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ABSTRACT — In vitro culture of primary hepatocytes for drug screening purposes remains a chal-
lenge as cells rapidly lose their function in conventional culture conditions. Thin oxygen permeable mem-
branes have shown, through direct oxygenation, beneficial effects for long-term culture and cellular func-
tion with freshly isolated hepatocytes. However, culture of cryopreserved hepatocytes, a standard for the 
industry, has shown limits due to high cellular damage, leading to low cellular function. In addition, high 
sorption of drug screening compounds on PDMS oxygen permeable membranes has rendered evaluation 
of different molecules, aimed at the improvement of the culture of those cells difficult. Here, culture of 
cryopreserved hepatocytes was performed on PMP membranes, known to exhibit exceptionally low sorp-
tion characteristics. A mixture of anti-apoptotic and anti-inflammatory compounds to improve cell viabil-
ity during adhesion was tested and evaluation in terms of cellular damage and drug metabolism was per-
formed after 24 hr and 72 hr. Components of the mixture were shown to have beneficial effect on Reactive 
Oxygen Species production after 6 hr of adhesion as well as on mitochondrial activity and LDH release 
after 24 hr. Effects in improving recovery of albumin and drug metabolism, could be efficiently measured 
after 72 hr as a result of the use of PMP. The presented results demonstrate the compatibility of PMP oxy-
gen-permeable membrane-based culture with cryopreserved hepatocytes for efficient drug screening.
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INTRODUCTION

The liver is known to be a central part of metabo-
lism within the body and has been for years, the target 
of researchers’ investigations for the development of new 
drug therapies. For analog reasons, the industry is also 
interested in reliable models which would give more effi-
cient processing to clinical trials. Especially, hepatocytes 
are known to be the metabolic overachievers of the body. 
In vivo models have been widely investigated for drug 
screening purposes (Ejima et al., 2016; Ergen et al., 2019; 
Tokunaga et al., 2017) but there are issues caused by 
interspecies differences and the ethical problem is becom-
ing more and more preponderant (Liedtke et al., 2013; 
Liguori et al., 2017). In response to those, in vitro culture 
of hepatocytes has been developed but it was found that 
those cells would quickly lose their phenotype and thus, 
would not be compatible with a precise physiological or 
pathological drug screening. To solve this issue, different 
methods, including coculture with liver non-parenchymal 
cells such as Liver Sinusoidal Endothelial Cells (LSECs, 
Bale et al., 2015; Ware et al., 2018) or Hepatic Stellate 
Cells (HSCs, Choi et al., 2020; Krause et al., 2009) have 
been presented. Other methods have included the use of 
microfluidic devices (Prodanov et al., 2016; Jellali et al., 
2016), which allows the inclusion of physiological factors 
such as flow and shear stress. While being compatible 
with those solutions, culture on oxygen-permeable mem-
branes such as polydimethylsiloxane (PDMS) was shown 
to induce in vivo-like phenotypes via a biomimetic oxy-
gen supply (Scheidecker et al., 2020). The use of these 
membranes, linked to direct oxygenation, was also shown 
to be beneficial to the long-term culture of hepatocytes 
(Nishikawa et al., 2008) as well as to the establishment of 
thick coculture tissues (Danoy et al., 2017).

Nonetheless, efficient use of cryopreserved hepato-
cytes, which are a common standard for the industry, 
remains limited due to the stress induced by the thawing 
process in terms of ion balance, osmotic swelling, shift in 
pH, and oxidative stress (Fuller et al., 2016). Especially, 
those conditions have been found as favorable to the for-
mation of supra-physiological levels of Reactive Oxygen  
Species (ROS) which are linked to function and surviv-
al impairment (Bhogal et al., 2010; Len et al., 2019). 
These effects are expected to be further amplified in the 
culture of cryopreserved hepatocytes on oxygen permea-
ble membranes such as PDMS and have led to difficul-
ties in the establishment of culture conditions relevant for 
drug screening. Coincidentally, several molecules such as 
antioxidants and pan-caspase inhibitors have been shown 
to have a significant effect on the reduction of cellu-

