Cell Transplantation, Vol. 16, pp. 409-419, 2007
Printed in the USA. All rights reserved.
Copyright © 2007 Cognizant Comm. Corp.

0963-6897/07 $90.00 + .00
E-ISSN 1555-3892
WWWw.cognizantcommunication.com

Cryopreservation of Human Hepatocytes Alters
the Mitochondrial Respiratory Chain Complex 1

Xavier Stéphenne,* Mustapha Najimi,* Dung Khuu Ngoc,* Francoise Smets,*
Louis Hue,} Bruno Guigas,i! and Etienne M. Sokal*!

*Laboratory of Paediatric Hepatology and Cell Therapy, Université catholique de Louvain and Cliniques St Luc, Brussels, Belgium

+tHormone and Metabolic Research Unit, School of Medicine, Université catholique de Louvain and Institute
of Cellular Pathology, Brussels, Belgium

Transplantation of human hepatocytes has recently been demonstrated as a safe alternative to partially correct
liver inborn errors of metabolism. Cryopreservation remains the most appropriate way of cell banking. How-
ever, mitochondrial-mediated apoptosis has been reported after cryopreservation and little is known on the
involved molecular mechanisms. The aim of this study was to investigate mitochondrial functions of freshly
isolated and cryopreserved/thawed hepatocytes from mice and humans. We report here that cryopreservation
induced a dramatic drop of ATP levels in hepatocytes. The oxygen consumption rate of cryopreserved/
thawed hepatocytes was significantly lower compared to fresh cells. In addition, the uncoupling effect of
2,4-dinitrophenol was lost, in parallel with a reduction of mitochondrial membrane potential. Furthermore,
a decrease in mitochondrial respiratory rate was evidenced on permeabilized hepatocytes in the presence of
substrate for the respiratory chain complex 1. Interestingly, this effect was less marked with a substrate for
complex 2. Electron microscopy examination indicated that mitochondria were swollen and devoid of cristae
after cryopreservation. These changes could explain the cytosolic release of the proapoptotic protein cyto-
chrome c in cryopreserved cells. Nevertheless, no caspase 9-3 activation and only few apoptotic and necrotic
cells were found, indicating that the subsequent cell death program was not yet evidenced. Our results
demonstrate that cryopreservation of hepatocytes induced alteration of the mitochondrial machinery. They
also suggest that, in addition to technical progress in the cryopreservation procedure, protection of the respi-

ratory chain complex 1 should be considered to improve the quality of cryopreserved hepatocytes.
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INTRODUCTION

Partial correction of inborn errors of metabolism can
be obtained after liver cell transplantation (LCT), lead-
ing to propose LCT as an alternative, or at least as a
bridge, to orthotopic liver transplantation (e.g., to avoid
irreversible brain damage in patients suffering from se-
vere urea cycle disorders) (5,6,35,37,38). However, the
use of freshly isolated cells is restricted by organ short-
age and the limited quantity of cells that can be infused
in one single session. At present, cryopreservation re-
mains the only practical method for long-term storage
and permits the development of a readily available cell
bank, even in emergency cases (37). If a limited percent-
age of engrafted cells is sufficient to restore partially the
deficient function, it is clear that many infused cells do
not engraft into the recipient liver, lose viability, and are

cleared by the reticulo-endothelial system. Initial high
quality of cells is therefore crucial to enhance hepato-
cyte engraftment and subsequent repopulation of the re-
cipient liver. Beyond their useful purpose in LCT, cryo-
preserved hepatocytes may also constitute an interesting
tool in other domains, like toxicological studies and bio-
artificial liver, where high functional quality of cells is
also required (1,36).

While induction of cell death was described follow-
ing cryopreservation and thawing (C/T), after at least 12
h of culture, the mechanism by which cryostorage trig-
gers cellular damage in isolated hepatocytes is still un-
clear (8). The mitochondrion is a key player in the initia-
tion of cellular death (15), and recent studies highlighted
its role in C/T-induced cellular damage (24.,45). Indeed,
disruption of mitochondrial membrane potential (AY)
was reported following C/T (24). This mitochondrial
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damage is followed, within hours after thawing, by cas-
pases’ activation leading to DNA fragmentation and ulti-
mately apoptosis (24). Because mitochondria are the
major source of reactive oxygen species (ROS), induc-
tion of apoptosis by oxidative stress was also proposed
to be involved in the impairment of hepatocytes after
C/T (9).

The aim of this study was to investigate the effects
of C/T on mitochondrial functions in hepatocytes iso-
lated from mice and humans. Therefore, oxygen con-
sumption rate (JO,) was measured on intact and perme-
abilized hepatocytes before and after C/T. This approach
was completed with morphological analysis of mito-
chondria by electron microscopy and determination of
various parameters involved in the mitochondria-medi-
ated cellular death. Based on our findings, we proposed
that protection of the mitochondrial respiratory chain
complex 1 could constitute an original way to prevent
hepatocyte damages after C/T, and improve their func-
tional capacity in LCT.

