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Background. The number of patients waiting for heart transplant far exceeds the number of hearts available. Donation
after circulatory death (DCD) combined with machine perfusion can increase the number of transplantable hearts by as
much as 48%. Emerging studies also suggest machine perfusion could enable allograft “reconditioning” to optimize out-
comes. However, a detailed understanding of the energetic substrates and metabolic changes during perfusion is lack-
ing. Methods. Metabolites were analyzed using 1-dimensional 'H and 2-dimensional '3C-'H heteronuclear spectrum
quantum correlation nuclear magnetic resonance spectroscopy on serial perfusate samples (N = 98) from 32 DCD hearts that
were successfully transplanted. Wilcoxon signed-rank and Kruskal-Wallis tests were used to test for significant differences in
metabolite resonances during perfusion and network analysis was used to uncover altered metabolic pathways. Results.
Metabolite differences were observed comparing baseline perfusate to samples from hearts at time points 1-2, 3-4, and
5-6h of perfusion and all pairwise combinations. Among the most significant changes observed were a steady decrease in
fatty acids and succinate and an increase in amino acids, especially alanine, glutamine, and glycine. This core set of metabo-
lites was also altered in a DCD porcine model perfused with a nonblood-based perfusate. Conclusions. Temporal
metabolic changes were identified during ex vivo perfusion of DCD hearts. Fatty acids, which are normally the predominant
myocardial energy source, are rapidly depleted, while amino acids such as alanine, glutamine, and glycine increase. We also
noted depletion of ketone, p-hydroxybutyric acid, which is known to have cardioprotective properties. Collectively, these
results suggest a shift in energy substrates and provide a basis to design optimal preservation techniques during perfusion.

(Transplantation Direct 2024;10: e1704; doi: 10.1097/TXD.0000000000001704.)

eart failure (HF) affects >6 million adults in the United

States, threatening their health and well-being.! With an
expected median survival of 12 y2 and a significant improve-
ment in quality of life,> heart transplant is the gold standard
for the treatment of end-stage HFE.+ However, only about 4000
transplants were performed in the United States last year, with
>3000 patients remaining on the waiting list.5 Shortage of
suitable hearts for transplant limits our ability to offer heart
transplantation more broadly to patients with HE. To address
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this organ shortage, organs from extended-criteria donors and
donation after circulatory death (DCD) are being used.

DCD has the potential to increase the number of trans-
plantable organs by as much as 48%.¢ During DCD, the heart
stops beating after withdrawal of life support. The “non-
beating” heart is then reanimated either in situ by placing the
donor on cardiopulmonary bypass or by directly harvesting
the heart and placing it on an ex vivo perfusion machine until
transplant. The latter method, known as direct procurement
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and machine perfusion (MP), has been widely used for other
organs, and the use of a commercially available system
(TransMedics Organ Care System [OCS]) has been approved
for heart transplant in the United States.” Recent data showed
similar short- and intermediate-term survival of the recipients
of hearts from DCD donors compared with traditional dona-
tion after brain death (DBD) heart recipients.6$* However,
the rate of severe primary graft dysfunction (PGD), post-DCD
transplantation is relatively high at ~15%,10 leading to lower
rates of DCD heart utilization at only 3.7%.!" The underly-
ing mechanism of PGD in DCD hearts is an area of active
research. To reach its full potential further insights into DCD
MP cellular processes are required.

The heart is highly metabolic and has a high demand for
energy to support contraction.!? A healthy heart exhibits
metabolic plasticity and can use various substrates such as
fatty acids (FAs), carbohydrates, amino acids, and ketones to
meet this demand.!3 However, there is increasing evidence that
in states of disease or stress the myocardium demonstrates
increasing metabolic inflexibility.1+17 Thus, ensuring adequate
and appropriate energetic substrates are available during
DCD MP is paramount to optimize outcomes.

The ideal perfusion composition and duration of perfusion
remain undefined. In the OCS system, donor blood is mixed
with proprietary solution of sugars, several amino acids, and
electrolytes, but it does not include FAs or ketones. In a recent
study, Truby et al'® analyzed changes in a defined subset of
energetic substrates including 66 acylcarnitines and 15 amino
acids during DBD and DCD heart MP. They observed many
fuel substrates were rapidly depleted, with specific patterns
associated with DCD or DBD and that decreased levels of spe-
cific metabolites had increased odds of PGD.!8 Their results
laid the foundation to question if the current perfusate cock-
tail is optimally providing the necessary nutrients for the heart
during DCD MP.

