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ABSTRACT
The present study is to explore the effect of fasudil hydrochloride and H2 on the post-thaw viability of
cryopreserved porcine adipose-derived stem cells. Four different combinations of cryoprotectants with
and without hydrogen gas (H) (purified H2 was dissolved into normal cryopreservation solution for 2 hrs
under 0.6 MPa were tested including the following groups: control (CK), 100µm GSH, 10µm fasudil
hydrochloride (FH) and a combination of the two (GSH + FH). A solution of 10% (v/v) Me2SO + 20%
FBS was used as the standard cryopreservation solution. After 2 months, MTT assay showed significant
differences in the proportion of adherent viable cells in the FH group and GSH group compared with
the control group (p < 0.05), and the FH+H group had a more beneficial effect on post-thaw survival of
cryopreserved ADSCs compared with the GSH+H and GSH+FH+H groups. The use of FH and H in longterm storage has the potential to be helpful in commercial and clinical application of ADSCs.

INTRODUCTION

A

dipose-derived stem cells (ADSCs) have generated
a lot of interest in regenerative medicine. They
have been reported to harbor significant differentiation
capability and are relatively abundant as compared with
bone marrow harvest (Thuwanut et al., 2008). One major
obstacle to the manufacturing of clinical grade stem
cells is the need for good manufacturing practices for
cryopreservation, storage and distribution of these cells.
Developing effective techniques for the cryopreservation
of ADSCs is an important step in the long-term storage of
stem cells. ROS produced by mitochondria are known to
be involved in cell death. Previous research has also shown
that cooling and re-warming of cells results in increased
generation of reactive-oxygen species (ROS) in the
mitochondria and reduces the activity of ROS scavengers
at low temperatures, resulting in the activation of caspases
and downstream apoptosis (Büyükleblebici et al., 2015).
Gauthaman et al. (2010) reported that the ROCK
inhibitor Y-27632 inhibits apoptosis and increases
proliferation of human Wharton ‘s Jelly stem cells that
had undergone freezing and thawing. Rungsiwiwut et
al. (2013) reported that Y-27632 enhances the post-thaw
viability and physiological function of cryopreserved
human embryonic stem cells (hESC) and MSCs. We found
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that fasudil hydrochloride, which is also a ROCK inhibitor,
has a stronger effect on the viability of cryopreserved
pADSC than Y27632. In addition, no changes were
observed in the normal morphological state of adherent
pADSCs maintained with FH (Qu et al., 2014; Ji et al., 2014).
GSH and hydrogen gas are potent antioxidants. Kim
found that adding GSH to a cryoprotective solution and/
or postthaw medium significantly improved the post-thaw
viability of mouse embryonic stem cells (De Ugarte et al.,
2003). Hydrogen gas neutralizes free radicals and reduces
oxidative stress. Ohsawa et al. (2008) discovered that
hydrogen gas has the ability to protect the brain against
ischemia reperfusion (I/R) injury by selectively eliminating
toxic oxygen radicals. To date, many experiments have
been carried out to confirm that properties associated with
hydrogen including effects its antioxidant, antiapoptotic,
anti-inflammatory, anti-allergy, and anti-cancer effects
apply to the maintenance of ADSCs (Zhao et al., 2016).
Hence, in this study we determined whether FH and
H2 can also exert a cryoprotective effect on the post-thaw
viability of cryopreserved pADSCs.

MATERIALS AND METHODS
Porcine ADSC separation and culture
Porcine adipose tissue was obtained, digested, filtered
and centrifuged as described previously (Qu et al., 2014).
ADSCs were trypsinized and passaged at a 1:3 split ratio.
In this study, all experimental procedures were performed
on cells in the 4th passage.
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Cryopreservation solutions
Four different combinations of cryoprotectants with
and without hydrogen gas (H2) were tested. In solutions
containing H2, purified H2 was dissolved into normal
cryopreservation solution for 2 h under 0.6 MPa. Groups
included: control group (CK), GSH group, fasudil
hydrochloride (FH) group, and a combination of GSH
and FH (GSH+FH) group (Table I). A solution of 10%
(v/v) Me2SO + 20% fetal bovine serum (FBS) was used
as the standard cryopreservation solution. For all groups,
aliquots of 1×106 cells were transferred into 1 mL cryovials
containing cryoprotectant solution.
Table I.- Preparation of cryoprotectant solutions.
Solution

Me2SO
(%v/v)

FBS
(%v/v)

FH
(µM)

GSH
(µM)