MATERIALS AND METHODS
Ethical Considerations

All experiments performed in animals and all proce-
dures on human tissue have received approval from the
university and hospital ethical review boards.

Animals

Male C57BL/6 mice were used at 8—12 weeks of age.
All animals were housed in controlled light and temper-
ature environment with ad libitum access to chow and
water.

Cell Isolation and Cryopreservation/Thawing
of Mouse and Human Hepatocytes

For mice, hepatocytes were isolated by collagenase
A (Roche) (3,12). For humans, the hepatocytes isolation
procedure was done on whole livers or liver segments
not used for transplantation, as previously reported (35).
Briefly, hepatocytes were isolated in the cell bank isola-
tion facilities using the classical two-step perfusion method
(collagenase P, Roche). Immediately after isolation, he-
patocytes were resuspended either in serum-containing
Williams’ E medium (Invitrogen) or gently mixed at
5 % 10° cells/ml in a 3.6-ml freezing tube containing cry-
opreserving solution (University of Wisconsin solution,
25% fetal calf serum or human albumin, 10% DMSO,
11 mM glucose, 0.15 U insulin, 20 mg/L dexametha-
sone), as previously reported (1). The freezing protocol
of murine hepatocytes consists of 20 min at —20°C fol-
lowed by 2 h at —80°C before storing in liquid nitrogen
as reported (21,22). In parallel, human hepatocytes were
cryopreserved according to a computer-controlled cool-
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ing process previously described (37) by using a cryo-
zon (Cryo 10 series, Planer Biomed).

After cryopreservation and storage for 24 h in liquid
nitrogen, hepatocytes from humans or mice were thawed
in a water bath at 37°C and cell suspension was supple-
mented with 11 mM glucose, 1 mM HCOs™, and a solu-
tion of human plasma proteins, as previously described
(8). The cells were then low speed centrifuged twice to
remove cryoprotectants and resuspended in serum-
containing Williams’ E medium.

Determination of Cell Viability

Cell viability was evaluated by the trypan blue dye
exclusion test (0.4%, v/v), the lactate dehydrogenase
(LDH) leakage enzymatic assay (Roche), and the 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bro-
mide (MTT) assay (Sigma), as previously described
(10,23). Intracellular ATP concentrations were measured
using bioluminescence assay (Perkin Elmer).

Determination of Mitochondrial Oxygen Consumption
Rate in Intact and Permeabilized Hepatocytes

Hepatocytes (4.5 x 10%/ml) were incubated in a shak-
ing water bath at 37°C in closed vials containing Wil-
liams’ E medium saturated with a mixture of O,/CO,
(19:1). After 10 min, the cell suspension was transferred
in a stirred oxygraph vessel equipped with a Clark oxy-
gen electrode. The oxygen consumption rate (JO,) was
measured at 37°C before and after successive addition
of 0.5 UM oligomycin (inhibitor of the FO subunit of the
ATP synthase), 150 uM 2,4-dinitrophenol (DNP), 0.15
pg/ml antimycin (inhibitor of mitochondrial respiratory
chain complex 3), and 1 mM N,N,N’,N'-tetramethyl-1,4-
phenylenediamine (TMPD) plus 5 mM ascorbate (sub-
strate of the mitochondrial respiratory chain complex 4).
For permeabilized hepatocytes, intact cells (10%ml)
were incubated for 10 min as described above, then pel-
leted by centrifugation and carefully resuspended in me-
dium (125 mM KCl, 20 mM Tris/HCI, 1 mM EGTA,
and 5 mM Pi/Tris, pH 7.2) containing 200 pg/ml digito-
nin. After 3 min at 37°C, the permeabilized hepatocytes
were transferred in the oxygraph vessel. As indicated, 5
mM glutamate/Tris plus 2.5 mM malate/Tris (substrate
of the mitochondrial respiratory chain complex 1), or 5
mM succinate/Tris plus 0.5 mM malate/Tris (substrate
of the mitochondrial respiratory chain complex 2), plus
1.25 uM rotenone (inhibitor of mitochondrial respiratory
chain complex 1) were added. JO, was measured before
and after the successive additions of 1 mM ADP/Tris,
0.5 pg/ml oligomycin, 50 uM DNP, 0.15 pg/ml anti-
mycin, and 1 mM TMPD plus 5 mM ascorbate, permit-
ting to determine the phosphorylating (state 3), the non-
phosphorylating (state 4) and the uncoupled mitochondrial
respiratory rate, and the maximal activity of cytochrome



CRYOPRESERVATION OF HEPATOCYTES ALTERS MITOCHONDRIAL COMPLEX 1 411

oxidase, respectively. In all experiments, the antimycin-
sensitive JO,, which corresponds to mitochondrial respi-
ration, was calculated by subtracting the antimycin-
insensitive JO, from the total JO,.