In this study, we sought to expand upon these findings by
examining a larger pool of metabolites using a global nuclear
magnetic resonance (NMR) platform. Rather than targeted
mass spectrometry approaches, which require a priori selec-
tion of metabolites or untargeted mass spectrometry, which
faces technical challenges in terms of reproducibility, annota-
tion, and data analysis,!-20 we used a multidimensional global
NMR platform that is highly reproducible and empowers
identification and quantification of metabolites across a broad
range of chemical classes and concentrations.?! This enabled
us to compare metabolite levels before and during perfusion
and untangle the influence of several confounders that had
not previously been explored. We hypothesized that energy
substrates from donor blood would be used during perfusion
and new energy substrates would be needed either through
perfusate mixture or through metabolic processes within
the heart. The results provide a basis to design new perfu-
sate compositions and to test new strategies to preserve or
improve heart quality during DCD MP.

MATERIALS AND METHODS

Patient Heart Perfusate Samples

The DCD direct procurement and perfusion process is
detailed elsewhere.?2 After life support withdrawal, the donor
is observed until circulation ceases. A 2-5 min waiting period
is followed by sternotomy, draining 1-1. Five liters of donor
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blood into heparinized bags. This blood is mixed with prim-
ing solution to deair and prime the OCS pump. The heart is
vented, aorta cross-clamped, and flushed with 1L of 4 °C
del Nido cardioplegia solution. The heart is then explanted,
instrumented, and placed in the OCS machine for ex vivo
perfusion at 34 °C. Coronary flow and left aortic pressures
are monitored, with maintenance solution, epinephrine, and
thyroid hormones added to the perfusate. Sampling ports col-
lect perfusate samples. The baseline (BL) sample is collected
pre-OCS placement or within 5 min after. The second sample
is drawn 1-2h postperfusion start. The last sample is col-
lected precooling and flushing at the recipient operating room.
Figure S1 (SDC, http:/links.lww.com/TXD/A694) illustrates
the sample collection time points for each heart. Each sam-
ple, collected in 10 mL BD Vacutainer cell preparation tubes,
undergoes centrifugation at 1500 relative centrifugal force for
15 min at room temperature. Subsequently, 3-4 mL of plasma
is stored at —80 °C until thawed for metabolomic analysis.

Pig Heart Procurement

The pig heart was sourced from CBSET, Inc. (Lexington,
MA), from a male Yorkshire swine, approximately 4 mo old,
weighing 31kg. Study approved by Massachusetts General
Brigham Institutional Animcal Care and Use Committee. The
pig was anesthetized and then euthanized with 2.7 g pentobar-
bital and 350 mg phenytoin sodium. After cessation of venti-
latory support, a sternotomy was performed, the aorta was
cannulated, the heart vented, and an aortic cross-clamp was
placed. A 1L flush of 4 °C del Nido solution arrested the heart
via coronary circulation. Warm ischemia time totaled 15 min.
Heart then cooled topically with ice, removed, and brought to
laboratory for ex vivo perfusion. Cold ischemia time between
cold flush and perfusion was 45 min, which is similar to the
human heart preparation time for OCS.

Pig Heart Perfusate

Ex vivo circuit: The circuit (Figure S2, SDC, http://links.
Iww.com/TXD/A694) drains heart effluent into a reservoir via
gravity through a cardiotomy chamber, where it is defoamed
and filtered. A synchronized pulsatile pump (VentriFlo,
Pelham, NH) driven by the heart’s electrocardiogram signal
pumps perfusate through an oxygenator (Terumo, Somerset,
NJ) and compliance chamber mimicking arterial system com-
pliance. Left atrium remains open. Drug infusion and sampling
ports are included for accessibility. Priming: Circuit is primed
with approximately 1.5L of STEEN solution. Temperature
maintained at 37 °C via integrated water heater and heat
exchange unit. Monitoring: Aortic root pressure monitored
via fluid-filled pressure transducer and recorded (LabScribe
iWorX, Dover, NH). Aortic flow measured with ultrasonic
flow probes (Transonic, Ithaca, NY). Electrocardiogram
recorded with 3 electrodes. Perfusate collected from aorta and
right atrium every 30 min. Heart weighed before and after run.

