropriate allocation
in donor-recipient matching that could decrease graft rejection and the
need for immunosuppression and finally improve the outcome of heart
failure patients. S1PR1 to 3 are reported to be expressed in both human
and rat heart.28 Thus, rat heart models demonstrate tremendous poten-
tial for translation into clinical studies. In this study, we found that S1P
induced cold injury in a dose-dependent manner during cold exposure.
On the contrary, deprivation of S1P and using S1PR3 antagonists
reduced cold injury, a state that differently mimicked cold tolerance in
human cells and rat heart. Owing to its dramatic protective effect against
cold injury, we termed TY52156 as “TOACH” for Tolerant Adaptation
toward Cooling as Hibernation. To further extend the proof-of-concept
of this treatment in small animal studies toward humans, we are cur-
rently planning experiments with another rodent organ transplant
model. The future plan will involve large animal transplant models and
subsequent clinical trials.TaggedEnd

TaggedPS1P is generated from the phosphorylation of sphingosine, a product
of ceramide hydrolysis derived from plasma membrane lipids.16 Cold
exposure was reported to alter the metabolism of sphingolipids and com-
position of sphingolipid classes to increase levels of ceramide and sphin-
gomyelin, which are precursors of S1P, and to decrease the breakdown
inhibition experiments, compounds were pretreated for 30 minutes before stimulatio
each performed in duplicates. (G and H) Cell viability at the indicated cold storage tim
treated with vehicle or 10 µM TY52156. For G and H, n=6 at each time point. *P < 0
cle group calculated using 2-sided Student’s t-test. (I and J) Cell viability after 24-hou
cells (I) and HUEhT-2 cells (J). For I and J, n= 6 for each concentration point. For B, D
sion analysis. In all statistical plots, data are shown as the mean ± SEM. TaggedEnd
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TaggedEndTaggedPof these to S1P.29 Until now, the functional consequence and exact roles
of changes in sphingolipid composition induced by cold exposure had
not been determined,29,30 and only recent reports suggested that S1P
decrease causes lymphopenia in hibernators.13,14 However, we demon-
strated that S1P induced cold injury, and deprivation of S1P and using
S1PR3 antagonists reduced cold injury or mimicked cold tolerance,
which are consistent with the findings in other organisms.31-35 A defect
in the negative regulation of S1P synthesis in Aspergillus fumigatus causes
hypersensitivity to cold,35 and the cells resistant to the inhibitor of S1P
synthetic enzyme shows deteriorated growth at lower temperatures.33

Recent studies also indicate close associations between the species of
sphingolipid and cold tolerance in plants31,34 and fish.32 These results
suggest that a decrease in S1P biosynthesis is related to cold tolerance to
adapt to cold exposure. Potential signaling roles of sphingolipid includ-
ing S1P altered in cold exposure remain to be explored and the signaling
role of S1P in cold tolerance should be elucidated in future studies. TaggedEnd

TaggedPThe simple SCS method is widely used in clinical settings to preserve
isolated organs for up to 18−24 hours for kidneys, 12 hours for livers,
and 4−6 hours for thoracic organs.2 To further extend preservation time
and improve donor graft conditions, several cold preservation methods
have been developed; these include subnormo-, mid-, to hypo-thermic
perfusion,5-7 and subzero cooling.3,4 Hypothermic perfusion has already
been adopted for clinical transplantation and shows improved graft con-
dition compared to SCS.36,37 An alternative cold preservation method is
subzero cooling, which uses cooling devices with cryoprotective agents.
Subzero cooling has drastically extended liver and heart preservation
times, with up to 3−4-fold increase in small animal experiments.3,4 S1P
is generated by SPHK, secreted into extracellular space, and acts in an
autocrine or a paracrine manner. Although these hypothermic perfusion
methods have been technically developed based on SCS and generally
superior to SCS, wash out of S1P or some harmful metabolites from the
preservation solution might partially contribute to the protection. To
further elucidate this regulation, perfusion experiment to evaluate
amount of S1P and metabolites should be performed in future studies. TaggedEnd