lar damage during the thawing of hepatocytes (Fujita et 
al., 2005). Especially, treatment with Val-Ala-Asp(Ome)-
fluoro-methylketone (Z-VAD-FMK) or with butylated 
hydroxytoluene (BHT) and ascorbic acid for 6 and 24 hr  
after thawing were found to significantly enhance cell 
viability and to promote the recovery of the cell function 
in hepatocytes after thawing. A combination of those mol-
ecules was also found to enhance cell viability (Fujita et 
al., 2005). While the use of these compounds is expected 
to be beneficial to the heavily ROS impacted cultures on 
PDMS oxygen permeable membranes, the evaluation of 
the cellular function in those conditions is strongly biased 
by the high sorption of compounds used for drug screen-
ing onto PDMS (Nishikawa et al., 2022). In that regard, 
polymethylpentene (PMP) membranes have been recently 
proposed as an alternative to PDMS with similar proper-
ties in terms of cell culture but with lower sorption char-
acteristics (Nishikawa et al., 2022). It was concluded that 
culture on PMP membranes allowed for a more accurate 
evaluation of the metabolism of hepatocytes by measur-
ing the metabolism of different drug compounds through 
CYP activity.

Based on these results, the present study was focused 
on efficiently measuring the impact of molecules known 
to reduce cellular damage on the retrieval of the drug 
metabolism functions of cryopreserved hepatocytes cul-
tured on oxygen-permeable membranes after thawing. In 
particular, the influence of Z-VAD-FMK and BHT was 
evaluated, acting on both the production of reactive oxy-
gen species and on mitochondrial damage as previously 
observed (Fujita et al., 2005). Other molecules such as 
Hepatocytes Growth Factor (HGF) and Y-27632 (ROCK 
inhibitor) were tested as the former is known to be 
involved in tissue repair, liver homeostasis, and hepato-
protection from apoptosis (Nakamura and Mizuno, 2010; 
Fausto et al., 2006) and the latter is a potent anti-apoptot-
ic used in post-thawing situations (Bissoyi et al., 2014). 
The effect of these compounds was measured in terms 
of ROS and Lactate Dehydrogenase (LDH) production, 
mitochondrial activity, and albumin production but also 
in terms of drug metabolism thanks to the use of PMP 
membranes. In all these measurements, it was confirmed 
that Z-VAD-FMK was the compound with the most effect 
on both cellular damage and on the recovery of cellu-
lar function, especially after 72 hr of culture. Additional-
ly, measurements of the CYP activity could be performed 
thanks to the use of PMP membranes and revealed dif-
ferent patterns depending on the substrate. Altogether, the 
presented results confirm the efficiency of different mole-
cules toward the recovery of the drug metabolism capaci-
ty of cryopreserved hepatocytes which could be measured 
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due to the low sorption characteristics of the PMP mem-
branes. Finally, those results suggest that, upon further 
evaluations of the material, notably in the field of micro-
fluidics, PMP makes a serious alternative to PDMS which 
is currently the standard.

MATERIALS AND METHODS

Cell culture
PMP plates were obtained from Mitsui Chemicals and 

coated with 10% Collagen Type I-P (Nitta Gelatin, Osaka, 
Japan) in MilliQ for 1 hr at 37C. Cryopreserved Primary 
Human Hepatocytes (PHHs) were purchased from Sekisui  
Xenotech (KS, USA) and seeded at a 2.0 x 105 cells/cm2 
density after thawing in Hepatocytes Culture Medium 
(HCM, Williams’ E Medium, and Primary Hepatocyte 
Maintenance Supplements, Gibco, CA, USA). The medi-
um was then changed at 6 hr, 24 hr, and 48 hr, and the 
culture ended at 72 hr. For the first 24 hr of culture, the 
medium was supplemented with different combinations 
of 20 μM Z-VAD-FMK (MBL, Tokyo, Japan), 20 μM 
BHT (Sigma, Victoria, Australia), 10 μM Y-27632 (Wako,  
Hiroshima, Japan), and 20 ng/mL HGF (Peprotech, NJ, 
USA). Cells were maintained in a multi-gas incubator 
with 10% O2 at 37C to provide a biomimetic oxygen sup-
ply as previously discussed (Scheidecker et al., 2020). 
Controls were performed by culturing cells in a multi-
gas incubator with 20% O2 on PMP membranes sealed 
at the bottom with a polyester film to reproduce conven-
tional culture conditions in Tissue Culture Polystyrene 
(TCPS) dishes adapted to the mechanical properties of 
PMP membranes.