Analysis of Human Blood Hemolysis

Human blood obtained from hospital blood bank that
were expired within 3-5 d and stored at 4 °C or deemed clini-
cally unusable. One liter of blood circulated through a perfu-
sion system with a roller pump (Sorin S5) and oxygenator
(flow rates akin to OCS machine, ~1L/min), minus a donor
heart. Samples were collected hourly and processed same as
the OCS samples.
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NMR Sample Preparation

Proteins and macromolecules were removed, and metabo-
lites were extracted via methanol/chloroform precipitation.
The aqueous layer was partially evaporated under reduced
pressure and lyophilized overnight. Lyophilized samples were
dissolved in 0.21 mL of sodium phosphate buffer (pH 7.4) in
deuterim oxide. A total of 10 mmol/L of deuterated sodium
2,2-dimethyl-2-silapentane-5-sulfonate (D, 98% dimethyl-
2-silapentane-5- sulfonate-d6) was added to each sample for
chemical shift referencing. A total of 180 pL of sample was
then transferred to the NMR tube and analyzed.

NMR Data Collection and Processing

Metabolites were analyzed via 1-dimensional (1D) 'H and
2-dimensional (2D) BC-H heteronuclear spectrum quantum
correlation NMR spectroscopy collected on a Bruker AVANCE
II solution-state 600 MHz spectrometer equipped with a lig-
uid helium-cooled Prodigy TCI Cryoprobe (H/F, C, N), using
a noesyprld and hsqcetgpsisp2.2 pulse program and nonuni-
form sampling, respectively. One-dimensional spectra were
processed on Topspin (Bruker Topspin 3.6.4; Bruker BioSpin,
Rheinstetten, Germany), Matlab (Matlab R2015b; Mathworks,
Inc., Natick, MA), and SigMa?3 (Figure S3A, SDC, http://links.
Iww.com/TXD/A694). The 1D data was used primarily for
outlier detection, wherein all spectra were referenced to dimethyl-
2-silapentane-5- sulfonate, normalized using probabilistic quo-
tient normalization?* and binned into 89 regions, corresponding
to 31 metabolites, and 37 unknown signals. Principal compo-
nent analysis of the 1D data showed that 1 BL sample (labeled
9082 from heart OCS1) was an outlier compared with all other
samples (Figure S3B, SDC, http:/links.lww.com/TXD/A694).
This sample was, therefore, excluded from further analysis. The
acquired nonuniform sampling 2D spectral data was processed
and reconstructed using iterative soft thresholding, zero-filled,
Fourier-transformed, and automatically phase-corrected to
yield a final digital resolution of 2048 (N2) x 2048 (N1) points
using the NMRPipe software package.?s The processed 2D data
was then used to generate peak lists using a total sum cutoff to
prenormalize the data. Streaking from the primer and mainte-
nance solution was still evident (Figure S3C, SDC, http://links.
Iww.com/TXD/A694), but these streaks were manually removed
from each spectrum. Peaks were dynamically binned into clus-
ters using Density-Based Spatial Clustering of Applications with
Noise in both H and 13C dimensions.26 Resonance clusters were
median normalized and filtered using a zero-filter criterion of
being present in at least 80% of all samples in 1 class. Chemical
shift queries and metabolite annotations were performed using
Olaris software.

Statistical Analysis

Because of nonnormal distribution of the data a Wilcoxon
signed-rank test or Kruskal-Wallis (KW) nonparametric 1-way
ANOVA on ranks was used to test for significant differences
in measured NMR resonances between groups of interest
based on the dependency of observations between time points.
The test of significance was determined by a P value cutoff
(P <0.05) and adjusted based on false discovery rate (FDR)
for multiple hypothesis testing correction. Fold change (FC)
was calculated as the ratio of the median intensities of the 2
groups. An FC cutoff of 1.5 was used to determine significant
changes, indicating that metabolites with FC >1.5 or <0.67
were considered upregulated or downregulated, respectively.
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All statistical analyses were performed using R 3.6.3 with
ggplot2 for result visualization.?”

GUIDELINES

Consent and Institutional Regulatory Process

This study was approved by the Massachusetts General
Brigham Institutional Review Board (protocol number
2022P000405) and was declared exempt from requiring
written consent. The study conforms to the Declaration of
Helsinki guidelines.