Determination of Mitochondrial Membrane
Potential (AY)

Evaluation of AW on intact cells was based on the
uptake of the cationic fluorescence dye Rhodamine 123
(Rh 123), which accumulates into energized mitochon-
dria proportionally to their negative inside membrane
potential (28). Hepatocytes (2 x 10%/ml) were incubated
at 37°C in Williams’ E medium supplemented with 1
uM Rh 123 and with or without 300 uM DNP. After 10
min of incubation, the cells were washed three times and
the fluorescence was monitored (excitation and emission
wavelengths at 498 and 524 nm, respectively).

Determination of Permeability Transition
in Permeabilized Cells

Viable hepatocytes (2.5 x 10%ml) were incubated for
5 min in Williams’ E as described above. The cells were
then centrifuged and resuspended in buffer containing
250 mM sucrose, 10 mM MOPS, 1 mM Pi/Tris, and 50
pg/ml digitonin (pH 7.35). Measurements of free cal-
cium (Ca*) were monitored spectrophotofluorimetri-
cally in the presence of 0.25 uM Calcium Green-5N (ex-
citation and emission wavelengths at 506 and 532 nm,
respectively) (13). Cyclosporin A (CsA, 1 uM), the ref-
erence inhibitor of permeability transition pore (PTP)
(28), or the vehicle (DMSO) were added to permeabil-
ized hepatocytes and, after signal stabilization, pulses of
5 ul of 1 mM Ca? were successively added at 2-min
intervals until the opening of the PTP, as indicated by
the release of Ca* in the medium.

Determination of Cell Death

Western Blot Analysis. After cell fragmentation us-
ing the digitonin method (13), cytosolic and mitochon-
drial proteins (50 pg) were separated by SDS-PAGE and
transferred to nitrocellulose membranes. Mitochondrial
and cytosolic proteins were assayed by the Lowry method.
Cytochrome c content was assessed in both compart-
ments by immunoblot using specific primary antibody
(Becton Dickinson) and secondary goat anti-mouse cou-
pled to horseradish peroxidase. Quantification was per-
formed by densitometry using Image J 1.32 (NIH).

Caspase Activity. Caspase 3 and caspase 9 activities
were measured on total protein extract (50 Lg) with spe-
cific substrate (Gentaur) using a spectrophotofluoro-
meter (excitation and emission wavelengths at 360 and
480 nm, respectively).

DNA Fragmentation. DNA fragmentation was as-
sessed by DNA agarose 1% gel electrophoresis after DNA
purification using apoptotic DNA ladder Kit (Roche).

Flow Cytometry. Early apoptotic cell death was de-
termined by flow cytometry using a double staining with
fluorescein isothiocyanate (FITC)-stained annexin V and
PE-APC-stained propidium iodide (Roche). Data acqui-
sition (~10,000 cells) was carried out in a FACScalibur
flow cytometer using CellQuest software (Becton Dick-
inson Biosciences).

Transmission Electron Microscopy

Hepatocytes were fixed in 0.1 M sodium cacodylate
medium (pH 7.4) containing 2.5% glutaraldehyde for 48
h and then 4 h in 1% osmium tetroxyde before embed-
ding in Epoxy Embedding Medium (Fluka). Ultrathin
sections were stained with toluidine blue and uranyl ace-
tate/lead citrate. Images were obtained with a Zeiss 109
transmission electron microscope (Carl Zeiss Inc.) at a
magnification of 4140x.

Statistics

Results are expressed as mean + SEM and significant
differences were assessed by paired or unpaired Stu-
dent’s t-tests.

RESULTS

Evaluation of Cellular Viability Before and After
Cryopreservation in Mouse and Human Hepatocytes

We first tested the effect of 24-h cryopreservation by
a two-step process (—20°C/—80°C) on cellular viability
evaluated by trypan blue exclusion test, lactate dehydro-
genase (LDH) leakage, MTT reduction, and intracellular
ATP concentration in mouse hepatocytes. The viability
estimated by the classical trypan blue assay was signifi-
cantly reduced after C/T, while no apparent modifica-
tions were observed on the release of LDH and on MTT
reduction (Table 1). Moreover, a dramatic decrease in
intracellular ATP concentration was evidenced follow-

Table 1. Evaluation of Cellular Viability of Freshly Isolated
and Cryopreserved/Thawed Mouse Hepatocytes

Cryopreserved/
Fresh Thawed
Trypan blue (% viable cells) 92.6 =1.0 52.6 *+4.4*
LDH extra/LDH intra 0.27 £0.02 0.28 £0.07

0.6 £0.0 0.5 £0.1
36 £1.6 0.1 +0.0%

MTT test (a.u.)
ATP (nmol 10° cells™)

The extracellular and intracellular LDH contents were comparable be-
tween freshly isolated and cryopreserved/thawed hepatocytes. The re-
sults are expressed as mean = SEM (n =5).

