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Abstract. The protective effect of a new oligomeric deri-
vative of prostaglandin B,, known as OC-5186, was evalu-
ated using time-sharing spectrofluorometry in the cold-
preserved rat liver. Experiments were divided into three
groups: in group A, a 5000 ng dose of OC-5186 was admin-
istered via the peripheral vein, 1000 ng via the portal vein,
and 200 ng/ml in University of Wisconsin (UW) solution;
in group B, the OC-5186 dosage was ten times greater
than that in group A; in group C (control group), liver
procurement and storage were performed without OC-
5186. At 0, 12, and 24 h after cold preservation at 4°C, the
liver was perfused for 30 min at 12°C with oxygenized
Krebs-Henseleit solution, after which the perfusate was
switched to deoxygenized Krebs-Henseleit solution. Time
sharing spectrofluorometry was used to follow NADH
fluorescence at 450 nm with a 360-nm excitation wave-
length, as well as the reflectance of cytochrome aas with
605 minus 620 nm from oxidation to reduction. Rate
constants of NADH fluorescence and cytochrome aa,
reflectance were used as indices of integrity of the mito-
chondrial respiratory chain. In group C, the rate constant
of NADH fluorescence decreased significantly (P < 0.05)
from the control value of 8.31+021x107® (sec™!)
t04.97+0.15x 10"*and 5.58 £ 0.16 x 10~ (mean + SEM)
at 12 and 24 h after cold preservation, respectively. By
contrast, in groups A and B, the rate constant of NADH
fluorescence was maintained at significantly (P < 0.05)
higher levels of 6.57 £0.54x 1073 and 7.29 +0.48 x 103,
and 6.94+0.44 x10°> and 6.86+0.44x10°% at 12 and
24 h, respectively. The rate constant of cytochrome aas
reflectance between the OC-5186 groups and the con-
trol group was not significant. It is conciuded that OC-
5186 has a protective effect on the mitochondrial respi-
ratory chain against cold-preservation and/or reperfusion

injury.
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Liver transplantation is now accepted as the common
therapy for many forms of irreversible or congenital
liver disease. Improved immunosuppressants, liver pre-
servation solutions, and surgical techniques have in-
creased the survival rate after liver transplantation. How-
ever, the key to a successful transplant lies in the use of a
liver with high cellular viability. In order to maintain high
viability during cold preservation, various drug additives
to the preservation solution have been tested, including
allopurinol as a xanthine oxidase inhibitor, prostaglan-
din E; (PGE,) and PGI; as lysosomal stabilizers and
platelet aggregation inhibitors, and chlorpromazine
and dibucaine as phospholipase inhibitors [2, 6, 10-12,
21, 27).

It is reported that liver viability is related to the main-
tenance of mitochondrial ATP synthesis [23, 24, 28] and
that ATP and ADP concentrations and energy charge are
correlated with the outcome of liver transplantation {9].
However, there are other reports that claim that liver
quality cannot be evaluated by the measurement of
adenine nucleotide at the end of preservation [3], and the
primary site of preservation injury has yet to be deter-
mined. It was demonstrated that mitochondrial activity
could be evaluated by measuring the rate of mitochon-
drial NADH reduction upon sudden deoxygenation
[1,23] and that the parameters of NADH fluorometry
were correlated with the 1-week survival rate in rat liver
transplantation when Euro-Collins solution was used as a
preservation solution {18]. These observations led us to
develop the method of determining liver viability using a
time-shared spectrofluorometric assay of mitochondrial
respiration in the perfused liver [4].

