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Abstract

Ischemia reperfusion injury (IRI) is a critical problem in liver transplantation that can lead to
life-threatening complications and substantially limit the utilization of livers for transplanta-
tion. However, because there are no early diagnostics available, fulminant injury may only
become evident post-transplant. Mitochondria play a central role in IRl and are an ideal diag-
nostic target. During ischemia, changes in the mitochondrial redox state form the first link in
the chain of events that lead to IRI. In this study we used resonance Raman spectroscopy to
provide a rapid, non-invasive, and label-free diagnostic for quantification of the hepatic mito-
chondrial redox status. We show this diagnostic can be used to significantly distinguish
transplantable versus non-transplantable ischemically injured rat livers during oxygenated
machine perfusion and demonstrate spatial differences in the response of mitochondrial
redox to ischemia reperfusion. This novel diagnostic may be used in the future to predict the
viability of human livers for transplantation and as a tool to better understand the mecha-
nisms of hepatic IRI.

Introduction

Ischemia reperfusion injury (IRI) is a major complication of liver surgery and can provoke not
just liver, but multiorgan failure [1, 2]. Because there are currently no early diagnostics avail-
able to predict the extent of post-reperfusion injury, IRI is a particular challenge in liver trans-
plantation that can result in early allograft dysfunction, primary nonfunction, chronic and
acute rejection [3, 4]. Additionally, fear of IRI directly contributes to the global donor organ
shortage, as the lack of pre-implantation diagnostics also leads to usable organs being dis-
carded empirically [5]. While the total number of liver donations after brain death (DBD) and
donations after circulatory death (DCD) have increased over the years, about 7.1% of DBD liv-
ers and 30% of DCD livers are discarded. As many as 58.5% of DCD discards meet the
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standard acceptance criteria proposed by American Society of Transplant Surgeons [6]. Many
waitlisted patients die or become too sick to undergo transplantation, representing several
thousand deaths a year in the US alone [7, 8]. For every 4 patients that are removed from the
transplant waiting list due to death or illness, 3 unused livers are discarded [5]. Novel diagnos-
tics to quantitatively predict hepatic IRI hold great promise to improve outcomes after liver
transplantation and to alleviate the organ shortage through accurate identification of which
livers are suitable and unsuitable for transplantation [9].

Hepatic IRI is a multifactorial process that starts with metabolic adaptations in response to
ischemia. Although hypoxia alone can result in cell death, less severe hypoxia can lead to meta-
bolic perturbations that initiate fulminant injury upon the sudden influx of oxygen at reperfu-
sion [10, 11]. Anaerobic metabolism and acidosis resulting from ischemia and oxidative stress
during reperfusion are considered the most important factors that initiate cell death programs
and activate pathways of innate and adaptive immune responses that cause hepatic injury dur-
ing IRI [11-13]. Mitochondria play a pivotal role in all these factors and may therefore be an
ideal target for IRI diagnostics [2, 14, 15].

During normal oxidative phosphorylation, electrons from NADH and FADH2 (that are
ultimately transferred to oxygen at mitochondrial membrane complex IV) fuel the proton
pumps to generate the potential over the mitochondrial inner membrane that drives ATP gen-
eration at complex V [16, 17]. In the absence of oxygen, complex IV remains in a reduced
state, and upstream redox changes with the buildup of electrons along the electron transport
chain (ETC) impair the mechanisms for controlling free radical production during normal
oxidative phosphorylation. This leads to production of reactive oxygen and nitrogen species
(ROS and RNS) at complexes I and IIT when the electrons get transferred all at once upon
reperfusion [18]. Downstream, impaired ATP production causes dysfunction of ATP depen-
dent ion transporters (Na*/K*-ATPase and Ca®*-ATPase) which through cytosolic Ca®* influx
eventually leads to opening of the mitochondrial permeability transition pore (MPTP) [19].
The depolarization of the inner mitochondrial membrane then further compromises mito-
chondrial redox status, aggravates ROS/RNS production and causes the releases of pro cell
death factors [20]. Thus, lack of oxygen and the consequent reduced status of mitochondrial
complex IV play a central role in IRI.

Cytochromes form active sites within the mitochondrial complexes and their spectroscopic
properties depend on the redox status [17, 21]. This makes the ETC conducive to spectroscopic
assessment and the redox status may be leveraged as a fast and noninvasive diagnostic to pre-
dict ischemia reperfusion injury. Cytochrome a,a3 is of special interest as this forms the active
site for oxygen in complex IV which-as described-forms the first link in the chain of events
that lead to IRI [22]. Not surprisingly, due to its diagnostic potential, extensive efforts have
gone into attempts to quantify the cytochrome a,a3 redox status using absorbance spectros-
copy [23-27]. In whole organs, however, overlap of absorption spectra of different molecules,
inhomogeneous tissue scattering, and edema have limited this approach to describing trends
rather than direct quantification of the redox status [27-30]. Alternatively, absorbance spec-
troscopy has been used to quantify NAD+/NADH and NADP+/NADPH redox status [31].
However, these mostly reflect the redox status in the cytosol, and do not necessarily corre-
spond to the redox status of the ETC.