*p < 0.05 compared with fresh cells.
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ing C/T. A similar fall in ATP was also observed using
computer-controlled cooling process on both mouse
(data not shown) and human hepatocytes (2.8 £ 0.1 vs.
0.4 £ 0.0 nmol 10° cells™, p <0.05, n=5).

Cryopreservation Decreases Cellular Respiration
in Mouse and Human Hepatocytes

In order to investigate if modifications of mitochon-
drial oxidative phosphorylation (OXPHOS) could ex-
plain the intracellular ATP drop following C/T, we mea-
sured the cellular JO, of fresh and cryopreserved/thawed
hepatocytes from mice and humans (Table 2). Under
basal conditions (i.e., in the absence of any drug addi-
tion), JO, of cryopreserved/thawed hepatocytes was sig-
nificantly reduced compared with fresh cells in both
mice and humans (Table 2). This difference was not
present after addition of oligomycin. Indeed, the calcu-
lated oligomycin-sensitive JO, was reduced following
C/T in both species (7.4 £2.3 vs. 17.5£2.9 nmol O,
min~! 10° cells™ in mice and 3.3 £ 0.5 vs. 7.8 £ 1.2 nmol
O, min™!' 10° cells™ in human hepatocytes, p < 0.05),
suggesting that the effect of C/T was likely due to the
alteration of a mitochondrial process linked to ATP syn-
thesis.

Interestingly, while DNP addition induced stimula-
tion of JO, in freshly isolated cells, this uncoupling ef-
fect was abolished following C/T in murine and human
(Table 2) hepatocytes. Furthermore, the mitochondrial
AY evaluated by the uptake of Rh 123 was severely
reduced following C/T in basal conditions (Fig. 1). The
addition of DNP to the cells, which was able to signifi-
cantly decrease AY in fresh mice hepatocytes, had no
effect in cryopreserved/thawed hepatocytes, confirming
an almost total AW collapse in these cells.
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Figure 1. Effect of cryopreservation/thawing on mitochondrial
membrane potential in isolated mouse hepatocytes. The mito-
chondrial membrane potential (AW) was evaluated on freshly
isolated (filled bars) and cryopreserved/thawed (open bars) he-
patocytes by the uptake of the cationic probe Rhodamine 123
(Rh 123). Cells were incubated at 37°C for 10 min in Wil-
liams’ E medium containing Rh 123 and in the presence or
not of DNP. After 10 min of incubation, the cells were then
carefully washed and the fluorescence corresponding to the
AW-driven mitochondrial accumulation of the probe was mon-
itored using spectrophotofluorimeter. Results were expressed
as mean £ SEM (n = 3). *p < 0.05 compared with basal, #p <
0.05 compared with fresh cells.

The maximal activity of cytochrome c oxidase was
measured by recording JO, in the presence of saturating
concentrations of TMPD/ascorbate and after addition of
antimycin. No decrease in the mitochondrial respiratory
chain complex 4 activity was observed following C/T
(Table 2). Comparable results on cellular respiration
after C/T of mouse hepatocytes were also obtained using
a computer-controlled cooling process (data not shown).

Table 2. Oxygen Consumption Rate of Freshly Isolated and Cryopreserved/

Thawed Hepatocytes

JO, (nmol O, min™" 10° cells™)

Basal Oligomycin DNP TMPD/Asc
Human
Fresh 106+ 1.1 1.9+0.7 140+1.4 49.1+ 33
Cryopreserved/thawed 53 +1.1* 20+0.8 42+ 1.1% 402+ 4.7
Mouse
Fresh 25.0+4.9 73+0.4 40.1£6.3 215.7+23.6
Cryopreserved/thawed  12.3 +3.5% 65103 75+114*% 1903 +18.7

Freshly isolated and cryopreserved/thawed hepatocytes (4.5 x 10° cells/ml) from human or
mouse were incubated in closed vials at 37°C in Williams’ E medium saturated with a mixture
of 0,/CO, (19:1). After 10 min, oxygen consumption rate (JO,) was measured in an oxygraph
vessel coupled with Clark electrode before and after the successive additions of oligomycin,
DNP, antimycin, and TMPD + ascorbate. The antimycin-sensitive JO, was calculated and the

results are expressed as mean + SEM (n =5).