TaggedPIn our experiment, endothelial cells were protected from cold injury
in vitro and interstitial edema and inflammatory cell infiltration were
attenuated in vivo, which suggests that protection for endothelial cells is
most important in our model. This is reasonable for the previous reports
explaining that cold exposure injures the endothelium and increases the
myocardial ET-1 secreted by vascular endothelial cells, which leads to
cardiovascular dysfunction,38 or the endothelium damage occurring dur-
ing cold preservation represents the initial factor leading to ischemia
reperfusion injury (IRI) finally causing parenchymal cell death in liver.39

Furthermore, Cold stress is thought to induce compromised endothelial
function through the decrease of eNOS activity,40 and induce oxidative
stress represented by reactive oxygen species (ROS) and is suggested to
damage the myocardium through ROS production in the myocardium.38

S1P signaling is known to play a protective role in warm ischemia reper-
fusion injury (IRI) through S1PR2 or 3-mediated activation of Akt and
nitric oxide synthesis in not only endothelium but also
cardiomyocyte.41,42 In endothelium, S1PR3 was shown to activate endo-
thelial nitric oxide synthase (eNOS) via an Akt-mediated pathway result-
ing in vasorelaxation43 but promote leukocyte infiltration via Gi, PLC,
and Ca2+ following to inflammation.44 In contrast, while SPHK1a over-
expression in mice was indicated to induce cardioprotective effect of
myocardium in warm IRI, chronic activation of S1P signaling induces
myocardial fibrosis via S1PR3 mediated ROS production at
n with 1 μM S1P. D−F are combined data of 3−5 independent experiments with
e points followed by rewarming for 1 hour in HepG2 (G) and HUEhT-2 cells (H)

.05, **P < 0.01, ***P < 0.001 compared to the corresponding time points of vehi-
r incubation at normothermic condition supplemented with TY52156 of HepG2
, I, and J, fitting for concentration curve was determined using nonlinear regres-
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Fig 4. TY52156 treatment reduces heart graft damage and improves transplanted graft function after prolonged cold preservation in vivo. (A) Scheme of in vivo study
of cold injury using heterotopic cardiac transplantation model. (B) Beating score in heart graft at 10 minutes, 24 hours, and 7 days after reperfusion. (C) Representative
images of hematoxylin & eosin (HE, 400 ×) staining, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL, 400 ×) staining, graft enlargement (20 ×),
and Masson’s trichrome (MT, 400 ×) staining of heart sections at 7 days after transplantation in fresh control group and treated with vehicle or TY52156 treatment dur-
ing cold storage for 24 hours. (D) Quantification of interstitial edema, inflammatory cell infiltration, and myocyte lesion at 7 days after heterotopic cardiac transplanta-
tion. (E) Quantification of TUNEL-positive myocytes at 7 days after heterotopic cardiac transplantation. (F and G) Quantification of measured cardiac graft enlargement
(F) and fibrotic area (G) at 7 days after heterotopic cardiac transplantation. The graft enlargement was expressed as the product of horizontal and vertical lengths. (H
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TaggedEndTaggedPnormothermia.45 Summarizing the previous reports above, S1PR3 inhi-
bition is assumed to induce unfavorable decrease of nitric oxide synthe-
sis and eNOS activity resulting in decreased protection of endothelium
and myocardium, whereas it induces favorable inhibition of leukocyte
infiltration in endothelium and amelioration of fibrosis through the
decrease of ROS production in myocardium. It is plausible that S1PR3
inhibition during cold storage potentially inhibited leukocyte infiltration
in endothelium and ameliorated myocardium fibrosis through the
decrease of ROS production while eNOS activity might be attenuated
both in endothelium and myocardium in our in vivo model. However,
decreased myocardial lesions, TUNEL-positive cardiomyocyte, and myo-
cardium fibrosis in our data remains to be determined whether the effect
is primally acquired or comes from the protection of endothelial cells
resulting in a decrease of infarction. Further, although we used hetero-
topic abdominal heart transplantation models as the most simple- and
easiest-to-use approach to apply an in vitro proof-of-concept for small
animal studies, cardiomyocyte and endothelial cells need to be used to
find the most effective compound in protecting rat heart from cold
injury. To further extend the study and find the most optimized com-
pound for cardiac preservation, we should define the target structure,
elucidate the mechanism, and screen the compound optimized for the
heart by using cardiomyocyte and endothelial cells in future study. TaggedEnd