In contrast to absorbance spectroscopy, Raman spectroscopy depends on the inelastic scat-
tering of monochromatic light to create a spectral profile [32]. This Raman profile is unique
for every molecule and strongly dependent on the redox state. In the special case of resonance
Raman (RR) spectroscopy, the wavelength of the light source (i.e. the photon energy) is care-
tully chosen to overlap with an atomic electron transition (absorption peak) of the molecule of
interest which strongly enhances the Raman profile against noise from background molecules
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[33]. When cytochromes are excited near the Soret absorption band (400 to 450 nm), the
intensity of their RR spectra are amplified up to six orders of magnitude. This facilitates detec-
tion of minute cytochrome quantities within the complex molecular environment of an organ.

RR spectroscopy has been used to quantify the mitochondrial redox state of isolated mito-
chondria, cardiomyocytes, and heart tissue ex vivo [34-36]. Recently, a new spectral algorith-
mic approach was introduced to derive the ratio between the reduced and oxidized state of
mitochondrial cytochromes from the complex RR spectrum obtained from whole hearts in
vivo. This RR reduced mitochondrial ratio (3RMR) significantly outperformed all current
measures of cardiac ischemia and function [17].

In this study, we adapted the heart specific 3RMR to quantify the mitochondrial redox state
in livers during oxygenated machine perfusion and describe the important adaptations that
were required to translate this novel technology. Important benefits of the resulting diagnostic
are that the hepatic mitochondrial redox status can be objectively quantified via non-contact
and label-free optic readings on the liver surface. The readings are rapid, and results are pro-
vided real-time and do not require calibration. Additionally, the device is small and portable to
aid clinical use. We show that this diagnostic modality can distinguish transplantable versus
non-transplantable ischemic rat livers and demonstrate spatial differences in the response of
the mitochondrial redox response to hepatic ischemia reperfusion.

Results
Spectroscopic quantification of the mitochondrial redox state in livers

Increasing evidence from clinical trials suggests that machine perfusion prior to transplantation
alleviates IRI [37-39]. Additionally, machine perfusion provides a unique controlled platform to
study metabolically active whole organs ex vivo that we leveraged in this study [9, 40, 41]. We col-
lected the complex RR spectra of rat livers during machine perfusion using a custom-built RR
spectroscopy system that provides a fast, non-contact, and label-free measurements of the liver tis-
sue. A 441 nm (within the Soret absorption band) excitation wavelength laser and high-resolution
spectrometer are situated in a small footprint device. From this device, the laser light is delivered
to and the Raman scattering collected from the liver surface via a 1.5 m fiber optic cable which
eases in and ex vivo use (Fig 1). A multitude of design features are included in the device to pro-
vide accurate recordings of the RR spectra and are explained in the Materials and methods.

The spectral algorithm to quantify the 3RMR relies on pre-recorded spectral libraries.
These libraries are Raman spectra of pure samples of analytes such as bile, beta carotene, etc.
that serve as reference for a regression algorithm that fits these libraries onto an unknown
Raman spectrum by varying the relative concentrations (denoted by B) of each analyte. These
individual spectrum (x;—xs) and their relative weights (B, - B5) add up to generate the best fit
curve for the original Raman spectrum (Fig 1, y, and y,, respectively). The procedure of crea-
tion of these libraries is provided in the methods section. The advantage of this approach is
that the relative contribution of each library spectrum to the complex spectrum of the organ
can be accurately quantified even when it varies substantially between different individuals of
a species or between different species. Inclusion of the RR spectra of reduced and oxidized
mitochondria in the library therefore enables quantification of the mitochondrial redox status
and 3RMR. However, it is essential that the spectra of other molecules that exhibit resonance
enhancement by the 441 nm excitation wavelength-and thus substantially contribute to the
complex RR spectrum-are also included in the algorithm to create an accurate fit to the com-
plex RR spectrum obtained from the whole organ. This complicates translation of this
approach from hearts to livers as these organs contain different molecules that are enhanced at
the 441 nm excitation wavelength.
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Fig 1. Spectra library and processing algorithm. The excitation light is focused on a 1.5 mm diameter spot on the liver tissue, and the scattered light is collected by the
probe optics and coupled to the collection fiber. In the spectrometer, the light is passed through a grating onto a CCD which is read each second to produce a raw
spectrum. The fluorescence background is subtracted, leaving the measured spectrum (y,,) for regression. The regression algorithm finds the best fit (y,) as the scaled
addition of the library chromophore spectra (x; . . . X,) in order to minimize the unexplained residual spectrum (y,,,—y;). For perfused rat livers, the regression library
included liver bile (x,), perfusate (x,), beta carotene (x3), oxidized mitochondria (x,), and reduced mitochondria (xs).

https://doi.org/10.1371/journal.pone.0258833.9001

Guided by the observed peaks in the complex spectra obtained from rat livers during perfu-
sion, in combination with a literature search for molecules that are abundant in livers and
have absorption peaks near the excitation wavelength of 441 nm, we identified the contribu-
tions of 5 components to the complex RR spectrum of perfused livers: oxidized mitochondria,
reduced mitochondria, beta carotene, bile and the perfusate. This led to the final library as
shown in Fig 1, which enabled the algorithm to accurately explain the complex whole liver
spectrum with a random unexplained residual error with a root mean squared that was only
4% of the mitochondrial signal.