*p < 0.05 compared with fresh cells.
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Cryopreservation Decreases Mitochondrial Oxygen
Consumption Rate in the Presence of Respiratory
Chain Complex 1 Substrate

We further investigated mitochondrial respiratory
rate after digitonin permeabilization of hepatocytes, al-
lowing mitochondrial OXPHOS to be investigated in
situ. Antimycin- and oligomycin-sensitive mitochondrial
respiratory rate measured in fresh and cryopreserved/
thawed hepatocytes from both mice and humans are pre-
sented in Table 3. In the presence of glutamate/malate,
a significant decrease in mitochondrial state 4 JO, (i.e.,
in nonphosphorylating condition) was evidenced follow-
ing C/T in both murine and human cells (Table 3). This
lower mitochondrial JO, persisted in the presence of
ADP (state 3) or in an uncoupled state (DNP addition).
However, as already found in intact cells, C/T did not
affect the respiratory rate in the presence of TMPD-
ascorbate.

In contrast, when mitochondria were energized by
succinate/malate, no difference was observed in state 4
respiratory rate (Table 3). However, state 3 and the un-

coupled state remained affected in murine and human
cryopreserved/thawed hepatocytes. These results on in
situ mitochondria confirmed those obtained in intact
cells, showing that C/T induced mitochondrial alteration
and AY collapse, but also demonstrated that the mito-
chondrial respiratory chain complex 1 was more affected
than complex 2. This latter finding was evidenced by an
increase in complex 2-to-complex 1 respiratory rate ratio
(Table 3).

Cryopreservation Alters Mitochondrial Ultrastructures

In order to investigate if the alteration of mitochon-
drial machinery was related to mechanical disruption of
mitochondrial ultrastructures following C/T, we per-
formed electron microscopy. Mitochondria were se-
verely damaged following C/T in mouse (Fig. 2A, B)
and human (Fig. 2E, F) hepatocytes. Indeed, while mito-
chondrial content was not affected (Fig. 2C, G), those
organelles exhibited a partial loss of cristae and ap-
peared swollen (Fig. 2D, H) compared to fresh hepato-
cytes in both mice and humans.

Table 3. Oxygen Consumption Rate in Permeabilized Hepatocytes From Freshly Isolated

and Cryopreserved/Thawed Hepatocytes

JO, (nmol atoms O, min™" 10° cells™)

State 4 State 3 DNP TMPD/Asc
Human
Glutamate/malate
Fresh 3.0+ 0.6 266+ 9.7 325+16.2 1349 +£43.8
Cryopreserved 1.2+ 0.6% 33+ 1.3% 1.1+ 0.6*% 93.7+£29.3
Succinate/malate
Fresh 13.8+ 25 61.1 £14.5 70.4 +18.1 143.1 £31.3
Cryopreserved 150+ 3.2 253+ 6.6*% 50+ 2.6¥ 100.0+20.4
Complex 2/complex 1
Fresh 59+ 1.8 33+ 0.8 26+ 1.0 1.1+ 03
Cryopreserved 523 +28.8% 144+ 59*% 273+ 16.1% 1.2+ 04
Mouse
Glutamate/malate
Fresh 9.1+ 1.2 513+ 42 405+ 23 331.7+£20.4
Cryopreserved 35+ 04*% 134+ 6.3* 114+ 3.7% 2954+25.6
Succinate/malate
Fresh 494+ 6.5 90.2+12.3 1029 +£21.3 2754+ 12.4
Cryopreserved 432+ 7.8 7131244 58.4+£23.7% 236.7+14.7
Complex 2/complex 1
Fresh 54+ 13 1.7+ 1.0 25+ 038 0.8+ 0.2
Cryopreserved 123+ 3.6* 53+ 1.2% 51+ 1.9% 0.8t 0.1

Permeabilization of freshly isolated or cryopreserved hepatocytes (10° cells/ml) from human or mice
was achieved by digitonin after a 10-min preincubation in Williams” E medium as described in the
legend of Figure 3. Permeabilized cells were then incubated in the presence of either glutamate +
malate or succinate + malate + rotenone. The mitochondrial respiratory rate was measured before and
after the successive additions of ADP/Tris, oligomycin, DNP, antimycin, and TMPD + ascorbate.
The antimycin- and oligomycin-sensitive JO, was calculated and the results are expressed in nmol
0, min™" 10° hepatocytes™' as means = SEM (n = 5).

