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a b s t r a c t

Amniotic membrane is attracting attention as a new material for regenerative medicine. We herein
report that the culture of primary rat hepatocytes on human amniotic membrane maintained their
morphology and their production of albumin for at least two months. Human amniotic membrane was
collected during planned cesarean section and kept frozen until usage. Primary rat hepatocytes were
plated on human amniotic membrane. Hepatocytes accumulated as colonies on amniotic membrane, and
their rat albumin level was maintained for two months. Their three-dimensional structure on extra-
cellular matrix, which is abundant in amniotic membranes might influence the maintenance of the
hepatocyte-specific function.
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Although metabolic liver diseases are relatively rare, they have
the potential to progress to cirrhosis and metabolic abnormalities
can cause serious conditions, the acute exacerbation of which often
has a poor prognosis, and which necessitate liver transplantation
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(LT). LT is the only established treatment for such conditions.
However, donor scarcity is a worldwide problem [1]. To solve the
lack of deceased organ donation, living donor liver transplantation
has been performed and accepted in Asian countries. The living
donor might be exposed to risks after donation, even when the
donor is healthy. Clinical trials and basic research on hepatocyte
transplantation have been conducted to investigate alternatives to
LT; however, they have not reached the stage of clinical application.
Hepatocytes might have highly proliferative cells in the liver, but
they hardly proliferate under culture conditions, and can only be
cultured for approximately one week under normal culture con-
ditions. Thus, long-term culture and subculture from isolated he-
patocytes is not possible. This is one of the reasons why the clinical
application of research on hepatocyte transplantation has not
progressed.

Recent studies have reported the usefulness of the amniotic
membrane (AM) in regenerative medicine [2]. The AM is a thin,
translucent membrane that covers the uterus and the innermost
layer of the placenta and surrounds the fetal side of the placenta
and the umbilical cord. It is composed of amniotic epithelial cells,
an underlying basement membrane, and a compact layer that is
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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rich in collagen (Fig. 1). The amniotic membrane contains plurip-
otent stem cells [3], and the amniotic membrane cells differentiate
into various cells, including pancreatic islet cells, nerve cells, he-
patocytes, chondrocytes, and myocardial cells [2e6]. However,
most of the amniotic membrane is discarded after childbirth
without any clinical application. In addition, the amniotic mem-
brane contains extracellular matrix [7], which serves as a scaffold
for culturing cells and which contains various factors, including
epidermal growth factor (EGF) and hepatocyte growth factor (HGF)
[8,9]. It is highly promising as a substrate which is helpful for cell
culturing because it produces growth factors. Recent studies have
shown that the amniotic membrane is associated with immuno-
logic tolerance, cells isolated from amniotic and chorionic mem-
branes do not elicit an allogeneic or xenogeneic immune response
[2,10]. In the clinical setting, hepatocyte transplantation can be
performed for patients with small-for-size graft livers. When a graft
is from marginal donor such as an old donor, fatty liver is not
appropriate for a recipient, on these occasion hepatocytes isolated
from the marginal donor could be cultured on AM for a long-term
function. These hepatocytes sheet transplantation into patients
with small-for-size graft syndrome can then be performed as
temporary support until the liver regenerated. We preliminary re-
ported the temporary functional support of layered hepatocytes
sheets on the liver surface [11].

The aim of this study was to investigate whether the albumin-
producing ability of rat hepatocytes could be maintained for a
long period using human amniotic membrane as a culture medium.
2. Methods

2.1. Amniotic membrane collection and cryopreservation

The protocol for the preparation of human amniotic membrane
followed that of Kyoto Prefectural University of Medicine, Kyoto,
Japan [12]. Placentae from patients who delivered by cesarean
section, and who gave their written informed consent, were ob-
tained with the approval of the local ethics committee. This study
adheres to the tenets of the Declaration of Helsinki. All placentae
were derived from planned cesarean sections at term. Patients with
hepatitis B virus (HBV), hepatitis C virus (HCV), human immuno-
deficiency virus (HIV), or human T-cell leukemia virus type 1
(HTLV-1) infection or emergency cesarean sections were excluded.
Placentae were transported in PBS (GIBCO®) supplemented with
100 mg/mL panimycin. When the AM was peeled off by blunt
dissection and separated from the chorionic membrane (Fig. 2a),
the compact layer-side, which contacted with the chorionic
membrane, was identified and marked by suturing. After several
washing steps in PBS, AM was cut into five centimeter square. AM
was dipped into 0.5 mol/L-, 1.0 mol/L-, and 1.5 mol/L-concentra-
tions of DMSO for every 5 min. AM was then divided into plastic
vials and cryopreserved at �80 �C (Fig. 2b). When used for culture,
Fig. 1. The structure of amniotic membrane. (a) Schema of amniotic membrane which is co
layer. (b) The microscopic findings of amniotic membrane.
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AM was thawed at room temperature, washed three times with
saline, and then washed with saline containing 100 mg/mL pan-
imycin, which was used for culture. This study about the harvest
and the preparation of human amniotic membrane was approved
by the Institutional Review Board of each institution. The approval
ID in Nagasaki University was 13042603-3.
2.2. Live/dead staining viability