Reactive oxygen species production
The production of Reactive Oxygen Species (ROS) 

was measured by using a DCFDA Cellular ROS Detection  
Assay Kit (abcam, Cambridge, UK). Briefly, cells were 
subsequentially washed with the attached buffer, stained 
with DCFDA for 45 min at 37C, washed, and kept in cul-
ture medium during imaging. All images were taken with 
a confocal microscope (PowerIX70, Olympus, Tokyo, 
Japan) immediately after staining. All wells were discard-
ed after the assay to avoid conflict with other measure-
ments and assays.

LDH production
LDH production was measured using an LDH Cyto-

toxicity Detection Kit (Roche, Switzerland). Briefly, 
medium samples were mixed 1:1 after collection with the 
components of the kit and incubated for 30 min at room 
temperature in an untreated polystyrene microplate as rec-

ommended by the manufacturer. The resulting conditions 
were then measured using an iMark Microplate reader  
(Bio-Rad, CA, USA) with an absorbance set at 490 nm.

Mitochondrial activity
The mitochondrial activity was measured via a Mito-

chondrial Viability Assay (abcam). Briefly, cells were 
incubated with the solution supplied with the kit for 4 hr 
at 37C. Fluorescence was then measured at 590 nm with 
an excitation of 550 nm using a Wallac Arvo Sx 1420 
multilabel counter (PerkinElmer, MA, USA).

RT-qPCR
Total RNA was isolated and purified from samples after 

24 hr of culture with Trizol™ Reagent (Life Technologies,  
CA, USA) following the manufacturer’s instructions. The 
concentration and quality of the samples were assessed 
via RNA measurement with a BioSpec-nano (Shimadzu  
Scientific Instruments, Kyoto, Japan). Reverse transcrip-
tion into cDNA was performed with 1 μg of total RNA with 
a ReverTra Ace qPCR RT kit (TOYOBO, Osaka, Japan).  
Real-time quantitative PCR was performed using a 
THUNDERBIRD SYBR qPCR Mix (TOYOBO) accord-
ing to the manufacturer’s recommendations and a  
StepOnePlus Real-Time PCR system (Applied Biosystems,  
MA, USA). The primer sequences used are given in Sup-
plementary File 1. ACTB (β-Actin) was used as the refer-
ence gene and freshly thawed hepatocytes as the reference  
sample for the normalization of gene expression data.

Albumin production
Albumin was quantified via sandwich ELISA using 

an anti-Human Albumin IgG (Bethyl, TX, USA, capture 
antibody) and an anti-Human Albumin IgG coupled with 
peroxidase (Bethyl, detection antibody). The revelation of 
peroxidase was done via an H2O2/OPD mixture, and the 
plate was read at 490 nm using an iMark Microplate read-
er (Bio-Rad) with an absorbance set at 490 nm.

Drug screening
Drug metabolism in each condition was evaluated via a 

cocktail-substrate approach (Kozakai et al., 2013). 500 μL  
of the drug cocktail (Components in Table 1) were incu-
bated for 4 hr in normal culture conditions before sam-
ples were taken and stored at −80C until analysis. 20 μL 
of culture medium was then mixed with 40 μL of water 
and 140 μL of methanol containing 100 nM of imipra-
mine for internal control. The mixture was then vor-
texed and centrifuged at 21,500 g at 4C for 5 min before 
use for the LC-MS/MS analysis. For the measurement, 
an LCMS8050 triple quadrupole mass spectrometer  
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(Shimadzu, Kyoto, Japan) coupled with an LC-30A sys-
tem (Shimadzu) was used.