RESULTS

Donor and Recipient Characteristics

Perfusate samples (N = 98) were collected from 32 DCD
donor hearts transplanted into 33 recipients (Table 1). One
donor heart was transplanted into a 45-y-old individual who
had a devastating, nonrecoverable neurological insult because
of a stroke 2wk later. The family consented to transplanta-
tion, and this heart was then retransplanted (DCD trans-
plant) into a 57-y-old individual after ex vivo perfusion on
the OCS machine. To the best of our knowledge, this is the
only reported DCD retransplant in the literature, and several
differences were observed between the perfusion samples of
the same heart including 8 metabolite resonances that were
consistently and uniquely detected during the first perfusion
across the 3 measured time points (Figure S4 and Table S1,
SDC, http://links.lww.com/TXD/A694).

Donor hearts averaged 32.7 y with 77.4% male, whereas
recipients averaged 56.3 y with 74.2% male. Body mass index
was not statistically different between donors and recipients
(mean body mass index 29.2 versus 28.7). All donor hearts
were successfully transplanted, but 9 suffered PGD, neces-
sitating venoarterial extracorporeal membrane oxygenation
within 24h posttransplant. A forthcoming publication will
detail metabolite signatures correlated with PGD.

Metabolite Changes From Baseline

The BL 'H-13C heteronuclear spectrum quantum correla-
tion metabolite spectra were similar among hearts, suggest-
ing a comparable starting composition; however, there were
unique features associated with each heart (Figure S5, SDC,
http://links.lww.com/TXD/A694), which could be attribut-
able to donor-to-donor blood variability. To minimize indi-
vidual differences, we used matched samples to perform a
Wilcoxon signed-rank test comparing metabolite resonances
at BL to those found in perfusate at 1-2, 3-4, or 5-6 h of per-
fusion (Figure 1A-C).

Donor and recipient characteristics

Characteristic Donors Recipients
Number (n) 322 33
Age, y, mean (SD) 32.7(10.0) 56.3(10.9)
% Male 77.4% 74.2%
BMI, mean (SD) 29.2 (6.4) 28.7 (4.6)

Values are shown as mean + SD where indicated.

“One heart was transplanted into 2 recipients (1 recipient died posttransplant and the heart was
retransplanted).

BMI, body mass index.
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FIGURE 1. Differential metabolite resonances from BL. Volcano plots highlighting significantly different metabolite resonances using Wilcoxon
signed-rank test of significance with matched samples from BL to 1-2h (A), 3-4h (B), and 5-6h (C). Resonances with absolute FC >1.5 and
either a P < 0.05 (blue) or FDR-adjusted P value are (red) are highlighted. C and D, Comparison of the differential features from BL suggests
several of the same resonances are altered from BL across perfusion. BL, baseline; FC, fold change; FDR, false discovery rate, PVAL, p-value.

We observed 8, 8, and 16 significantly different metabolite
resonances (FDR-corrected P cutoff <0.05 and FC > 1.5) from
BL at 1-2, 3-4, and 5-6h, respectively. Features are given an
XID number, for example, X188 based on the chemical shift.
The altered resonances were highly overlapped, with 4 fea-
tures consistently altered from BL (Figure 1D and E). At each
time point, hierarchical clustering of the significant features
showed near perfect separation from the BL samples to those
on the perfusion machine (Figure 2A-C). Indeed, hierarchi-
cal clustering of the differential features from all matched BL
analysis shows 3 main clusters, with nearly all the BL samples
in 1 branch point, 1-2h in another and more similar to BL,
and the 3-4 or 5-6h in the third (Figure 2D).

To evaluate the changes during perfusion, using a matched
Wilcoxon signed-rank test, we identified 5 significantly

different (FDR-corrected P cutoff <0.05 FC >1.5) metabo-
lite resonances between matched samples collected at 1-2h
and 3-4h (N =13) and 8 resonances between 1-2 and 5-6h
(N =135) (Figure 3A and B). Because of lower sample size a
KW test of significance was used to identify 3 significantly dif-
ferent (P cutoff <0.05 FC >1.5) metabolite resonances in non-
matched samples between 3-4h (N = 16) and 5-6h (N = 13)
(Figure 3C). Of note, these features did not meet the FDR-
adjusted P value cutoff. Again, the altered resonances were
highly overlapped, with 3 resonances constantly altered dur-
ing perfusion, and all hits were previously identified as altered
from BL (Figure 3D and E). Hierarchical clustering of the
differential features had near perfect separation between 1-2
and 3-4h or 1-2 and 5-6h (Figure 4A and B). There was less
separation between 3-4 and 5-6, which could be influenced
by the small number of samples (Figure 4C). Clustering of
all differential features had modest separation based on time
(Figure 4D).
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FIGURE 2. Heatmaps of differential metabolite resonances from BL. Hierarchical clusters of significantly different features (FDR P < 0.05 and
absolute FC >1.5) from BL to 1-2h (A), 3-4h (B), and 5-6h (C). The relative intensity of each resonance is color coded with red depicting a higher
value and blue lower. Marked differences in metabolite resonances were observed from BL. Hierarchical clustering of all the differential features
(D) suggest metabolite levels are altered based on time in perfusion. BL, baseline; FC, fold change; FDR, false discovery rate.