The mitochondrial redox state during machine perfusion of ischemic livers

After translating the 3RMR measurement from hearts to livers, we quantified the mitochon-
drial redox ratio during 3 hours of subnormothermic machine perfusion (SNMP) after cold
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ischemia. The clinical standard for organ preservation is hypothermic preservation (HP) at
4°C in a specialized preservation solution [42]. For rat livers, the maximum HP duration that
results in 100% transplant survival is 24 h [43]. It has been shown that extending the duration
of cold ischemia (CI) during HP leads to a sharp decline in organ viability, resulting in 0%
transplant survival after 72 h of HP, despite a 3-h (SNMP) resuscitation [43, 44]. Therefore, we
studied the 3RMR in rat livers during SNMP after 24-h-CI (n = 6) and 72-h-CI (n = 5) as these
two CI durations represent transplantable and non-transplantable rat livers, respectively [8].
Perfusion parameters of the livers are provided in S1 Fig. To account for potential spatial dif-
ferences, we measured the 3RMR at three different positions and compared the average
between the groups.

Directly after hypothermic preservation the mitochondria in both the 24-h-CI (n = 6) and
72-h-ClI livers (n = 5) were reduced as indicated by a high 3RMR that was not different
between the groups (50.68 + 13.29 and 54.09 + 21.59, respectively; mean + standard deviation
(SD) throughout the text; only p-values of statistically significant differences and trends are
presented in text), as shown in Fig 2A and 2B. During the first half hour of perfusion the
3RMR in both the 24-h and 72-h CI livers substantially decreased (18.81 + 7.42 and
24.12 £ 9.59, respectively at T = 30 minutes), indicating that the mitochondria became more
oxidized during perfusion. However, after 30 minutes, the 3RMR of the 72-h-CI livers progres-
sively increased over time while the 3RMR of the 24-h-CI livers decreased. This led to a signifi-
cantly higher 3RMR in the 72 hours compared to the 24-h-CI livers at 60 minutes
(16.75 £ 6.45 vs. 28.03 + 7.94, p = 0.0543), 120 minutes (14.91 £ 4.28 vs 31.59 + 2.80,

p = 0.0029; Fig 2C), and 180 minutes (14.94 + 5.97 vs 35.02 + 13.50, p = 0.0004; Fig 2D) of per-
fusion (two-sided p values from repeated measures ANOVA followed by the Sidak post-hoc
test for multiple testing throughout the text, unless otherwise specified). Also, 1-hr warm
ischemic (WI) treatment of rat livers in saline solution produces significant injury as can be
seen by high 3RMR values (S2 Fig). As expected, SNMP of the livers leads to reduction in
3RMR. This data shows that 3RMR values do not depend on the preservation modality and
can be used to monitor dynamic changes in mitochondria as a function of perfusion.

Spatial differences in the response of mitochondrial redox to ischemia
reperfusion

To study potential spatial difference in the mitochondrial redox state we compared the
3RMR that we measured at the three different positions. As shown in Fig 3A, position 1 (P1)
was measured on the middle of the left lateral lobe, P2 distal on the left lateral lobe, and P3
on the middle of the right medial lobe. In the 24-h-ClI livers, overall the 3 locations showed
the same trend with high 3RMR directly after HP that decreased during the first hour of per-
fusion and was followed by low and stable 3RMR during the remaining 2 hours of perfusion
(Fig 3B). However, at P2 the 3RMR first increased during the first 15 minutes of SNMP and
then reduced in the same way as the 3RMR at P1 and P3. As result, the 3RMR was signifi-
cantly higher at P2 compared to P1 and P3 at 15 minutes (67.81 £ 5.03 vs 27.99 + 21.69,

p < 0.0001; 67.81 £ 5.03 vs 42.03 £ 4.15, p = 0.0202; respectively) and 30 minutes (44.16
18.58 vs 21.80 £ 13.52, p = 0.0199; 44.16 + 18.58 vs 20.73 + 10.48, p = 0.0394; respectively) of
perfusion.

In the 72-h-CI livers, the 3RMR at P1 and P3 followed the same trend with high 3RMR
directly after HP that decreased during the first hour of perfusion but then increased during
the remaining 2 hours of perfusion (Fig 3C). In contrast, the 3RMR at P2 stayed high during
the first hour of perfusion and eventually reached the same values as P1 and P3 at the end
of perfusion. At 60 minutes of perfusion this resulted in substantial higher 3RMR at P2
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cold ischemic liver during 3 hours of machine perfusion, blue and red respectively. c¢) Data distribution of the 3RMR at 120 minutes of perfusion. d) Data distribution of
the 3RMR at 180 minutes of perfusion. Stars denote statistical significance (two-way repeated measures ANOVA, followed the Sidak’s post-hoc test): *0.01 < p < 0.05;
**0.001 < p < 0.01; ***0.0001 < p < 0.001; ****p < 0.0001. Boxes: Median with interquartile range. Whiskers: Min max.