To assess the viability of amniotic epithelial cells, AM was sub-
jected to Live/Dead staining [13] before cryopreservation and when
thawed for use in the hepatocyte cultures (one to three months
after cryopreservation), respectively.
2.3. Primary rat hepatocyte isolation

Ethical approval for primary rat hepatocyte isolation was ob-
tained from the Animal Care and Use Committee of Nagasaki Uni-
versity and was performed in accordance with relevant guidelines
and regulations. Primary rat hepatocytes were isolated from the
whole liver of an adult Wistar rat (male, 7e8 weeks old) by liver
perfusion using 130 U/mL collagenase (Wako Pure Chemical, Osaka,
Japan) [14]. To enrich viable hepatocytes, the cell suspension in 40%
Percoll Plus solution (GE Healthcare, Tokyo, Japan) was centrifuged
at 50�g for 20 min at 41 �C. Cell viability was determined by the
trypan blue exclusion test, and suspensions with >90% viable cells
were used in this study. The medium for isolation was Dulbecco's
modified Eagle's medium (Wako Pure Chemical) supplemented
with 10% FBS, 10 mM 4-(2-hydroxyethyl)-1- piperazine ethane-
sulfonic acid, 2 mM L-glutamine, 100 U/mL penicillin, and 100 mg/
mL streptomycin (all from Invitrogen, Carlsbad, CA, USA) [15].
2.4. Primary culture of rat hepatocytes on human AMs

Six culture conditions were performed in this study (Table 1):
hepatocytes cultured on the epithelial cell-side (E) or the compact
layer-side (Co) of AM, a non-coated dish (NC), a collagen-coated
dish (CC), a Matrigel dish (M) (dish coated with extracellular ma-
trix; Corning® BioCoat™) [16], and AM without hepatocytes (AM).
At one day before isolation of primary hepatocytes, AMs were fixed
on dishes using a metal ring (Fig. 2c). Amniotic epithelial cells can
be clearly observed by this method (Fig. 2d). Primary rat hepato-
cytes were plated at a density of 5.21 � 104 cells/cm2

(5.00 � 105 cells/35-mm dish). Hepatocytes were cultured with
2 mL of Hepato-STIM Culture Medium (Corning Glass Works,
Corning, NY, USA) supplemented with 10% FBS, 2 mML-glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin.

This mediumwas changed 24 h after hepatocyte inoculation and
every two days thereafter. Samples of mediawere collected on days
3, 5, 7, 11, 15, 21, and 29. Cell culture was only prolonged in groups E
mposed of amniotic epithelial cells, an underlying basement membrane, and a compact



Fig. 2. Harvesting and storage of amniotic membrane (AM). (a) AM stripped from the chorionic membrane. (b) AM was cut into small pieces, divided into plastic vials. (c)
cryopreservation of AM at �80 �C. AMs fixed on dishes using a metal ring. (d) Morphological feature of amniotic epithelial cells was clearly observed in the dish.
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and Co, and the samples were collected on days 35, 43, and 57
(Fig. 3). All samples were stored at�20�Cuntil the time of the assay.

2.5. Histopathologic analysis

Hepatocytes were incubated with fresh medium that was
changed every two days during incubation. At each medium ex-
change, the morphological findings of hepatocytes in dishes were
captured by an image analyzer (confocal laser scanning micro-
scope; Olympus Corporation, Tokyo, Japan).