A CAPCELL PAK C18 MG III (ID 2.0 mm × 50 mm; 
Osaka Soda Co. Ltd., Osaka, Japan) was used to perform 
the chromatography. The step-gradient elution was per-
formed at 50C as follows: 0 to 0.5 min, 95% A/ 5% B; 
0.5 to 3.0 min, 95% A/ 5% B to 20% A/ 80% B; 3.0 to 
4.0 min, 20% A/ 80% B; 4.0 to 4.1 min, 20% A/ 80% B 
to 95% A/ 5% B; 4.1 to 5.5 min, 95% A/ 5% B; (A, water 
containing 0.1% formic acid; B, acetonitrile contain-
ing 0.1% formic acid, flow rate at 0.4 mL/min). For each 
compound, the detected mass number has been listed in 
Table 1 and the analytical standard curve for each metab-
olite was made using commercially available compounds. 
Data analysis was performed using the Lab solutions soft-
ware (version 5.89, Shimadzu).

Statistical analysis
Statistical analysis was done by ANOVA to evaluate 

differences between the groups. When the null hypothesis 
was rejected, a posthoc Tukey HSD test was performed 
and differences with P < 0.05 (*), P < 0.01 (**), and  
P < 0.001 (***), were highlighted and considered statis-
tically significant. All experiments were repeated 3 times 
independently and at least 3 technical replicates were per-
formed for each independent run. If necessary, exclusion 
of outliers according to the method detailed by Iglewicz 
and Hoaglin (Iglewicz and Hoaglin., 1993).

RESULTS

Reduction of cellular damage during seeding
The efficiency of the different compounds tested was 

evaluated after 6 hr and 24 hr of incubation after seed-
ing. Qualitatively, the production of ROS was found to be 

the lowest in conditions that included Z-VAD-FMK/BHT 
or Y-27632. By itself, HGF did not appear to have a nota-
ble effect on the production of ROS. Interestingly, pro-
duction of ROS appeared much higher in several cells in 
the 10% O2 control on PMP but not in the 20% O2 control 
on blocked membranes which further confirms the nega-
tive effect of the direct oxygenation on ROS production 
after cryopreservation (Fig. 1A). Simultaneously, no clear 
tendency could be extracted from the LDH production at  
6 hr, probably due to the high number of dead cells present 
before seeding as cell viability after thawing was found to 
be around 80% (Fig. 1B). After 24 hr of culture, signifi-
cantly lower production of LDH could be observed in con-
ditions which included Z-VAD-FMK/BHT (Fig. 1B), as 
dead cells were partially washed (Supplementary Fig. 1).  
No specific difference could be observed between the 
control conditions and the conditions supplemented with 
either only Y-27632 or HGF. The effect of the compound 
was further confirmed as mitochondrial activity, which 
is known to be significantly altered by cryopreservation 
of hepatocytes, was also seen to be significantly higher 
in conditions that included Z-VAD-FMK/BHT (Fig. 2A).  
Similarly to the release of LDH, no significant differ-
ence was observed between the control conditions and 
the conditions supplemented with either only Y-27632 
or HGF. Interestingly, while Z-VAD-FMK is a pan-cas-
pase inhibitor, known to affect caspase-1 to 10, except for 
caspase-2 (Chauvier et al., 2007), no effect was observed 
in the gene expression of CASP9 after 24 hr (Fig. 2B). 
However, the gene expression of CASP3 after 24 hr was 
found to be significantly regulated among several condi-
tions. Especially, expression in the condition supplement-
ed with Z-VAD-FMK/BHT was found to be significant-
ly lower than in the 20% O2 blocked control. In addition, 
the expression in the condition supplemented with both 

Table 1.   Component of the cytochrome P450 substrates cocktail and related metabolites detected by LC-MSMS.