https://doi.org/10.1371/journal.pone.0258833.9g002

compared to P1 and P3 that trended toward statistical significance (48.33 + 12.71 vs
22.14 + 8.64, p = 0.0833; and 48.33 + 12.71 vs 21.72 + 10.22, p = 0.1003; respectively).
Comparing the 3RMR at each of the three positions between the 24-h-CI and 72-h-CI livers
(Fig 3D-3F) showed differences between the mitochondrial redox status measured in the left
lateral lobe (P1 and P2) but not in the right medial lobe (P3). At P1, the 3RMR in both experi-
mental groups decreased during the first 30 minutes of perfusion which was followed by a con-
tinuing decrease of the 3RMR in the 24-h-CI liver while conversely the 3RMR in the 72-h-CI
livers progressively increased after 30 minutes of perfusion. This resulted in a significantly
higher 3RMR in the 72-h-CI than in the 24-h-CI livers at the end of perfusion (34.85 + 22.90
vs 11.73 £ 4.38, p = 0.0122 at T = 180). At P2, the 3RMR in the 24-h-CI livers substantially
decreased during the first 2 hours whereas the 3RMR at P2 stayed high during the first hour of
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https://doi.org/10.1371/journal.pone.0258833.9003

perfusion. This led to substantial differences in 3RMR between the 24-h-CI and 72-h-CI livers
at 60 and 120 minutes of perfusion that trended towards significance (23.25 + 1.43 vs 48.33
+12.71 p = 0.0709; and 16.63 + 8.23 vs 28.02 + 16.39 p = 0.0727; respectively) At P3, the 3RMR
in both the 24-h-CI and 72-h-ClI livers followed the same trajectory with an decrease in 3RMR
during the first 30 minutes of perfusion and low 3RMR during the remaining perfusion. No
significant differences nor trends towards significance were observed between the 3RMR at P3
in the 24-h-CI and 72-h-ClI livers at any of the timepoints during perfusion.

Correlations between the mitochondrial redox state and oxygen uptake
perfusion

Complex IV in the ETC accounts for >95% of oxygen consumption and its function is directly
related to the redox status of cytochrome a,a3 [17, 22]. The oxygen uptake rate of the 24-h-CI
and 72-h-CI livers during machine perfusion is shown in Fig 4A and 4B. We hypothesized that
the oxygen uptake rate during machine perfusion would be inversely correlated to the 3RMR
which would indicate that mitochondria with a more reduced redox status consume less oxygen.
Indeed, the oxygen uptake rate of the livers was negatively correlated to the corresponding
3RMR at the discrete timepoints (Fig 4A). The correlation was moderately strong (r = -0.6566)
and highly significant (p < 0.0001). While the means of the oxygen uptake rate were higher in
the 24-h-ClI than in the 72-h-CI livers at every time point, no statistically significant differences
were observed between the two groups. Thus, to further augment this analysis with a more direct
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https://doi.org/10.1371/journal.pone.0258833.9004

measure of mitochondrial function, a JC-1 mitochondrial membrane potential (MMP) assay was
performed with primary rat-hepatocytes. Plates with primary rat-hepatocytes were stored for 24-
or 72-hours at 4°C followed by 3-hours of recovery as described in the methods section. Corre-
sponding to the 3RMR values at the end of perfusion, the red/green fluorescence ratio of JC-1
dye which is directly proportional to the MMP, declines significantly for the 72-hour cold ische-
mic livers compared to the 24-hour cold ischemic livers (p < 0.0001) as shown in S3 Fig.

Differences in the cellular redox state

The cellular redox status changes as a result of IRI which can be assessed by the NAD+/NADH
and NADP+/NADPH ratios. These ratios have been previously evaluated in attempt to assess IRI
during liver transplantation. Although IRI pathways of the cellular and mitochondrial redox
states are interconnected, the cellular redox state does not necessarily correspond to the mito-
chondrial redox status. To evaluate the relation between the cellular and mitochondrial redox sta-
tus, we additionally measured the NAD+/NADH and NADP+/NADPH redox ratios with mass
spectrometry in flash frozen tissue samples taken at the end of perfusion (Fig 5A and 5B, respec-
tively). Conversely to the mitochondrial redox state, neither the NAD/NADH (0.015 + 0.005 vs
0.023 £ 0.009, respectively) nor the NADP+/NADPH (0.436 + 161 vs 0.462 + 0.087, respectively)
were significantly different between the 24-h-CI and 72-h-CI livers. A similar trend was observed
for the lipid peroxidation and protein oxidation levels (54 Fig) as seen by the concentration of
malondialdehyde (MDA) (2.446 + 0.369 vs 2.163 + 0.291 nmoles/mg protein, respectively) and
protein carbonyl content (3.839 + 1.19 vs 3.227 + 0.907 nmoles/mg protein, respectively). We
hypothesize this is because lipid and protein oxidation levels can be influenced by several factors
whereas 3RMR is a more direct measure of mitochondrial redox state.

Discussion

IRI is major consideration for any liver surgery whereby the blood supply to the liver is
obstructed [1, 2]. Especially in liver transplantation, IRI is a critical problem that can lead to
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Fig 5. Cellular redox state after machine perfusion. a) Nicotinamide adenine dinucleotide (NAD) redox ratios in tissue of 24-h-CI (blue) and 72-h-CI (red) livers. b)
Nicotinamide adenine dinucleotide phosphate (NADP) redox ratios. Boxes: Median with interquartile range. Whiskers: Min max.
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life threatening complications and substantially limits the availability of organs for transplanta-
tion [3, 4]. However, there are no early diagnostics of hepatic IRI and the fulminant injury
often only becomes evident upon reperfusion. Mitochondria play a pivotal role in all pathways
that lead to IRI and thus are an ideal diagnostic target [2, 14, 15]. During ischemia, lack of oxy-
gen curtails the redox reactions in the mitochondrial membrane complexes that subsequently
become increasingly reduced and forms the first link in the chain of events that lead to IRI [11,
17]. In this study we translated the resonance Raman reduced mitochondrial ratio (3RMR),
originally developed to assess cardiac ischemia, to provide a rapid, non-invasive, and label-free
diagnostic that quantifies the mitochondrial redox status in whole livers during machine
perfusion.