Annotation of Top Altered Metabolites During resonances indeed mapped to the same metabolite. We con-
Perfusion firmed the following metabolites are significantly and consist-

The top 18 altered features were annotated by comparing ently altered during perfusion: alanine (X188), creatine (X268
their chemical shifts to reference libraries of known metabo-  and X324), gluconic acid (X227 and X360), glutamine(X150),
lites and through spike-in experiments with standards (Table 2;  glycine (X141), hydroxyphenylacetic acid (X297 and X338),
Figure S6, SDC, http://links.lww.com/TXD/A694). Each reso-  lysine (X143), phenylalanine (X1628 and x198), and succinate
nance represents a unique carbon-hydrogen pair in a metabo-  (X148). X35 did not match to any known metabolite in our
lite, and we were encouraged to see that many of the altered  library and, because it was in a region of the spectra that could
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FIGURE 3. Differential metabolite resonances during perfusion. Volcano plots highlighting significantly different metabolite resonances using
Wilcoxon signed-rank test of significance with matched samples from 1-2 to (A) 3-4h and (B) 5-6h and significant features using a Kruskal-
Wallis (KW) test of significance from unmatched samples from 3-4 to 5-6h (C). Resonances with absolute FC >1.5 and either a P < 0.05 (blue)
or FDR-adjusted P value are (red) are highlighted. C and D, Comparison of the differential features suggests several of the same resonances are
altered during perfusion. FC, fold change; FDR, false discovery rate, PVAL, p-value.

be influenced by the maintenance solution, we removed it from
further analysis. Several of the metabolite resonances puta-
tively matched to short-chain or medium-chain FAs. However,
because of overlapping signals, we were unable to unambigu-
ously determine the identities of these metabolite(s) and while
efforts are underway for further structure elucidation, in the
short term they were monitored by chemical shift/XID.

Role of Confounders

During perfusion, donor blood, priming solution, and
maintenance solution (devoid of FAs but containing man-
nitol and various amino acids) circulate through the heart.
We took a systematic approach to determine if the metabolic
changes observed during MP were biased by these confound-
ers (Figure 5A). For example, hemolysis occurs as red blood
cells pass through the machine, indicated by characteristic
color changes. To assess hemolysis’s impact on the metabolic
changes, recently expired human blood from the hospital
blood bank circulated through a mock perfusion system mim-
icking OCS conditions. Serial samples collected >3 h showed
only 5 of the top 18 resonances were detected with minimal

change over time, indicating limited influence from hemolysis
on our findings (Figure 5B).

To evaluate the contribution of the maintenance solution,
we first extracted metabolites from an aliquot of the solution
using the same protocol used for perfusate samples and then
performed NMR. Of the top 18 resonances, 5 were detected
in the maintenance solution (Figure S7, SDC, http://links.lww.
com/TXD/A694). This was expected, as the composition of
the maintenance solution is known (Table S2, SDC, http:/
links.lww.com/TXD/A694) and includes these amino acids.
Thus, we cannot rule out that their increase during perfusion
could be attributable to the addition of maintenance solution
while the heart is on the machine.