In this study, we explored the possibility of using this
technique for the development of a pharmacological in-
tervention in mitochondrial damage during cold liver
preservation. We tested OC-5186, an oligomer ester of
prostaglandin B, [14], which is known to have free-radical
scavenger activity [14] and to protect brain mitochondria
against ischemia/reperfusion injury in situ [8]. Thus, we
thought it would be of interest to determine whether this
compound could also protect liver mitochondria during
cold preservation and reperfusion.
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Fig.1. Representative traces of NADH fluorescence and cyto-
chrome aa; reflectance from a cold-preserved rat liver (at 4°C for
24 h). The perfusates were equilibrated with 95% 0,-5% CO, and
95 % N;-5% CO,at 25°C. The reduction and oxidation were induced
by changing the perfusate as indicated at the top of the figure.
keps, killocount per second; (A), changes in the intensity of NADH
fluorescence at 450nm  (excitation wavelength 360 nm);
(B), changes in the reflectance of cytochrome aa; measured with
605 minus 620 nm

Materials and methods

Drug

Prostaglandin E, (PGE,) was purchased from Ono Pharmaceuticals
{Osaka, Japan). OC-5186 was synthesized from PGB, (obtained
from Cayman Chemicals, Ann Arbor, Mich.) according to the
method published elsewhere [14]. All other chemicals were obtained
from Wako Chemicals (Osaka, Japan). The University of Wisconsin
(UW) solution contained potassium lactobicnate (100 mM),
KH,PO, (25 mM), MgSO, (5 mM), raffinose (30 mM), adenosine
(5mM), allopurinol (1 mM), glutathione (3 mM), hydroxyethyl
starch (50 g/1), insulin (40 IUN), dexamethasone (16 mg/1), and peni-
cillin (200,000 IU/). The final concentrations of sodium and potas-
sium were 25+ 5 mM and 120 £ 5 mM, respectively, and osmolality
was 310 £ 10 mosmol/l [22].

Liver procurement and preparation

Male albino Lewis rats weighing 220-380 g were allowed free access
to water and food until the operation. All animals were anesthetized
with diethyl ether. Laparotomy was performed after ascertaining an
anesthetized state. Five minutes prior to liver procurement, 1 ml
saline containing 100 IU heparin and the drug were intravenously
administered through the dorsal penile vein. A 16-gauge plastic
needle was inserted into the portal vein and fixed in place. Immedi-
ately after cannulation of the portal vein, the liver was washed out
with 10 ml cold saline (4°C) containing 100 IU heparin and the drug.
The perfusate was then switched to cold UW solution containing
1000 IU/ml heparin and OC-5186. The liver was harvested and
stored at 4°C in UW solution containing the drug.

Experiments were divided into 3 groups: in group A (low-dose
group), a 5000 ng dose of OC-5186 was administered via the penile
vein, 1000 ng via the portal vein, and 200 ng/ml in UW solution; in
group B (high-dose group), the OC-5186 dosage via the peripheral
and portal veins and in the UW solution was ten times higher than
that in group A; in Group C (control group), liver procurement and
storage were performed without OC-5186. Each group was further
divided into three subgroups, according to preservation time: 0 h
(group C, n =18), 12 h (group A, n =35; group B, n =5; group C,
n =11), and 24 h (group A, n =7; group B, n =5; group C, n = 15).
To compare the effects of OC-5186 and PGE;, livers were preserved
for 24 h with both low and high doses of PGE), in the same amounts
that were used for OC-5186.

Reperfusion

After cold preservation, the liver was perfused at 12°C with Krebs-
Henseleit solution equilibrated with a mixture of gases containing
95 % 0,-5% COg, using a noncirculating, open-end perfusion system
driven by a roller pump. The flow rate was 10 ml/min. After 30 min
of perfusion, the optical probe of a time-sharing spectrofluorometric
device (Unisoku, Osaka, Japan) was gently brought into contact
with the liver surface [4]. All spectrofluorometric measurements
were performed in a dark room.

Time-sharing spectrofluorometry

The time-sharing spectrofluorometric device simultaneously
measures NADH fluorescence at 450 nm with a 360-nm excitation
wavelength and reflectance of cytochrome aa; with 605 nm minus
620 nm. The light source is a 100-watt high pressure mercury arc
lamp with a high-voltage DC power source. Fluorescence and re-
flectance were followed from oxidation to reduction and sub-
sequently from reduction to oxidation by switching the perfusate
equilibrated with 95% 0,-5% CO, to that with 95% N;-5% CO,
and back again. Figure 1 shows a typical time course change in in-
tensity (killocount per second) monitored by a photon counting de-
vice. An increase in intensity of NADH fluorescence is indicated by
an upward trace, while an increase in reflectance from reduced cy-
tochrome aa, is indicated by a downward deflection. After reperfu-
sion with the oxygenated Krebs-Henseleit solution, a plateau of oxi-
dative state of NAD and cytochrome aa, was reached. The perfusate
was then changed from aerobic to anaerobic. It is difficult to quanti-
tate the reactions since the physical parameters of size, surface con-
dition, and reflectance of each liver are different. However, since the
time course change of these measurements followed a pseudo first
order kinetics, it is possible to use the rate constant {sec™') ta repre-
sent the integrity and intactness of the mitochondrial electron trans-
port system [4].