The 3RMR is quantified based on the relative strength of the spectrum of oxidized versus
the spectrum of reduced mitochondria in the complex spectrum of the liver. The redox status
of cytochrome a,a3 in mitochondrial complex IV was of particular importance as it forms the
active site for oxygen in the electron transport chain. Cytochrome a,a3 is known to exhibit
strong resonance enhancement at the used excitation wavelength of 441 nm. Hence, it substan-
tially contributes to the library spectra of reduced and oxidized mitochondria that we used to
calculate the 3RMR. Cytochrome b-c1 and cytochrome c are also part of the ETC and both
have absorption peaks within proximity of the used excitation wavelength [45]. Therefore,
they likely exhibit some resonance enhancement and partially contribute to the 3RMR.

Accuracy of the 3RMR relies on the assumption that the library spectra are the only impor-
tant contributors to the complex RR spectrum that is obtained from the livers. Therefore, it is
essential to identify other molecules in the liver that exhibit substantial resonance enhance-
ment at the 441nm excitation wavelength. We identified beta Carotene, bile and the perfusate
to be important contributors to the complex RR liver spectra. Beta-carotene is likely to reso-
nate at 441nm because it has an absorption peak at 448 nm [46]. Also known as provitamin A,
it has high concentration is the liver where it is used for vitamin A synthesis [47]. The RR spec-
trum of bile is likely caused by bilirubin which has an absorption maximum at 440 nm [48].
Bilirubin is the metabolite of hemoglobin that is broken down by the liver and excreted in the
bile and therefore is expected to have higher concentrations in the liver. Further, the perfusate
contains a plethora of salts, saccharides, proteins, amino acids and vitamins that were captured
in a composite RR spectrum of the perfusate and used as library component. Taken together,
we are confident that the library spectra that we identified are the only substantial contributors
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to the complex liver spectrum because of the random nature and low amplitude of the residual
error. This is witnessed by the low root mean square of the residual error that approaches the
shot noise which is the theoretical minimum error.

We found that the 3RMR was high in rat livers after exposure to different durations of cold
ischemia and decreased as soon livers were perfused. This indicates that the mitochondria are
relatively reduced during cold ischemia and become oxidized during subsequent re-oxygen-
ation during perfusion. This agrees with existing literature and gives us further confidence in
the validity of the 3RMR to quantify the mitochondrial redox state. Interestingly, we found
that the mitochondria in mildly and severely ischemic livers were equally reduced after ische-
mia and that the initial response to oxygen exposure during perfusion was similar during the
first 30 minutes of perfusion. Whereas the mitochondria of mildly ischemic livers remained
oxidized throughout perfusion, the 3RMR of severely ischemic livers progressively increased
after perfusion. This delineated the mild from severe ischemic livers with high statistical signif-
icance. A similar mitochondrial response to ischemia-reperfusion was previously observed in
transplanted human livers. Livers that developed early allograft dysfunction initially demon-
strated the same increase in adenylate energy charge (EC) as successfully transplanted livers
during reperfusion but subsequently failed to maintain a high EC [49]. Although the EC is
considered one of the most comprehensive liver viability parameters, it cannot be clinically
used because determination of the EC in the biopsied tissue takes several days [49-52]. In this
regard, it is promising that we observed a similar hepatic mitochondrial response using a real-
time noninvasive method.

Alternative to the EC, the redox ratios of cofactors NAD and NADP have previously been
studied as a marker of mitochondrial function. However, no significant correlations with liver
viability were observed [49]. Although NAD and NADP have spectroscopic properties that
can be leveraged for rapid measurement of the NAD/NADH and NADP/NADPH redox
ratios, these mostly reflect the cellular redox state and are not specific to mitochondria [31].
This agrees with the findings in the present study where we found significant differences in the
mitochondrial redox state between transplant and non-transplantable livers, but not in the cel-
lular redox state as measured by NAD/NADH and NADP/NADPH ratios as well as lipid and
protein oxidation levels. This suggests an important advantage of the 3RMR that is specific to
the mitochondrial redox status. The mitochondrial redox status—in particular that of cyto-
chrome a,a3 —is directly related to oxygen uptake by mitochondria that is >95% of the cellular
oxygen consumption [17, 22]. In accordance, we found a significant negative correlation
between the oxygen uptake and the 3RMR (Fig 4A). However, it should be noted that statisti-
cally significant differences for oxygen uptake were not achieved when comparing 24- and 72-
hour groups at a given time point during perfusion (Fig 4B), suggesting complex factors dictate
oxygen consumption rates during perfusion. As a result, we confirmed differences in 24- and
72-hour ischemic livers through a more direct measurement of the mitochondrial membrane
potential in an in vitro assay using primary rat hepatocytes.

While the averaged 3RMR were different between mild and severely ischemic livers, we
found spatial differences in the mitochondrial redox status after ischemia. We hypothesize
these observations may be caused by differences in perfusion. First, in both the mild and severe
ischemic livers the redox status of the mitochondria in peripheral regions lagged to the mito-
chondria in more proximal anatomical locations. In general, peripheral regions are less well
perfused that may explain this observation. Second, the mitochondrial redox response after
ischemia was significantly different between the mild and severe ischemic livers in the left lat-
eral lobe but the same in the right medial lobe. Indeed literature reports better perfusion of the
right medial lobe in anatomical and physiological studies [53-55]. From a practical perspec-
tive, this observation demonstrates the significance to account for spatial differences in

PLOS ONE | https://doi.org/10.1371/journal.pone.0258833 October 27, 2021 10/19


https://doi.org/10.1371/journal.pone.0258833

PLOS ONE

Quantification of the mitochondrial redox state in livers

viability assessment of the liver. This not only applies to the quantification of the 3RMR in
human livers but likely also to other spatial dependent viability metrics such as histological,
metabolomic or proteomic analyses [8].