Enzymes Probe substrates
Concentration 

in reaction 
mixture (µM)

Metabolites monitored Ion mode m/z monitored

CYP1A2 phenacetin 20 acetaminophen positive 152.0 > 110.0
CYP2A6 coumarin 2 7-hydroxycoumarin positive 163.0 > 107.0
CYP2B6 bupropion 5 hydroxybupropion positive 256.0 > 238.0
CYP2C8 amodiaquine 0,1 N-desethylamodiaquine positive 328.0 > 283.0
CYP2C9 diclofenac 1 4'-hydroxydiclofenac positive 312.0 > 230.0
CYP2C19 (S)-mephenytoin 40 4'-hydroxymephenytoiin positive 235.1 > 150.1
CYP2D6 bufuralol 5 1'-hydroxybufuralol positive 278.0 > 186.0
CYP3A4/5 midazolam 2 1'-hydroxymidazolam positive 342.0 > 203.0
ISa) imipramine - - positive 281.0 > 86.0
a) Internal standard
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Z-VAD-FMK/BHT and HGF was found to be signifi cant-
ly lower than in both controls, but no signifi cant diff er-
ence was found with the condition supplemented with 
only HGF. Finally, the expression in the condition supple-
mented with Z-VAD-FMK/BHT, Y-27632, and HGF was 
found to be signifi cantly lower than in conditions includ-
ing either only Z-VAD-FMK/BHT, Y-27632, or HGF.   

   Recovery of the hepatic function  
  While no specifi c issue was observed in the continuous 

culture of the cells for 48 hr and 72 hr (Supplementary 

 Fig. 2 , Supplementary  Fig. 3 ), the tissue appeared denser 
in conditions that included Z-VAD-FMK/BHT, especial-
ly as compared to both controls. Nonetheless, the recov-
ery of the hepatic function regarding albumin production 
and drug metabolism was also monitored over this peri-
od. It was found that both Z-VAD-FMK/BHT and HGF 
allowed for a signifi cant recovery of the albumin produc-
tion after 72 hr of culture when compared to the levels 
observed after 24 hr of culture. In the case of the com-
bination of both Z-VAD-FMK/BHT and HGF, the diff er-
ence was found to be signifi cant from 48 hr and to remain 

Fig. 1  .      Production of Reactive Oxygen Species (ROS) in the diff erent tested conditions, measured 6 hr after seeding, and imaged 
by confocal microscopy (A). Production of Lactate Dehydrogenase (LDH) measured in the culture medium 6 hr and 24 hr 
after seeding, normalized by the production in the 20% O 2  control at 6 hr (B).   
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at comparable levels at 72 hr. In the case of the combina-
tion of both Z-VAD-FMK/BHT and Y-27632, the levels 
observed at 72 hr were found to be significantly higher 
than at 24 hr and 48 hr (Fig. 3). It is also worthy to note 
that the levels of albumin observed remained between 2 
and 4 μg/106 cells seeded which are in the lower range of 
what is observed in the literature for fresh PHHs (Ehrlich 
et al., 2019) but in the higher range of what is observed 
for unselected cryopreserved PHHs in monoculture 
(Fitzpatrick et al., 2015).

Regarding drug metabolism, differences in each condi-
tion could be detected at both 24 hr and 72 hr (Heatmaps  
in Fig.4, Statistical analysis in Supplementary File 2). 

Especially, hierarchical clustering on the dataset obtained 
at 72 hr allowed for a clear separation of conditions in 
which Z-VAD-FMK/BHT was added from the others, 
further confirming the effectiveness of this combina-
tion on not only cell viability but also on drug metabo-
lism. Among the differences that were deemed as statis-
tically significant, it was notably found that the condition 
supplemented with the combination of Z-VAD-FMK/
BHT, Y-27632, and HGF exhibited an improved CYP2B6 
metabolism over the control at 10% O2 after 24 hr. After 
72 hr, more significant differences in the proposed com-
binations could be observed. Particularly, the addition of 
Z-VAD-FMK/BHT and HGF to Y-27632 was found to 

Fig. 2.  Mitochondrial activity measured in the different culture conditions, measured 6 hr after seeding, and normalized by the ac-
tivity in the 20% O2 control at 6 hr (A). mRNA levels of CASP9 and CASP3 measured by rt-qPCR in the different culture 
conditions, 24 hr after seeding and normalized by the levels measured in freshly thawed primary human hepatocytes (B).
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Fig. 3.  Production of albumin measured by ELISA in the different culture conditions.