To untangle the influence of the maintenance solution on
the observed changes, we investigated altered features in a
porcine model using STEEN, a blood-less, chemically defined
medium in place of the maintenance solution (Figure S2 and
Table S3, SDC, http:/links.lww.com/TXD/A694). From the
pig heart perfusate samples, 12 top hits from human samples
were detected. We observed a consistent decrease in FAs and an
increase in alanine, creatinine, glutamine, and glycine, despite
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FIGURE 4. Heatmaps of differential metabolite resonances during pe

rfusion. Hierarchical clusters of significantly different features (FDR P <

0.05 and absolute FC >1.5) from 1-2 to (A) 3-4 h and (B) 5-6h and clustering of significantly different resonances (P < 0.05 and absolute FC
>1.5) from 3-4 to 5-6h (C) and of all the differential features (D). FC, fold change; FDR, false discovery rate.

the absence of these constituents in STEEN (Figure 5C). These
findings suggest that changes in FAs and amino acids are
because of biological processes in the heart during perfusion,
rather than confounders from hemolysis or OCS components.

Metabolic Pathway Analysis

Network analysis has the potential to reveal connections
between metabolites and highlight metabolic pathways that
may be altered during perfusion. We created a network with
metabolite resonances depicted as nodes with the color repre-
senting the P value, size indicating the FC and shape indicating
the directionality when comparing hours 5-6 to BL (Figure 6).
Nodes were then connected through 3 possible edges: (1) cor-
relation (orange), calculated from metabolite intensity across
samples, and/or (2) structural similarity, with the Tanimoto
coefficient as the similarity measure (blue), and/or (3) shared

metabolic pathway (green), based on the Kyoto Encyclopedia
of Genes and Genomes pathway database. From the network,
it is clear these metabolites are connected through biological
pathways (green lines) primarily related to amino acid metabo-
lism; they are also correlated (orange lines), and several of the
amino acids share structural similarities (blue lines). Succinate
is part of the tricarboxylic acid (TCA) cycle and is linked to the
amino acids, wherein their catabolism can provide additional
TCA intermediates to fuel oxidative phosphorylation.

Metabolic Choreography of Energy Substrates
During Perfusion

A healthy heart can use various substrates (FAs, glucose, lac-
tate, ketones, and amino acids) to provide energy. We compared
the levels of each of these substrates at BL to early, mid, and late
perfusion (Figure 7). FAs were high at BL and then decreased
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across time for the detected (5/18) top differential features in hemolysis control conditions. C, Metabolite resonance level change across time
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FIGURE 6. Network analysis of top altered metabolites. Network map using annotated metabolites as nodes (heptanoic acid was used as a
representative FA). The size of node indicates the FC while direction of node indicates direction of FC from BL. Wilcoxon signed-rank test P value
is depicted by color inside each node. Color of the edge line connecting nodes indicates the type of connection (orange, correlation, calculated
from metabolite intensity across samples; green, biochemical pathway, based on KEGG database; and blue, structural similarity, with Tanimoto
coefficient as similarity measure). Intensity of line indicates score of connection. For correlation and structural similarity, only connections with a
score >0.75 are shown. BL, baseline; FA, fatty acid; FC, fold change; KEGG, Kyoto Encyclopedia of Genes and Genomes; OCS, TransMedics

Organ Care System.

during MP. The ketone 3-hydroxybutyric acid (3-OHB) showed
a decreasing trend from BL to below our limit of detection after
4h of perfusion. B-OHB was not included as a top hit as it was
just beyond our 80% zero-filter criteria where it was present
in only 78% samples at a single time point. Glucose increased
from BL but remained consistent through later perfusion time
points. The increase from BL is likely attributable to sugar pre-
sent in Priming Solution. The core amino acids (alanine, gly-
cine, and glutamine) that were observed in both human and
porcine models increased from BL and from 1 time point to the
next during MP. Lactate did not significantly change, which is
expected as it is closely monitored, and the maintenance solu-
tion is adjusted to keep levels consistent. The inverse choreog-
raphy, between FAs and amino acids suggest a shift in energetic
substrate availability during DCD MP.

DISCUSSION

The heart is referred to as “omnivorous” meaning it can use
a variety of energy substrates including FAs, glucose, lactate,
ketones, and amino acids.2® However, it is also regarded as a
“pay as you go” energy consumer because it relies heavily on

exogenous energy sources.?8 Although a rich body of work
has delineated the metabolomic demands of hearts in physi-
ological and diseased states,23! understanding of the energy
demands of DCD hearts is limited. In the OCS system, energy
substrates for the heart are provided by a combination of
postmortem donor blood and the priming and maintenance
solution. However, it is unclear if this cocktail is optimally
providing the necessary nutrients for the DCD heart.