One limitation is that we evaluated the mitochondrial redox state during oxygenated sub-
normothermic machine perfusion (21°C). Although SNMP has the advantage that the organ is
metabolically active while an oxygen carrier can be omitted [56, 57], it remains in pre-clinical
phase as current clinical trials are conducted with either hypothermic (10°C) or normothermic
(37°C) perfusion temperatures [37-39]. We are confident that the diagnostic developed in the
present study can be directly applied to human livers undergoing HMP. However, for applica-
tion to livers that are perfused with blood such as during normothermic machine perfusion or
in vivo, we anticipate that the spectra of oxidized and reduced hemoglobin should be included
in the library. Hemoglobin is known to exhibit strong resonance enhancement at the excita-
tion wavelength of 441 nm and will considerably contribute to the complex RR spectrum of
the liver. Feasibility of measuring the 3RMR in blood perfused hearts in vivo was recently dem-
onstrated [17].

This work provides a novel quantitative diagnostic of the hepatic mitochondrial redox sta-
tus via real-time, non-contact and label-free readings on the liver surface. The results demon-
strate that this diagnostic modality can be used to significantly distinguish livers with mild
from livers with severe ischemic injury during oxygenated machine perfusion and discover
spatial differences in the mitochondrial redox response to hepatic ischemia reperfusion. Ulti-
mately, the 3RMR may be used in future to predict the viability of human livers during trans-
plantation and other major liver surgery and to provide better understanding of hepatic IRI.
While further adjustments to the library may be necessary for the translation of this technology
in the humans, the current work should provide a strong reference for conducting such
experiments.

Materials and methods
Liver procurement

The animals were maintained in accordance with National Research Council guidelines and
the experimental protocols were approved by the Institutional Animal Care and Use Commit-
tee (IACUC) of Massachusetts General Hospital (Prot#2017N000227). The livers were pro-
cured under complete anesthesia by isoflurane. The liver was exposed through a transverse
abdominal incision and freed from its connecting ligaments. The bile duct and portal vein
were cannulated with 24-gauge and 16-gauge catheters, respectively and the hepatic artery was
ligated. Directly after cannulation the infrahepatic and suprahepatic inferior vena cava were
transected and the livers were directly flushed with 60 ml of ice-cold saline. During the flush,
the rats were euthanized as results of the exsanguination. After the livers were removed from
the abdomen, the livers were flushed with 30ml ice-cold University of Wisconsin (UW) solu-
tion (Bridge to Life, Columbia, SC, USA). Next, the livers were submerged in 50 ml fresh UW
solution and stored at 4°C in a sealed bag.

Subnormothermic machine perfusion

We recently described the details about the machine perfusion protocol elsewhere [8]. In sum-
mary, the machine perfusion system provides an oxygenated, temperature (21°C + 1°C), pres-
sure and flow controlled, non-pulsatile circulation via the portal vein. During the first 30 min
of perfusion, the perfusion pressure was gradually increased to 5 mmHg that was maintained
throughout perfusion unless the maximum 25 ml/min was reached.
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The perfusate consisted of Williams Medium E solution (Sigma-Aldrich, St Louis, MO,
USA) prepared according to the manufacturer’s instructions. The perfusate was supplemented
with dexamethasone (24 mg/l; Sigma-Aldrich), insulin (5 U/l; MGH Pharmacy), heparin
(2000 U/l; MGH Pharmacy), and bovine serum albumin (10 mg/ml; Sigma-Aldrich). Prior to
perfusion of the liver, the perfusate was circulated for ~15 min in the perfusion system to oxy-
genate and if necessary the pH was adjusted to 7.3-7.4 with sodium bicarbonate.

RRS device description

The RRS system (Pendar Technologies, Cambridge, MA) consists of a laser pump source,
source/collection fiber optic probe, and high resolution/high throughput spectrometer. The
441 nm laser pump source provides 4 mW of single line excitation light to the source fiber. A
custom-built probe focuses a 1.5 mm diameter laser spot 9 mm from the probe tip and collects
the scattered light from the sample area. Light is passed through a filter to eliminate the excita-
tion signal, and the Raman signal is returned through a second fiber to the spectrometer. The
spectrometer has a full width at half maximum resolution of 8 cm™', and an internal Stokes
shift calibration reference (acetaminophen) which achieves an absolute Stokes shift accuracy
of <0.4 cm™. Cosmic rays are eliminated from CCD pixels, and the temperature-controlled
image sensor maintains a constant dark current. Resulting spectra are captured approximately
every 1 second and signal averaged over a rolling 180 second window to create the raw spec-
trum for analysis. A probe holder was designed to help position the probe over the liver during
measurements.