*p < 0.05 compared to fresh cells.
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Figure 2. Morphological alterations induced by cryopreservation/thawing in mice and human he-
patocytes. The morphology of mouse (A—D) or human (E-H) hepatocytes was evaluated before
and after cryopreservation/thawing by electron microscopy as described in Materials and Methods.
Typical images of freshly isolated (A, E) and cryopreserved/thawed (B, F) hepatocytes are shown
at a magnification of 4140x and are representative of three experiments. The number (C, G) and
diameter (D, H) of mitochondria were assessed in both fresh and cryopreserved hepatocytes. More
than 500 mitochondria were counted and analyzed on random fields in each condition. *p < 0.05
compared with fresh cells.
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Lack of Mitochondrial Calcium Uptake
After Cryopreservation

The regulation of the mitochondrial PTP, which is
involved in the mitochondrial-mediated apoptosis, was
assessed in digitonin-permeabilized hepatocytes (Fig. 3).
PTP opening was induced by repetitive addition of Ca**
pulses until induction of permeability transition, as as-
sessed by fast release of Ca?*. In fresh murine and hu-
man cells, in situ mitochondria took up and retained Ca**
(Fig. 3A, C, trace a). In the presence of CsA, the Ca*
requirement for achieving the permeability transition
was significantly increased in both mouse (+31%, p <
0.01) (Fig. 3A trace b, B) and human fresh hepatocytes
(+86%, p < 0.01) (Fig. 3C trace b, D). However, no cal-
cium retention was evidenced in cryopreserved/thawed
cells (Fig. 3A, C, lower panel) and CsA had no effect.

The Cytosolic Release of Cytochrome ¢ Following
Cryopreservation Was Not Associated With Caspases
Activation, DNA Fragmentation, and Apoptosis

Because the PTP, together with other factors, is in-
volved in the release of cytochrome ¢ from mitochondria
to the cytoplasm, the content of this proapoptotic protein
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involved in the commitment to cell death was assessed
in both compartments by Western blotting. While cyto-
chrome ¢ was hardly detectable in the cytoplasm of fresh
murine hepatocytes, C/T significantly increased its cyto-
solic level (Fig. 4A). However, the mitochondrial con-
tent of cytochrome ¢ was not significantly affected (data
not shown), indicating that only a small fraction was
released into the cytoplasm following cryopreservation/
thawing. Despite cytochrome c release, caspase 3 and 9
activities (Fig. 4B) and genomic DNA fragmentation
(Fig. 4C) were not modified after C/T.

Finally, the effect of C/T on the number of necrotic
and apoptotic cells was evaluated by annexin V/propid-
ium iodide staining. As shown in Figure 4D, C/T had
no apparent effect. Indeed, only few apoptotic cells were
detected and necrosis was rather low, estimated at 4.3 £
0.1% in both fresh and cryopreserved/thawed hepato-
cytes.

DISCUSSION

The scarcity of liver donors is a major obstacle to
the general application of LCT. However, this limitation
could be overcome by the use of cryopreserved hepato-
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Figure 3. Effect of cryopreservation/thawing on mitochondrial permeability transition in permeabilized mouse or human hepato-
cytes. After 10 min of preincubation in Williams’ E medium at 37°C, mouse (A, B) or human (C, D) hepatocytes (5 x 10° cells)
were added in a medium containing 250 mM sucrose, 10 mM MOPS, 1 mM Pi-Tris, 25°C (pH 7.35). The medium was supple-
mented with succinate, Calcium Green-5N followed by the addition of vehicle (A and C, traces a and c) or CsA (A and C, traces
b and d). Experiments were started 3 min after permeabilization with digitonin. Where indicated, 5 pl of 1 mM Ca?* pulses were
added every 2 min (arrows) until opening of PTP, as observed by the release of Ca into the medium. Typical experiments are
shown in (A) and (C) and comparison of the effect of cryopreservation/thawing on the Ca?* retention capacity of permeabilized
mouse hepatocytes is presented in (B) and (D) (filled bars, basal; open bars, cyclosporin A) as mean = SEM (n =3). *p <0.05
compared with fresh cells, #p < 0.05 compared with basal.
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Figure 4. Effect of cryopreservation/thawing on cellular death-related parameters in isolated mice hepatocytes. (A) Cytochrome c
was detected by Western blot on both cytosolic (C) and mitochondrial (M) compartment of fresh and cryopreserved/thawed hepato-
cytes after digitonin fractionation. Typical experiments are shown and the relative distribution of cytosolic cytochrome ¢ compared
to mitochondria is indicated below and is the mean + SEM (n =3). *p < 0.05 compared with fresh cells. (B) Caspase 9 and 3
activities were measured on freshly isolated (F) and cryopreserved/thawed (C) hepatocytes. The results are presented as means
SEM (n = 3). #p < 0.05 compared with nontreated cells. (C) DNA fragmentation was assessed following DNA purification on both
freshly isolated (F) and cryopreserved/thawed (C) hepatocytes. Typical results are shown (negative image) and are representative
of three experiments. (D) Early apoptotic cell death was determined on fresh and cryopreserved/thawed hepatocytes by flow
cytometry using a double staining with fluorescein isothiocyanate (FITC)-stained annexin V and PE-APC-stained propidium iodide
(Roche). Annexin V-stained cells that were propidium iodide negative were considered as apoptotic (R7 and R10 boxes) and
propidium iodide-stained cells that were Annexin V negative were considered as necrotic (R4 and R6 boxes). Typical results are

shown and are representative of three experiments.