2.6. Albumin and HGF assays

The concentrations of rat albumin in the culture medium were
determined by an ELISA. Goat to Rat Albumin (Catalog 55727, 4 pg/
mL) and peroxidase-conjugated sheep anti-rat albumin (Catalog
Wistar rat, male, 7 weeks old

Day -1 0

Hepatocyte Isolation

Preparation
of dish

Collection of medium

5.0 x105 cells /10cm2

3 5 7 11 15 21

Fig. 3. Schematic diagram of primary rat hepatocyte culture. The isolated primary rat hep
21, and 29. In group E and Co, samples collected on days 35, 43, and 57.
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55776, 10 mg/mL) antibodies were used to detect rat albumin (both
from MP Biomedicals, LLC-Cappel products, Irvine, CA, USA). The
HGF concentrationwasmeasured using DuoSet ELISA Development
Systems (R&D Systems, Minneapolis, MN, USA) according to the
manufacturer's instructions.

2.7. Statistical analysis

Data are presented from at least 4 time points from two in-
dependent cell preparations. All statistical analyses were per-
formed with the GraphPad Prism 7 software program for
Windows (GraphPad, San Diego, CA). The analyses were per-
formed using non-parametric methods: the significance of dif-
ferences between the groups was evaluated with the
ManneWhitney U-test. P values of <0.05 were considered to
indicate statistical significance.
29 35 5743

(E, Co only)

atocyte was plated on each dish. Samples of media were collected on days 3, 5, 7, 11, 15,



Table 1
Characteristics of the cultures.

Hepatocyte AM n

Epithelial cell-side (E) (þ) (þ) 10
Compact layer-side (Co) (þ) (þ) 10
Non-coated dish (NC) (þ) (�) 8
Collagen-coated dish (CC) (þ) (�) 8
Matrigel (M) (þ) (�) 5
AM only (AM) (�) (þ) 5
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3. Results

3.1. Live/dead staining viability

The viability of the amniotic cells on the amniotic membrane
was 80e90% before cryopreservation. However, the viability of the
amniotic cells was approximately 20% at one to three months after
preservation (Fig. 4).
3.2. Morphology of hepatocytes on the amniotic membrane

In comparison to the control groups without AM, the hepato-
cytes in groups E and Co appeared to be slightly smaller and thicker,
and seemed to have a nearly spherical morphology. This tendency
was more pronounced in cultures in group E (Fig. 5a). On day 7,
most hepatocytes in the control group died and were replaced by
fibroblasts, whereas hepatocytes in groups E and Co remained
agglomerated and some normal cultured hepatocytes were also
present. The aggregation of hepatocytes was also more pronounced
in group E (Fig. 5b).
3.3. The changes in the rat albumin concentration

The changes in the rat albumin concentration are shown in
Fig. 6. In the control groups without amniotic membrane, the al-
bumin concentration decreased from day 6 and became almost
Fig. 4. Live/Dead staining viability. The viable cells were stained green, whereas dead cell
amniotic membrane was 80e90% before storage. (c, d) Right figures showed that the viabi
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unmeasurable on day 14. The albumin concentration showed the
same tendency in Group M. In contrast, the albumin concentration
on day 2 was maintained until day 56 in Group Co and E. In the
comparison between groups E and Co, the value was always
significantly higher in group Co. Albumin was not measured in
group AM.

3.4. The changes in the human HGF concentration (Fig. 7).

The HGF concentration was highest in group AM, followed by
the E group and Co. No HGF was detected in control groups without
AM. The HGF concentration gradually decreased to approximately
1/3 of the initial concentration on day 28.

4. Discussion

Several studies have reported that the AM is useful as a substrate
for cell culture [9]. To the best of our knowledge, this is the first
study to report to describe culturing of rat hepatocytes on human
AM. We found that the use of AM as a culture substrate allowed
hepatocytes to remain more spherical and for cell agglomeration to
be maintained, and the albumin-producing ability of hepatocytes
was maintained for at least two months on AM.

We proposed several hypotheses and conducted experiments
to investigate the reasons for these results. The first hypothesis is
that HGF produced by amniotic epithelial cells may maintain the
hepatocyte function. It has already been reported that amniotic
epithelial cells produce HGF and other growth factors [8,9]. It is
known that HGF promotes the proliferation of hepatocytes. It
was also reported that HGF promotes the synthesis of albumin by
hepatocytes [17]. However, in this study, we used AMs that had
been cryopreserved. The viability of amniotic epithelial cells was
80e90% before cryopreservation, but decreased to approximately
20% after cryopreservation. HGF in the culture supernatant also
showed a constant downward trend during culturing, and we
considered that viable amniotic epithelial cells did not continue
to produce HGF during hepatocyte culture. The HGF
s were stained red. (a, b) Left figures showed the viability of the amniotic cells on the
lity of the amniotic cells was approximately 20% at one to three months after storage.