Fig. 4.  Heatmap of the production of the metabolites via CYP450 activity measured 24 hr and 72 hr after seeding, by the cocktail-
based approach in the different culture conditions and normalized by the production of each metabolite in the 20% O2 con-
trol. Related statistical analysis is provided in Supplementary File 2.
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significantly improve CYP2B6 metabolism after 72 hr.  
In addition, the combination of Z-VAD-FMK/BHT, 
Y-27632, and HGF also exhibited an improved CYP2C8 
metabolism after 72 hr over conditions that included either 
only HGF or Y-27632. Moreover, the addition of Z-VAD-
FMK/BHT to either HGF or Y-27632 was also found to 
significantly improve CYP2C8 metabolism after 72 hr. 
Finally, supplementation with HGF was found to signif-
icantly decrease CYP2C8 metabolism when compared  
to both the 10% O2 control and the 20% O2 blocked control.

DISCUSSION

Cryopreservation of primary hepatocytes remains 
a largely inefficient method as far as cellular damage 
inflicted during isolation is further amplified by the freez-
ing-thawing process (Stéphenne et al., 2010). Especially, 
damages to cryopreserved hepatocytes are known to affect 
certain drug metabolic pathways in non-optimal condi-
tions (Fuller et al., 2016) which further limits the system-
atic application of those in vitro models by the industry. 
While advances such as the use of PDMS oxygen-per-
meable membranes for direct oxygenation (Scheidecker 
et al., 2020) and cocktails of compounds targeted at lim-
iting cellular damage after thawing (Fujita et al., 2005) 
could give interesting prospects, evaluation of the cellular 
function remains biased due to significant sorption in cul-
tures on PDMS (Nishikawa et al., 2022). In this work, the 
effect of those compounds in culture on oxygen-permea-
ble membranes was successfully assessed through the use 
of PMP membranes which have been shown to exhibit 
similar characteristics to PDMS but with improved sorp-
tion characteristics (Nishikawa et al., 2022).

Particularly, the use of PMP has allowed for the dis-
tinction of patterns not only in terms of cellular damage 
but also in terms of drug metabolism (Fig. 4). While it 
is generally accepted that optimal cryopreservation and 
thawing do not significantly affect drug metabolism in 
cryopreserved hepatocytes (Li et al., 1999; Steinberg et 
al., 1999; Smith et al., 2012), oxidative stress has been 
shown to have a significant effect in the repression of cer-
tain drug metabolic pathways (Barouki and Morel, 2001). 
Especially, as no particular pattern was observed at 24 hr,  
it could be supposed that there was indeed no specific 
impact of cryopreservation and thawing on the monitored 
CYP metabolism as previously observed and suggesting 
that cellular damage did not have a significant influence 
at this stage. However, significant differences between  
conditions were observed for the metabolism via CYP2C8, 
CYP2C9, CYP3A4, CYP2B6, and CYP2C19 at 72 hr. 
More interestingly, data clustering on the dataset at 72 hr  

has allowed us to isolate conditions in which Z-VAD-
FMK/BHT was added which corresponds to conditions 
in which the production of LDH (Fig. 1B) and the mito-
chondrial activity (Fig. 2A) suggested lower cellular 
damage. This result could probably be linked to a high-
er cell survival at 72 hr due to limited damage in those 
conditions and which led to the formation of a dens-
er tissue in conditions that included Z-VAD-FMK/BHT  
(Supplementary Fig. 3). These results are in good ade-
quation with comparable studies within the literature in 
more conventional culture vessels, and for which an ini-
tial exposition to Z-VAD-FMK was confirmed to have a 
significant influence on drug metabolism in the long term 
(Ölander et al., 2019).