Statistical analysis

Values are expressed as means £ SEM. Statistical significance was
analyzed using the unpaired ¢-test, with a P value of less than 0.05
being considered significant.

Results

Figure 2 shows the time course changes in fluorescence
changes of NADH in a cold-preserved liver under the two
different dosages of OC-5186. The rate constant in the
control experiment showed a 40.2% decrease at 12 h of
preservation. In contrast, the rate constants in groups A
and B were 24.3% and 15.8%, respectively, at 12h of
preservation. The values at 12 and 24 h were both signifi-
cantly greater than that of the control. Figure 2 thus sug-
gests that the lower dose of OC-5186 was sufficient to pro-
tect mitochondrial electron transport against cold
preservation and/or reperfusion injury.

Figure 3 shows the changes in the rate constant of re-
duction of cytochrome aas. In contrast to the case of
NADH, the rate constant for the control liver showed a
19.3% decrease at 12 h of preservation. There was no sta-
tistical significance between the two OC-5186 groups and
the control group.

Table 1 shows that PGE, did not protect mitochondria
in situ against cold preservation and/or reperfusion injury.

Discussion

One of the major causes of cold preservation injury in the
liver was shown to be the impairment of mitochondrial
ATP synthesis [24]. It has been reported that H*-ATPase



10¢ 1
8 *% . 1
ET
So X o
2s ©
87
8= 4
® s -
n‘gi RIER APR

0 12 24

Preservation Time (hour)
Fig.2. Time course of the decrease in the rate constant of NADH
fluorescence during cold preservation. Results are shown as the
mean+SEM. A group A (low dose), O group B (high dose),
® group C (control); * P <0.05, ** P <0.01 with respect to control

group .
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Fig.3. Time course of the decrease in the rate constant of the reflec-
tance of reduced cytochrome aa; during cold preservation. Results
are shown as the mean +SEM. A group A (low dose), O group B
(high dose), ® group C (control)

in the mitochondria deteriorates in the early phase of cold
preservation [26]. An ammonium chloride load test clari-
fied the decreased performance of mitochondrial ATP
synthesis relative to metabolic load [28]. Since mitochon-
dria supply a large amount of the ATP used to maintain
the functional integrity of the hepatocytes, any mitochon-
drial damage leads to a corresponding deterioration in
liver function.

Mitochondrial phosphorylation is a complex reaction
that couples ATP synthesis to electron transport. Electron
transport can be studied noninvasively using an optical
method [25], while ATP synthesis can be evaluated nonin-
vasively by *'P-magnetic resonance spectroscopy. In the
steady state, the redox states of the respiratory compo-
nents are in equilibrium; thus, the activity cannot be
measured from the redox states of the components. One
way of overcoming this difficulty is to cause a perturbation
to the system. If the electron transport chain is suddenly
disturbed by changing the redox state, the response of the
transport chain to the new steady state could reflect the
activity of the electron transport chain. Our instrument,
which employs this principle, enabled us to obtain time-
shared spectrofluorometric data of NADH and cyto-
chrome aa, [4]. Since the NADH and cytochrome aa,
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states represent the activity of the respiratory chain at its
entry and exit to the mitochondrial electron transport, the
measurement of their rate constants as they approach
their new steady states provides valuable information
concerning the activity of the chain. It would have been
ideal if we could have performed the experiments at 37°C,
but a preliminary study revealed that the rate changes
were so rapid that they would not allow for accurate mea-
surement, Instead, we investigated the changes that oc-
curred at 12°C, a temperature at which the rate could be
more easily measured.