Fig. 5. Cell morphology of rat primary hepatocytes. (a) On day 3, the hepatocytes appeared to be smaller and thicker, and seemed to have a nearly spherical morphology on the
amniotic membrane. This tendency was more pronounced in cultures in group E. (b) Hepatocytes could not seen in the NC and CC group, whereas hepatocytes remained as
aggregated in group E and Co (b).
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concentration decreased to 0.5 ng/mL on day 28. The above-
mentioned study reported that at least 1.0 ng/mL of HGF was
needed to promote the synthesis of albumin by hepatocytes [17].
The primary matured hepatocytes on AM would not have a
proliferation ability such as that induced by a high expression of
Ki-67 during long-term incubation as we found that primary
matured hepatocyte had a reduced expression of Ki-67, EGF, and
fibroblast growth factor (FGF) in vitro [18]. Litwiniuk et al. re-
ported that high amounts of EGF and TGF-b were detected in the
amnion samples an in vitro study; however, the viability of
amniotic epithelial cells decreased to approximately 20% after
cryopreservation. In our study, we hypothesized that primary
mature hepatocytes on an amnion membrane would aggregate
spontaneously resembling a 3D structure such as a spheroid
morphology. This might aid in the maintenance of albumin
production on AM for long-term culture [19].
388
Our second hypothesis was that extracellular matrix, which is
abundant in the dense layer of amniotic epithelium, helps to
maintain the hepatocyte function. Several studies reported that the
albumin synthesis capacity was maintained hepatocytes cultured
on Matrigel-coated dishes [20]. To prove this hypothesis, we per-
formed the same experiment using Matrigel, a dish coated with
type IV collagen (a type of extracellular matrix); however, the
albumin-producing capacity in Matrigel was diminished within
two weeks, as it was in control groups without AM. This indicates
that the albumin production capacity cannot be maintained simply
by coating with extracellular matrix.

The comparison between groups E and Co revealed that the
hepatocytes in group E aggregated and formed a cell mass. It has
been reported that hepatocytes aggregate and take the form of
spheroids to maintain their hepatocyte-specific function [21]. From
this point of view, aggregated hepatocytes in group E seemed



Fig. 6. Production of rat albumin. Albumin production of primary rat hepatocyte was maintained at 2 months on human amniotic membrane. The production of albumin was not
maintained in primary rat hepatocytes cultured on Matrigel.
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preferable; however, the albumin concentration was always
significantly higher in group Co from day 2 until the end of culture
on day 56. Considering that there was a significant difference on
day 2, it was difficult for the aggregated hepatocytes to adhere to
amniotic epithelial cells, which may have reduced the amount of
hepatocytes that could be stably cultured. The secretion of alpha1-
antitrypsin in primary culture of rat hepatocytes was similar to the
production of albumin with parallel concentration. Therefore,
additional function of hepatocytes such as secretion of alpha1-
Fig. 7. Changes in human HGF. The HGF concent
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antitrypsin might have been maintained for three months on the
plate [22]. Further experiments are needed to prove this
hypothesis.

In this study, hepatocytes were cultured on amniotic membranes
fixed by a metal ring that matched the size of the dish. This enabled
amniotic epithelial cells to be clearly observed during culturing.
Initially, hepatocytes were seeded directly on the non-fixed AM.
Consequently, the hepatocytes did not adhere well to the AM and it
was difficult to observe them with an optical microscope due to a
ration gradually decreased in each condition.
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lack of focus. By fixing the AM to the dish with a metal ring, the
amnion could be held in place and the cell morphology could be
easily observed during culturing. This technique can be useful when
thin membranes are used as substrates for cell culture. In addition,
rat hepatocytes spontaneously aggregated under long-term culture
in epithelial cell-side (E) and compact layer-side (Co) groups in
Fig. 5b. We reported that 3D-cultured chemically induced liver
progenitor cells produced more albumin than 2D-cultured cells [23].
Although ESC/iPSC-derived 3D structures were reportedly estab-
lished in several studies, those systems either involved culture in a
gel-embedding system with long culture duration or by coculture
with other cells [24,25]. This phenomenon might be occurred in
isolated rat hepatocyte on AM. AMmight provide the situation of 3D
structure for isolated rat hepatocyte in this study.

5. Conclusion

The present study suggests that the amniotic membrane may be
useful as a culture substrate for hepatocytes.
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