While additional cellular damage could have been 
expected due to the quick change from hypoxia to high, 
direct oxygenation, there was no significant difference 
between the 10% O2 control and the 20% O2 blocked con-
trol concerning LDH production (Fig. 1B) and mitochon-
drial activity (Fig. 2A). Interestingly, intense production 
of ROS was found in certain cells in the 10% O2 control 
but not in the 20% O2 blocked control (Fig. 1A). As oxi-
dative stress is known to be an important trigger of apop-
tosis through the mitochondrial pathway (Ölander et al., 
2019; Bissoyi et al., 2014), higher cellular damage would 
have been expected in the former condition than in the 
latter, but no such observation could be made. This can 
possibly be linked to the fact that apoptosis was found 
to be immediately induced in hepatocytes after thawing 
(Ölander et al., 2019) and thus, before further stimulation 
by the culture environment. Regarding cellular damage 
and the post-thawing initiation of apoptosis, caspase-3, 8, 
and 9 have been found to be mostly involved (Bissoyi et 
al., 2014). Especially, caspase-3, which was reported to 
be the downstream effector of apoptosis initiated by ROS 
(Redza-Dutorzoir and Averill-Bates, 2016), was found to 
be immediately activated at the protein level after thaw-
ing (Ölander et al., 2019). In the current experimental set-
up, mRNA levels of caspase-3 were found to decrease in 
conditions including either or both Z-VAD-FMK/BHT 
and HGF (Fig. 2B). As the increase of the caspase-3 
mRNA levels was found to be the precursor of cleavage 
and activation of caspase-3 (Sabbagh et al., 2005), these 
results can be reasonably related to the fact that the first 
is a pan-caspase inhibitor (Fujita et al., 2005) while the 
latter was found to inhibit caspase-3 via Met (Ma et al., 
2014). Interestingly, the combination of Z-VAD-FMK/
BHT and Y-27632 or the combination of Z-VAD-FMK/
BHT, HGF, and Y-27632 did not cause any significant 
difference in the mRNA levels of caspase-3 when com-
pared to controls. In that regard, Y-27632 was previously 
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reported to increase mRNA levels of caspase-3 in cancer 
cells (Liu and Bi, 2016) which might explain the adverse 
effect observed in the conditions including the compound 
and be related to the low recovery of albumin production 
in said condition (Fig. 4).

In the present study, the culture of cryopreserved 
hepatocytes on oxygen permeable membranes was opti-
mized via the use of PMP plates which allowed eval-
uation of the effect of the different compounds add-
ed. Because of the low sorption characteristics of PMP, 
not only the influence on cellular damage but also the 
retrieval of the function could be evaluated via a cock-
tail-based drug assay. Measurement of the drug metab-
olism has allowed confirming the major impact of the 
Z-VAD-FMK/BHT combination in terms of retrieval of 
the cytochrome P450 metabolism. This was further con-
firmed by all data regarding cellular damage as far as con-
ditions containing Z-VAD-FMK/BHT were found to pre-
sent less damage. While further addition of either HGF or 
Y-27632 did not influence the retrieval of drug metabo-
lism, Y-27632 induced activation of caspase-3, an impor-
tant downstream effector of apoptosis, suggesting that the 
compounds may not be recommended in the present con-
figuration. On the other hand, HGF presented interest-
ing perspectives in terms of albumin production retriev-
al as well as in the reduction of caspase-3 activation. The 
present dataset suggests that the combination of Z-VAD-
FMK/BHT with HGF might be an interesting solution to 
the retrieval of cellular function on oxygen permeable 
membranes by limiting cellular damage. Further investi-
gations at the protein level would further confirm those 
results and studies on the long-term impact of the mixture 
of the compounds, combined with long-term culture tech-
nics such as collagen sandwich culture on PMP plates, 
would allow for the development of better in vitro models 
for drug screening purposes.
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