cytes (16), which have been reported to be able to repop-
ulate part of the recipient liver of mice with genetically
induced hepatic disease (17) and of children with inborn
errors of metabolism (37). However, the quality of
thawed hepatocytes leaves much to be desired, even
though the conditions of the most efficient cryopreserva-
tion have been extensively studied (21,22). For instance,
several studies have shown an increased rate of mito-
chondria-related cell death after cryopreservation of
liver cells (8,24,45), in line with the widely described
difficulty to freeze differentiated cells.

The aim of this study was to investigate the effect of
C/T on hepatocytes from both mice and humans, princi-
pally on mitochondrial functions, to further provide new
trails to improve viability and functionality following

cryostorage. The important finding of our work was that
C/T altered the mitochondrial machinery, notably at the
level of the respiratory chain complex 1. This was ob-
served on both mouse and human hepatocytes and what-
ever the cryopreservation procedure used.

Our study of cell viability after C/T provided appar-
ent conflicting results (Table 1). The extracellular-to-
intracellular LDH ratio was not modified by C/T, sug-
gesting that the plasma membrane integrity was not
sufficiently altered and is probably a late event follow-
ing more subtle cellular damages. Moreover, no modifi-
cation of MTT reduction was evidenced following C/T.
The MTT test measures several mitochondrial dehydro-
genases activities (25) and is an indirect marker of mito-
chondrial content rather than a viability test itself. In-
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deed, these results are redundant with those obtained by
oxygraphy on the maximal activity of mitochondrial cy-
tochrome c oxidase (complex 4), which is also generally
used to assess the mitochondrial content in intact and
permeabilized cells (27,30). By contrast, intracellular
ATP concentration was dramatically decreased after
C/T, in relation with a reduced viability estimated by the
trypan blue exclusion test. Taken together, our results
indicate that LDH and MTT tests do not adequately as-
sess viability and that intracellular ATP concentration
is probably the most sensitive parameter to detect early
cellular damages related to cryostorage (44).

We found that C/T decreased cellular respiration.
This effect was evidenced on oligomycin-sensitive res-
piration, suggesting that it could result from alteration
of a mitochondrial process linked to ATP synthesis
rather than an intrinsic modification of mitochondrial
membrane proton permeability (leak). Moreover, AW
was reduced after C/T, as previously reported (24,45),
and the uncoupling effect of DNP was abolished. The
cationic agent DNP is a protonophore, which increases
the proton permeability of the mitochondrial membrane
and thus decreases AY. Uncoupling stimulates mito-
chondrial respiration and abolishes ATP synthesis (14,
39). Because functional proton pumps (complexes 1, 3,
and 4) and mitochondrial substrate subservience are re-
quired for mitochondrial OXPHOS, alteration of one or
more of these complexes and/or a decrease in mitochon-
drial substrate supply linked to the AY drop could ex-
plain the absence of uncoupling effect of DNP.

In permeabilized hepatocytes (in situ mitochondria),
the activity of the mitochondrial complexes 1 and 2 can
be tested in the presence of appropriate substrates. The
basal mitochondrial respiratory rate (state 4, which is
due to passive reentry of protons through the mitochon-
drial inner membrane) increases upon addition of ADP
(state 3, respiration coupled with ATP synthesis) and is
further enhanced by the uncoupler DNP in freshly iso-
lated cells. With glutamate/malate as substrate for com-
plex 1, a marked impairment of mitochondrial OXPHOS
following C/T was observed under state 4, state 3, and
uncoupled conditions. Interestingly, the inhibition of
state 4 respiration was not present with complex 2 sub-
strate, whereas both reduction of state 3 and abolition of
the uncoupling effect of DNP were still present. The
difference in inhibition of state 4 respiration depending
on the substrates indicates that C/T altered complex 1,
but not complex 2. Furthermore, the inhibition of state
3 respiratory rate and the lack of uncoupling effect of
DNP, whatever the substrates used to energize the mito-
chondria, suggest that other modifications of the respira-
tory chain did occur. The fact that state 4 in presence
of succinate was not affected after C/T indicated that
complexes 2, 3, and 4 were unaffected. By contrast,