The readout from the CCD is recorded and analyzed using software developed in LabView.
After the spectrum is adjusted for cosmic rays and dark current, an estimate of the fluores-
cence baseline is made and subtracted from the signal, leaving the Raman spectrum. A regres-
sion analysis is performed against a stored library of known spectra in order to find the best fit.
The resulting fit coefficients represent the relative concentrations of chromophores in the tis-
sue, and the coefficients for oxidized and reduced states can be ratioed in order to produce an
absolute result for saturations or redox states. Heme containing structures have a strong
absorption band between 400-450 nm (the Soret Band), and excitation near this band results
in resonant enhancement of the Raman signal. A 441 nm excitation wavelength was selected to
optimize the signal from mitochondrial cytochromes, as there was minimal residual hemoglo-
bin in the non-blood perfused livers.

The readout from the CCD produces a known noise level for each recorded spectrum (shot
noise). The residual produces a lower limit of explainable spectrum in the signal. For the rat
liver measurements, the shot noise was approximately 3.6% of the mitochondrial signal level.
The root mean square (RMS) error of the residual was 4% of the mitochondrial signal, which
approached the theoretical limit.

Creation of RRS library

Based on experiments with in-vivo myocardial tissue, Pendar had previously developed a
library of chromophores in the oxidized and reduced state [17], and the mitochondrial library
was applied to the liver measurements. To obtain the library spectra, fresh mitochondria were
isolated from homogenized rodent hearts and purified by a process of serial differential centri-
fugation. Oxidized conditions were established by exposing mitochondria to hyperoxia (100%
oxygen flow) in an abundance of substrate (succinate and ADP) and verified based on the
absence of a reduced RR marker peak at 1357 cm™. Fully reduced conditions were established
by exposure to 100% nitrogen with dissolved sodium dithionate within a sealed cuvette and
verified by absence of the oxidized marker peak at 1371 cm".
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Pilot experiments with rat livers identified additional peaks not explained by the oxidized
or reduced mitochondria spectra. We determined that bile, beta carotene, and the perfusate
contributed additional peaks to the spectra and thus were needed in the regression library in
order to fully explain the measured signal. To create new library spectra, a sample of the mate-
rial was placed in a 1 mL glass vial, sealed, and positioned in front of the RRS probe inside of a
dark box to eliminate light contamination. A spectrum was collected for 600 seconds and
stored. The fluorescence background was subtracted, and the resulting spectrum stored as an
additional library for use in the regression. Bile was obtained directly from rat livers during
machine perfusion. Beta carotene (Sigma Aldrich) was dissolved in oil prior to creating the
library. Perfusate samples were taken from the perfusate reservoir at the time of performing an
experiment.

Experimental design of the ex vivo perfusion experiment

We quantified the mitochondrial redox ratio during 3 hours of subnormothermic machine
perfusion (SNMP) after two durations of cold ischemia (CI). The clinical standard for organ
preservation is hypothermic preservation (HP) at 4°C in a specialized preservation solution
[42]. For rat livers, the maximum HP duration that results in 100% transplant survival is 24 h
[43]. It has been shown that extending the duration of CI during HP leads to a sharp decline in
organ viability, resulting in 0% transplant survival after 72 h of HP, despite a 3-h (SNMP)
resuscitation [43, 44]. Therefore, we studied the 3RMR in rat livers during SNMP after 24-h-
CI (n = 6) and 72-h-CI (n = 5) as these two CI durations represent transplantable and non-
transplantable rat livers, respectively [8]. We measured the 3RMR just before perfusion (T = 0)
and at 15, 30, 60, 120, and 180 minutes of perfusion. At each timepoint we measured the
3RMR at three different positions. These were on the middle of the left lateral lobe (P1), distal
on the left lateral lobe (P2), and on the middle of the right medial lobe (P3), as shown in Fig
3A. For each time point, we compared the means of the 3 locations to account for spatial dif-
ferences. We also compared the 3 locations both within and between each experimental group
to evaluate the spatial differences in the mitochondrial redox state. For inducing warm ische-
mic injury, rat livers were stored in a saline solution and incubated at 37° C in a water bath for
1 hour (n = 3). This was followed by perfusion and 3RMR measurement before perfusion

(T =0) and at 30, 60, 90, and 120 minutes of perfusion and 3RMR measurement.

Perfusion data acquisition and processing

The liver was weighed directly after procurement and machine perfusion. Perfusion pressures
and flowrates in the portal vein were recorded every 60 minutes of perfusion. The partial oxy-
gen pressure was measured in the portal vein (inflow) and in the intrahepatic vena cava (out-
flow) and the potassium concentration was measured only in the outflow using an i-STAT
blood analyzer (Abbott Laboratories, Chicago, IL, USA). To calculate the portal vein vascular
resistance, the flowrate was first divided by the weight of the liver after procurement and sub-
sequently the perfusion pressure was divided by the corrected flowrate. The oxygen uptake
was calculated using the partial oxygen pressures and flowrates of the inflow and outflow as we
recently described in detail elsewhere [8]. The oxygen uptake was divided by the weight of the
liver after procurement.