Energy metabolism of the healthy heart depends mainly
on the presence of FAs and glucose, while ketone bodies
and amino acids have a secondary role.32 In this study, we
observed a striking decrease in FAs during perfusion for
both human and porcine hearts. FAs are normally trans-
ported from the blood into the heart via lipoproteins or
attached to albumin.’? The marked decrease observed dur-
ing perfusion from BL suggests that the heart quickly uses
these substrates. Under aerobic conditions, FAs are the
dominant fuel for a normal functioning heart. Many clini-
cal and experimental studies suggest that during ischemic
conditions, long-chain FAs may be harmful,’* although less
is known about the short- and medium-chain FAs identi-
fied in this study. In failing hearts, decreased transcription
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of enzymes for FA oxidation has been described, although  exposed to high fat before DCD MP had significantly lower
contrasting results were observed for direct measurements  postischemic recovery suggesting that residual FAs exac-
of FAs.!7 An early study in rat models showed that animals  erbate ischemia-reperfusion injury.3s Furthermore, several
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reports suggest that inhibitors of FA oxidation lessen pos-
tischemic cardiac dysfunction.3* However, a separate study
suggested that FA depletion led to exacerbated myocardial
dysfunction in failing hearts and that both glucose and
FA oxidation are critical.3¢ Truby et al!® also observed a
decrease in nonesterified FAs during heart DCD MP. The
marked decrease in FAs warrants further examination to
determine what, if any, beneficial or harmful effects FAs
have during DCD heart perfusion.

We also observed a decrease in the ketone 3-OHB. In HF
cardiac energy metabolism is dependent on ketone bodies
produced in the liver, mainly B-OHB and acetone.3237:38
Acetone was not detected under our experimental condi-
tions. Numerous studies have shown beneficial effects
of administrating 3-OHB to reduce pathological cardiac
remodeling and improve cardiac function in small and large
animal models of HE.3940 Moreover, infusion with §-OHB in
patients with HF increases cardiac output by 40% without
compromising myocardial energy efficiency.*! A recent arti-
cle by Seefeldt et al“> also demonstrated its utility in a pig
model of DCD transplant wherein in animals administered
with B-OHB following circulatory death had improvements
in cardiac measurements during perfusion and after trans-
plant. Given the known cardioprotective role of -OHB,
future studies are aimed to explore its use as an additive
during MP.

The amino acids alanine, glutamine, and glycine consist-
ently increase from BL throughout perfusion for both human
and porcine models. Truby et al'$ also observed an increase in
several amino acids during MP, with alanine significantly cor-
related with troponin 1 and lactate. Alanine can be directly
converted to pyruvate, while glycine can also be converted to
pyruvate in a stepwise process of glycine to serine to cysteine
to pyruvate. Pyruvate can feed the TCA cycle to generate
energy through oxidative phosphorylation. Glutamine can
also help drive oxidative phosphorylation by conversion first
to glutamate then to the TCA substrate alpha-ketoglutarate.
These results could suggest the heart is using amino acids
as alternative scaffolds to support the TCA and oxidative
phosphorylation. However, as the metabolomics measure-
ments have been made in perfusate samples, we are not able
to determine if the altered metabolites reflect cellular car-
diac metabolism. Metabolites, especially amino acids, serve
as signaling molecules.*5! Thus, the increased production
of amino acids in the perfusate may need to be understood
in this context. Future animal metabolomics studies explor-
ing perfusate and myocardium are needed to decipher this
interaction.

This study has several other limitations. Variability exists
because of catecholamine surges during DCD, affecting car-
diac function and lipid release.52-5* Donor cause of death may
also affect blood composition, although efforts were made to
mitigate this through matched analysis. Furthermore, we were
not able compare these results to DBD heart MP. However,
there is a growing body of evidence in preclinical animal and
human studies that suggest there are DCD and DBD specific
patterns of substrate utilization.”s5%¢ We would also like to
compare substrate utilization during MP in different organs
and with different conditions/machines. Finally, more cohorts
are needed for validation of the results.

Nonetheless, the results of this study support recent find-
ings indicating a shift in energetic substrates during DCD

www.transplantationdirect.com

heart MP. DCD heart transplantation has potential to
increase organ availability. Understanding metabolic changes
during MP postwarm ischemia is crucial for optimizing
organ transplantation and widen adoption of this technol-
ogy. This study provides a detailed examination of the time-
dependent metabolomic profile of DCD MP hearts.
Understanding these profiles is critical for rational nutrient
supplementation design.
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