CK

10

20

0

0

GSH

10

20

0

100

FH

10

20

10

0

GSH + FH

10

20

10

100

Cryopreservation and thawing of ADSCs
Cultured ADSCs were cryopreserved and thawed
as described previously (De Ugarte et al., 2003). Briefly,
isolated ADSCs were seeded in 24-well cell culture dishes
with 5.0×105 cells per well. Five days later, confluent
cells were dissociated using 0.05% (w/v) trypsin. A few
wells containing intact confluent ADSCs monolayers
were retained as controls. Dissociated ADSCs from
each well were centrifuged and resuspended in 1 ml
cryopreservation solution supplemented with Y-27632,
GSH, or both Y-27632 and GSH. This was performed
within cryovials, after which cells were subjected to slow
cooling within a -80°C freezer using isopropanol freezing
containers (Fisher Scientific, Cat. No.15-350-50). After 2
h, the cell suspensions were frozen and the cryovials were
immersed and stored in the vapor phase of liquid nitrogen
for 2 h before being thawed within a water bath at 37°C for
1 min. Cryopreserved cells were stored in liquid nitrogen
for just 2 h, instead of 24 h or several days to allow us
to calculate the post-thaw survivability of ADSCs; the
MTT assay utilized control wells that were seeded at the
same cell density as the references. If the cryopreserved
ADSCs were kept in liquid nitrogen for 24 h or longer the
cells within the reference control wells would undergo
cell division, whereas the cryopreserved ADSCs would
not. Once thawed the ADSCs were transferred into sterile
10 mL centrifuge tubes and diluted with 6 mL DMEM/
F12, centrifuged (300 g) for 5 min, and resuspended in
1 mL DMEM/F12 culture medium. Resuspended cells

were plated at 1 × 104 cells/well in 96-well plates and
maintained in growth medium (DMEM/F12+10% FBS) at
37°C and 5% CO2. Growth media was supplemented with
GSH, FH or FH+GSH in concurrence with the particular
cryoprotectant the cells were frozen in.
Imaging and cell viability assays
Reseeded ADSCs were allowed to grow for 24 h or
48 h before being photographed. After imaging the ADSCs
were subjected to the MTT [3-(4,5-dimethylthiazole -2-yl)2,5-diphenyl tetrazolium bromide] assay as described
previously (De Ugarte et al., 2003). Briefly, MTT (Bio
Basic Inc.) was added to each well to a final concentration
of 0.5 mg/ml after which the cells were incubated at
37°C for 3.5 h. Formazan crystals that formed in the
cells were solubilized with 100 µl dimethyl sulphoxide
(DMSO) per well and the absorbance was read at 490 nm
using a micro-plate spectrophotometer (Multiskan Go,
Thermo Scientific, USA). Cell survival was expressed
as the percentage of formazan absorbance. Results were
expressed as mean values ± standard deviation (SD) from
at least three different experiments performed in triplicate.
Statistical analysis
All experiments were performed a minimum of three
times, and values are represented as the mean±standard
deviation (SD). Statistical differences were determined by
analysis of variance, followed by Dunnett ‘s test for pairwise comparison (Graphpad Prism software version 5.0).
A p-value < 0.05 was considered statistically significant.

RESULTS
Phenotypic characterization of cultured ADSCs
Isolated ADSCs plated in growth medium readily
adhered to the plastic surfaces of culture flasks, initially
exhibiting a heterogeneous population of spindle-shaped
cells. After thawing, ADSCs were cultured in 1 mL growth
medium at 37°C and 5% CO2 for 24 h and then imaged
(Fig. 1).
Effects of GSH, FH and GSH + FH on the viability of
cryopreserved ADSCs
MTT assay results identified significant differences in
the post-thawing viability of cryopreserved ADSCs in all
the three experimental groups, as compared to the controls
(Fig. 3).
Effects of hydrogen gas on the viability of cryopreserved
ADSCs
Purified H2 was dissolved in 4 different
cryopreservation solutions for 2 h under 0.6 MPa, then
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Fig. 4. Values of MTT of post-thawed ADSCs treated with
GSH, FH and Hydrogen gas. Data are shown as mean
values ± SD (n=3). *p<0.05 compared with the control.
Control (CK), GSH (100 µM GSH group), FH (10µM FH
group) and GSH+FH (100 µM GSH+10μM FH group).
Fig. 1. Morphological characteristics of ADSCs cultured
for 24 h after thawing. A, control group (CK); B, GSH
group (100×); C, FH group (100×); D, GSH + FH group
(200×).