In this paper, we studied the effects of cold preserva-
tion on mitochondria in situ using this technique. We first
observed that the rate constants of NADH fluorescence
and cytochrome aas reflectance decreased by 32.5% and
19.3%, respectively, after 12h of cold preservation
(Figs.2,3). The rate constant of cytochrome aas reflec-
tance reflects the sudden depletion of electron accep-
tance, i.e., oxygen depletion, while that of NADH fluo-
rescence reflects both oxygen depletion and the activity
of NADH supply,i.e., NADH dehydrogenase. Therefore,
we observed a significant decrease in the rate constant of
NADH fluorescence but not in that of cytochrome aa; re-
flectance during cold preservation.

Okamura et al. reported a good correlation between
the parameters of NADH fluorescence and the 1-week
survival rate of rat livers transplanted using Euro-Collins
solution [18]. While amplitude and velocity of changes in
NADH fluorescence were maintained at the control level
even after 24 h of preservation, the survival rates were
100% and 33 % in the 12- and 24-h preservation groups,
respectively. We therefore made a new device for time-
sharing spectrofluorometry and employed the rate con-
stant of NADH fluorescence change as an index of in-
tegrity of the mitochondrial respiratory chain instead of
amplitude and velocity. We detected large decreases in
this parameter following cold preservation with UW solu-
tion using this new machine and method of calculation.

We then addressed the question of whether prostaglan-
din oligomer OC-5186 could prevent liver mitochdondria
from deteriorating during the preservation period. This
compound was chosen because it was shown to have free-
radical scavenger activity [14] and was also shown to pro-
tect brain mitochondria in situ from ischemia and reperfu-
sion injury [8].

The addition of OC-5186 remarkably inhibited the de-
creases, even at 24 h. Similar results were obtained for
both low and high dosages of OC-5186. Thus, we con-

Table 1. Comparison of the rate constant of reduction of NADH
(expressed in x 10" % sec™") after 24 h of preservation in the absence
and presence of PGE, and OC-5186 (both in two dosages). Results
are expressed as the mean + SEM. The number of experiments are
shown in parentheses

Drug Nodrug Low dose High dose

Control 5.58+0.16

PGE, (n=18) 5.11+0.40 478 £0.33
(n=3) (n=6)

OC-5186 6.94 £0.44* 6.86 £ 0.44%*
(n=7) (n=5)

* P <0.05, ** P <0.01 with respect to the corresponding values in
the PGE, group
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cluded that the low-dose regimen was sufficient to protect
liver mitochondria in situ during cold preservation. On the
other hand, the same dosages of PGE; (both low and high)
did not prevent mitochondrial deterioration (Table 1).

UW solution has been widely adopted in clinical set-
tings worldwide because of its ability t6 extend the cold
preservation time of organs [19]. However, it is possible
that the addition of other pharmacological agents might
extend preservation time even further, and so other
studies have tested allopurinol, PGE,, PGI;, chlorproma-
zine, and dibucaine 2, 6, 10-12, 21, 27). The exact mecha-
nism of mitochondrial deterioration during cold preserva-
tion is still unknown. Since the liver performs numerous
biochemical reactions, the injury mechanism would have
to be complex. However, the fact that the injured tissue
becomes ischemic suggests that the mechanisms observed
in warm ischemniia or ischemia/reperfusion injury may be
involved. It was reported that a free acid form of a prosta-
glandin oligomer exerts a protective effect on mitochon-
dria against ischemia [20]. Recently, a hydrophobic ester
form of prostaglandin oligomer was found to be even
more effective, due to its greater membrane permeability
[16]. These compounds demonstrated the ability to pro-
tect both ischemic hearts [13] and brains [8, 17] and may
also be beneficial to ischemic tissues by inhibiting the acti-
vities of proteases and phospholipases [15], chelating cal-
ciumions (7], and scavenging free radicals [14].

Studies from our group have demonstrated that main-
taining the integrity of liver mitochondria is one of the
keys to successful transplant surgery [26]. Thus, the devel-
opment of drugs that are able to protect mitochondria in
situ would have considerable clinical significance. Further
experimental studies are needed to establish the useful-
ness of these compounds in liver transplantation.
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