complex 5 (ATP synthase) was also probably altered be-
cause state 3 respiration was decreased whatever the
substrate used. Similar results were recently reported on
mitochondria isolated from cryopreserved/thawed preci-
sion-cut rat liver slices (42) and on permeabilized myo-
cardial fibers from rat heart transplant after cold ische-
mia-reperfusion (19). Complex 1 and 5 have been
identified as the two more fragile mitochondrial respira-
tory chain complexes (11,19,31,32,43). Indeed, the ac-
tivity of complex 1 is rapidly altered following cold is-
chemia of whole organs (19,31), by a still unknown
mechanism. The respiratory chain complex 1 is one of
the largest known membrane proteins complexes (4) and
also the major source of mitochondrial ROS (20). Thus,
specific alterations by C/T of complex 1 subunit(s),
which consist of the hydrophilic domain containing the
redox centers of the enzyme (33), and/or deregulation of
ROS production leading to oxidative stress could consti-
tute one of the starting points of the C/T-induced de-
crease in JO, and A, leading to ATP depletion.

Using mitochondrial calcium challenge, which is
known to induce the opening of the PTP, we demon-
strated that mitochondrial calcium uptake and retention
were abolished after C/T. This result might be related to
the decrease in A, because the calcium uptake by the
mitochondria is electrogenic (2,29), and/or to an in-
creased mitochondrial permeability, due to opening of
the PTP. In agreement with the latter hypothesis and
previous observations (24,45), cytosolic cytochrome c
increased in cryopreserved/thawed hepatocytes, suggest-
ing that C/T induced mitochondrial permeability transi-
tion, which is known to be involved, at least in part, in
the mitochondrial release of this proapoptotic protein.
Classically, the formation of apoptosome by the ATP-
dependent oligomerization of cytochrome ¢ with Apaf-1
allows the recruitment of caspases 9 and the subsequent
activation of caspase 3, leading to the commitment of
the apoptotic cascade (15). However, in our conditions,
the mitochondrial release of cytochrome c¢ was neither
associated with activation of caspases 9 and 3, nor with
DNA fragmentation and apoptosis. To explain this unex-
pected result, we could suggest that the massive drop
of ATP induced by C/T could have prevented caspases
activation by an impairment of the ATP-dependent for-
mation of the apoptosome (34). In addition, these apo-
ptosis-related parameters were measured in isolated he-
patocytes immediately after thawing. Thus, in these
conditions, the early effect of C/T (AW drop, PTP open-
ing, and cytochrome c release) could be evidenced but
experimental evidence for apoptosis probably required
longer incubation period. Indeed, caspase 3 activation
and apoptotic cells were reported in porcine cryopre-
served hepatocytes but only several hours after post-
thawing on primary culture (24,45).
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Improvement of viability and attachment efficiency
were recently reported for rat hepatocytes’ preincubated
with cytoprotectants prior to cryopreservation (40,41).
However, in our conditions, we failed to demonstrate
any improvement of the various mitochondrial parame-
ters affected by cryostorage in the presence of PTP in-
hibitor (CsA), antioxidant molecules (N-acetyl-L-cyste-
ine, ascorbic acid, or ascorbic 2-glucoside acid) or by
changing the concentration of DMSO, albumin, glyc-
erol, and/or glucose in the cryopreservation medium
(data not shown). However, protection of the ischemia-
induced alteration of the mitochondrial respiratory chain
complex 1 has been demonstrated in liver following pre-
incubation with bilobalide (18) or melatonin (7). Thus,
the use of those compounds in the hepatocyte cryopres-
ervation medium might be considered as potential inter-
esting cytoprotectants for future investigation.

Finally, cellular impairments could be explained by
alteration of mitochondria induced by water crystalliza-
tion during cryopreservation. Indeed, while matrix swell-
ing could be the consequence of the opening of the PTP
leading to osmotic damages, the massive alteration of
mitochondrial ultrastructures evidenced by electron mi-
croscopy in cryopreserved/thawed hepatocytes (Fig. 4B,
F) could also suggest mechanical disruption related to
ice crystal formation. Thus, it appears that technical im-
provement of cryopreservation remains one of the cor-
nerstones of LCT in the future, permitting to limit or
prevent irreversible damages due to ice crystallization.

In summary, we report here that C/T induces loss of
mitochondrial function and severe ATP depletion in he-
patocytes. While ATP synthase damages are probably
present, this cryopreservation-induced deleterious effect
is related to a predominant alteration of the mitochon-
drial respiratory chain complex 1, leading to significant
decrease in cellular JO, and mitochondrial AY. These
results suggest that, in addition to technical progress in
the cryopreservation process, physical and/or chemical
protection of the mitochondrial respiratory chain com-
plex 1 may be considered as a new approach to improve
the quality of hepatocytes following cryopreservation.
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