TaggedPCold injury leads to a loss in the integrity of the cellular membrane,
causing its collapse and the dysfunction of membrane lipid and enzymes.
These undesired changes subsequently cause swelling of cells, accumula-
tion of calcium, disruption of cytoskeleton, and mitochondrial dysfunc-
tion resulting in the loss of ATP.8,46 However, the molecular or signaling
mechanism underlying cold injury-induced changes are still unknown,2

and associations between these undesired changes and S1P or S1PR
have not been revealed. Currently, S1P and S1PRs are considered as
ideal targets for selective intervention in many diseases.16 Pleiotropic
biological activities of S1P are explained by the relative cellular expres-
sion levels of its 5 S1P receptor subtypes or coexpression of partner G-
proteins, which perform redundant functions between the S1PRs. Owing
to such complexities, physiological functions of such S1P receptors are
still in the process of elucidation.17 Furthermore, although β-arrestins
were originally discovered for their inhibitory effect on GPCRs, they
have been reported to also trigger endocytosis and kinase activation
leading to activation of specific G protein-independent signaling
pathways.47,48 These new insights into β-arrestin-dependent signaling
make the mechanism even more complicated. Elucidating the molecular
mechanisms of S1P signaling regulation by several types of S1PRs, bind-
ing of diverse G protein signals to S1PRs, β-arrestin-inhibition,
β-arrestin-dependent signals, and how or whether these relate to cold
injury and cold tolerance would bring greater benefits not only to clini-
cal applications but also to thermal biology research. TaggedEnd

TaggedPThere are some limitations to our study. First, although we per-
formed the transplantation procedure between isogenic rats (Lewis-to-
Lewis), which does not result in immunologic rejection, human organ
transplantation is almost always performed between allogenic individu-
als under aggressive immunosuppression to prevent rejection.49 The
main contributor to human graft loss is allograft rejection; additionally,
allogenic rat heart transplantation causes various degrees of rejection
contributing to cardiac graft injury.50,51 To apply TOACH treatment for
clinical graft preservation, immunological allogenic transplant models
should be performed in future studies. Second, the heterotopic abdomi-
nal heart transplantation model results in remodeling of the graft myo-
cardium due to volume unloading,52 which maintains graft function
only for short periods up to 2−4 weeks.53-55 Therefore, long-term graft
survival and graft function should be confirmed in future studies using
other transplant model composed of physiological blood flow. However,
−K) Serum AST (H), ALT (I), LDH (J), and CK release (K) at 7 days after heterotopic c
400× and 1000 µm for 20×. n.s. P > 0.05, not significant, *P < 0.05, **P < 0.01, ***P
all statistical plots, data are shown as mean ± SEM.TaggedEnd
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TaggedEndTaggedPbecause better graft condition during preservation decreases the inci-
dence of immunogenic rejection and maintains better graft function
after transplantation,56 we expect that TOACH treatment would achieve
long graft survival and not exacerbate rejections. Third, although we
evaluated the graft viability at the end of cold storage and detected the
difference in the disruption of tissue structure (Supplementary Fig 1),
changes between the groups were less remarkable than that of at 7 days
after transplantation (Fig 4C). The histological change and graft ATP
content of the organ at the end of cold storage are rarely measurable,57

and another alternative would be needed to perform a short normother-
mic (not hypothermic) perfusion to evaluate the clinical state of the graft
at the end of storage. TaggedEnd

TaggedPIn conclusion, our study provides significant evidence for the
improvement of cold organ preservation in transplantation as well as
further insight into the unknown mechanism of cold tolerance. TaggedEnd
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