Mitochondrial membrane potential measurement

Freshly isolated primary rat hepatocytes were seeded in C+H medium at 131,500 cells per
cm”2 in collagen coated 24 well plates and allowed to attach for 24 hours. For fresh control,
cells were washed with PBS and treated with 7 pM JC-1, 25 uM verapamil, and 2 drops/mL
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NucBlue® Live ReadyProbes® Reagent in C+H medium for 30 minutes at 37C, 10% CO2.
For positive control, cells were washed with PBS and treated with 7 uM JC-1, 25 uM verapamil,
20 uM CCCP, and 2 drops/mL NucBlue® Live ReadyProbes® Reagent in C+H for 30 min-
utes. After incubation, cells were washed with PBS and imaged on a Zeiss Axiovert 200 M
Inverted microscope using DAPI, FITC, and RFP filters. For static cold storage experimental
groups, cells were washed in PBS followed by the addition of University of Wisconsin Solution
for 24 or 72 hours at 4C. Following static cold storage, cells were washed with PBS and
replaced with C+H medium for 3 hours and imaged with JC-1 as described above. To quantify
mitochondrial membrane potential, the ratio of red to green fluorescence was quantified using
Image] for fresh cells, CCCP control, and cells exposed to UW for 24 and 72 hours. For viabil-
ity assessment, the same groups were washed with PBS and exposed to 2 drops/mL NucBlue®)
Live ReadyProbes® Reagent, 4 uM Calcein-AM, and 2 uM ethidium homodimer-1 in serum-
free medium for 25-30 minutes. Cells were then washed with PBS, replaced with C+H
medium, and immediately imaged using DAPI, FITC, and RFP filters.

Co factor analysis

For n =5 24-h-CI and n = 4 72-h-CI livers we measured the NAD, NADH, NADP, NADPH
concentrations in liver tissue that was flash frozen in liquid nitrogen immediately after perfu-
sion. This analysis was performed by the mass spectrometry core of Shriners Hostpitals for
Children (Boston, MA, USA) as described in detail elsewhere [56].

Lipid peroxidation and protein oxidation analysis

For n = 4 24-h-CI and n = 3 72-h-CI livers we measured lipid peroxidation marker malondial-
dehyde (MDA) using Lipid Peroxidation (MDA) Assay Kit (MAKO085) by Millipore Sigma and
the protein oxidation marker protein carbonyl with a Protein Carbonyl Content Assay Kit
(ab126287) by Abcam according to the manufacturer’s instructions. Total protein content was
measured with the Pierce™ Rapid Gold BCA Protein Assay Kit by ThermoFisher Scientific.

Statistical analysis

We performed all statistical analyses in Prism 7.03 (GraphPad Software Inc., La Jolla, CA).
Repeated measures one-way ANOV As were used for the comparison of the time-course mean
3RMR and perfusion data. Repeated measures two-way ANOV As were used to compare the
3RMR data measured at the 3 different positions. In both cases the Sidak post hoc test was
used to test for statistical differences between the experimental groups at discrete time points
and to correct for multiple comparisons. Linear regressions in combination with Pearson’s
correlation coefficient were used to correlate the oxygen uptake rate during to the 3RMR dur-
ing machine perfusion and the correlations. The NAD/NADH, NADP/NADPH ratios, MDA,
and protein carbonyl levels were compared with unpaired Welch’s t tests. In all cases, two-
sided p-values were considered a trend when <0.10 and statistically significant when <0.05.

Supporting information

S1 Fig. Perfusion parameters of cold ischemic livers. a) Vascular resistance in the portal
vein. b) Flowrate of the portal vein. c) pressure in the portal vein. d) Weight gain at the end of
perfusion compared to the liver weight after procurement. e) Oxygen uptake rate (OUR) f)
potassium concentrations in the intrahepatic inferior vena cava. Dots: means. Error bars:
SEM. Boxes: Median with interquartile range. Whiskers: min & max. Cones: individual data
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points.
(DOCX)

$2 Fig. 3RMR measurements and perfusion parameters of warm ischemic livers. To ascer-
tain the effect on 3RMR measurements via a method of injury other than cold storage, we per-
formed three experiments where rat livers were subjected to 1 hour of warm ischemia in a
saline solution followed by 2 hours SNMP. a) A similar trend in 3RMR measurements upon
injury followed by recovery as seen for cold ischemic livers. b) The high values for 3RMR at

t = 0 min. c) Low values of 3RMR at t = 120 min. d) Oxygen uptake rate (OUR) over the dura-
tion of perfusion. e) 3RMR versus OUR. The line shows the trend. f) Potassium concentration.
Dots: means. Error bars: SEM. Bar graph: Mean. Cones: individual data points.

(DOCX)

$3 Fig. Mitochondrial membrane potential in sandwich cultures using JC-1 dye. Primary
rat hepatocytes cultured in a sandwich format with collagen I gel show a marginal drop in the
mitochondrial membrane potential (MMP) after 24 hours of cold ischemic storage and 3
hours of recovery when compared to fresh hepatocytes, as opposed to a highly significant drop
in MMP after 72 hours of cold ischemic storage and 3 hours of recovery. Hepatocytes treated
with Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) which disrupts the mitochondrial
membrane are used as a positive control. Each bar is for n = 3. (* p = 0.0278; **** p<0.0001).
(DOCX)

$4 Fig. Lipid peroxidation and protein oxidation assays. a) Malondialdehyde (MDA) con-
centration in tissue biopsies from 24-Hr and 72-Hr cold storage and 3-hour perfusion rat liv-
ers. b) Protein carbonyl concentration in tissue biopsies from 24-Hr and 72-Hr cold storage
and 3-hour perfusion rat livers. p values of 0.3098 and 0.4751 for MDA level and protein car-
bonyl content between the two treatment conditions indicate a statistically non-significant dif-
ference. Boxes: median with interquartile range. Whiskers: min & max.

(DOCX)
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