Fig. 2. Morphological characteristics of ADSCs cultured
for 24 h after thawing in which the cryopreservation
solution contained H2. A, control group; B, GSH group
(100×); C, FH group (100×); D, GSH + FH group (200×).

Fig. 5. Analysis of apoptosis in post-thaw cells by flow
cytometry. A, conventional cryopreservation solution
(control); B, cryopreservation solution containing
GSH; C, cryopreservation solution containing FH; D,
cryopreservation solution containing GSH and FH.

ADSCs were cryopreserved, thawed and re-seeded (Fig.
2). Viability of the cryopreserved ADSCs was determined
using the MTT assay (Fig. 4).

Fig. 3. Values of MTT of post-thawed ADSCs treated with
GSH and FH. Data are shown as mean values ± SD (n=3).
*p<0.05 compared with the control. Control (CK), GSH
(100 µM GSH group), FH (10 µM FH group) and GSH +
FH (100 µM GSH+10 μM FH group).

Detection of post-thawing apoptosis rate by annexinV/PI
flow cytometry analysis
Normal viable cells are resistant to PI staining, whereas
apoptotic cells are readily stained by PI. Chromosomal
DNA can be stained by PI only when the cell membrane
is damaged. Thus, in a dot plot of flow cytometry (Fig. 5),

M. Zhu et al.

1204

late-stage apoptotic cells are double positive for annexin V
and PI (Annexin V+PI+) and distributed in the right upper
quadrant (RU), normal viable cells are double negative for
Annexin V and PI (Annexin V-PI-) and distributed in the
left lower quadrant (LL), and early-stage apoptotic cells
are Annexin V-positive and PI-negative (Annexin V+PI-),
and are distributed in the right lower quadrant. As shown
in Figure 5, cells treated with FH, GSH, and FH + GSH
showed lower apoptotic rates compared with the control
cells.

DISCUSSION
In the field of stem cell cryopreservation, basic
techniques require the proper storage and shipping of
cells for their application. Therefore, new methods for
cryopreservation for the long-term storage of stem cells are
required. Whilst effective methods for cryopreservation and
storage have been developed for haematopoietic and bone
marrow stem cells (De Ugarte et al., 2003), no efficient
cryopreservation protocols for ADSCs are available. In the
current paper we present an evaluation of the effects of FH
and hydrogen gas on the cryopreservation of ADSCs.
In recent years, oxidative stress has been assumed
to play an important role in sperm and cell damage
during cryopreservation (Büyükleblebici et al., 2015).
the cooling and re-warming of cells results in increased
generation of elevated reactive-oxidative species (ROS)
in the mitochondria and decreased antioxidants at low
temperatures, resulting in the activation of caspases and
downstream apoptosis (Noguchi et al., 2007; Ji et al.,
2014). It is known that high ROS levels can damage
proteins, lipids, and DNA, and thus could be responsible
for reduced viability in cryopreserved cells. Previous
research has also shown that GSH, a potent ROS scavenger,
is the most abundant thiol in cells and is considered of vital
importance for the maintenance of the intracellular redox
balance (Zhao et al., 2016). We found that GSH increased
the viability of ADSCs.
Hydrogen gas is another potent antioxidant which
neutralizes free radicals and reduces oxidative stress.
Many initial and subsequent clinical studies have
demonstrated that hydrogen can act as an important
physiological regulatory factor in cells and organs in terms
of antioxidant, anti-inflammatory, anti-apoptotic and other
protective effects. The most accepted mechanism through
which hydrogen could have such protective capacities
is by the elective and direct scavenging of cytotoxic
oxygen radicals, particularly the hydroxyl radical, which
is the most cytotoxic of reactive oxygen species (ROS).
In addition, hydrogen does not react with other ROS,
including O2- and H2O2, which both possess important

physiological roles as signaling molecules that are involved
in numerous signal transduction cascades and also regulate
biological processes such as apoptosis, cell proliferation
and differentiation (Zhao et al., 2016). In this study, we
found that hydrogen gas can exert a cryoprotective effect
on the post-thaw viability of cryopreserved pADSCs.

CONCLUSIONS
In the present study, we found that the hydrogenrich cryopreservation solution enhanced the postthaw viability of cryopreserved ADSCs and reduced
the number of apoptotic cells present after thawing.
Moreover, a combination of GSH and FH showed a better
cryoprotective effect on post-thaw viability than either
single agent. However, the effect on post-thaw apoptosis
was not significantly different between GSH, FH and GSG
+ FH. Next, we will study the effects of hydrogen and
GSH on ex-vivo cell culture and cryopreservation of sperm
in order to provide a theoretical basis for application in
medical practice.
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