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Objective: to investigate the functional efficiency of a cell-engineered construct (CEC) of the liver based on tissue-
specific matrix consisting of decellularized rat liver fragments, allogeneic liver cells and multipotent mesenchymal 
stromal cells (MSCs) isolated from the bone marrow on an experimental model of chronic liver failure (CLF). 
Materials and methods. In creating liver CECs, the liver for decellularization and liver cells were obtained from 
male Wistar rats. MSCs were isolated from rat bone marrow. The functional efficacy of CEC was investigated 
on an experimental CLF model obtained by priming rats with CCl4 solution. At different periods after implanta-
tion, the outcomes were assessed based on the biochemical parameters of cytolysis. Morphological changes in 
the liver were analyzed by histochemical methods in the control (administration of saline solution into the liver 
parenchyma) and experimental (administration of liver CEC into the liver parenchyma) groups. Results. It was 
shown that implantation of the proposed CEC normalizes blood biochemical parameters and structural disorders 
of the damaged rat liver faster (by day 30 after introduction of CEC instead of day 180 in the control). The CEC 
was also shown to have reduced animal mortality from 50 to 0%, which is due to early activation of proliferation 
of viable liver cells and faster formation of new blood vessels. These effects are down to either stimulation of 
the internal regenerative potential of the damaged liver during CEC implantation or long-term functioning of 
the transplanted cells as part of the CEC based on the decellularized liver matrix. Conclusion. The liver CEC, 
implanted into the liver parenchyma in laboratory animals with a CLF model, has a functional activity.
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inTrOducTiOn
Liver transplantation is the gold standard treatment 

for end-stage liver disease. However, donor organ shorta-
ge limits the widespread use of this only radical method 
for treatment of decompensated cirrhosis. The number 
of patients requiring liver transplantation significantly 
exceeding the number of emerging organs suitable for 
transplantation indicates the need to develop alternative 
treatment options, among which the use of regenerative 
medicine and tissue engineering methods seems to be 
the most promising [1, 2].

Most of the technical approaches in the field of liver 
tissue engineering are based on isolation of primary he-
patocytes or obtaining of hepatocyte-like cells from stem 
cells and 3D cultivation subsequently [3]. Note that it 
is advisable to use mesenchymal stromal cells in the 
composition of cell-engineered constructs (CECs) in 
the treatment of a number of liver diseases to stimulate 
organ regeneration [4]. Biocompatible and bioresorbable 
matrices are used to provide the CEC cells with favorable 
conditions for their vital activity.

In our opinion, decellularized carriers/scaffolds be-
longing to the class of biomimetics of the extracellular 
matrix (ECM) and obtained by removing cells and their 
fragments from tissue with maximum preservation of the 
structure and composition of natural ECM commands 
the greatest interest [5, 6].

A lot of work is devoted to whole organ decellularizati-
on by perfusion with surfactants and enzyme solutions [7].  
A similar approach has been described for the heart, 
kidney, pancreas, and uterus [8–11]. Note that whole 
liver decellularization comes with several disadvantages: 
low efficiency in cell detritus removal and difficulty in 
penetration of cells, nutrients, and gases into the organ 
volume due to microcirculatory disorders. In previous 
works, we obtained a tissue-specific matrix from frag-
ments of decellularized rat liver with intact structure and 
no cells and cell fragments [12]. The next logical step 
is to create liver CECs, consisting of a tissue-specific 
matrix, liver cells (LCs), and bone marrow-derived 
multipotent mesenchymal stromal cells (BM-MSCs) 
with subsequent proof of its functional efficiency in  



73

REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

an experimental model of chronic liver failure (CLF), 
which was the purpose of this work.

maTerialS and meThOdS
To solve the set tasks, experimental studies were 

carried out on 60 male Wistar rats weighing 150–250 
grams. The animals were kept in a vivarium at 18–20 °C 
temperature on a mixed diet with free access to water. 
Experiments on the animals were carried out from 9 to 
19 hours at room temperature (t = 22–24 °C). All ma-
nipulations with the rats were carried out in accordance 
with the rules adopted by the European Convention for 
the Protection of Vertebrate Animals Used for Experi-
mental and Other Scientific Purposes (ETS No. 123) 
Strasbourg, 1986).

The experiments were carried out on 60 male Wistar 
rats weighing 250 grams. Of these, 10 rats were used as 
LC donors and 10 rats as liver donors for decellulariza-
tion. The experiment lasted for 180 days.

Rat liver fragments (n = 10) no larger than 2 × 2 × 2 mm  
in size were obtained using a scalpel and scissors. Decel-
lularization of rat liver fragments was carried out in three 
changes of phosphate-buffered saline (PBS) (138 mM 
NaCl, 2.67 mM KCl, 1.47 mM KH2PO4, 8.1 mM 
Na2HPO4, pH = 7.4) containing 0.1% sodium dodecyl 
sulfate and increasing Triton X-100 concentration: 1%, 
2% and 3% [12]. The total decellularization time was 
72 hours – 24 hours for each change of surfactants solu-
tion with magnetic stirrer. To obtain microparticles, de-
cellularized liver fragments were placed in the CryoMill 
RETSCH cryomill (Retsch GmbH, Germany) and milled 
in a mode that included 3 milling cycles for 3 minutes at 
25 Hz frequency. The fraction of 100–250 μm particles 
was separated using sieves of appropriate sizes.

Washing against surfactants included exposing the 
matrix to PBS containing an antibiotic (ampicillin, 20 
μg/mL) and an antimycotic (amphotericin B, 2.0 μg/
mL) for 96 hours. The washed samples were sterilized 
by γ-irradiation at 1.5 Mrad dose.

LCs and BM-MSCs were isolated and cultured in 
accordance with the general principles of carrying out 
culture studies on 10 male Wistar rats weighing 150 g.

To populate the decellularized liver matrix with cel-
lular components according to a known technique [15], 
we used the previously established optimal cell ratio: 
LCs : BM-MSCs = 5 : 1 [17]. Prior to implantation, LCs 
and BM-MSCs were co-cultivated in the same 5 : 1 ratio 
for 3 days.

It should be noted that the introduction of BM-MSCs 
into the cellular component of CECs is due to their ability 
to induce cell proliferation processes, including through 
their own transdifferentiation [17].

The functional efficacy of the resulting liver CECs 
was evaluated in the CLF model.

CLF was modeled on male Wistar rats weighing 250 g 
(n = 40) by inoculating rats with CCl4 solution according 
to our modified scheme [16]. Control of the adequacy 

of the created CLF model was assessed by the level of 
mortality and survival of the animals, the state of blood 
biochemical parameters, and morphological characte-
ristics of the liver state. At the CLF modeling stage,  
9 rats (22.5%) died.

As a result, after CLF modeling, the surviving rats 
with the experimental CLF model were divided into  
2 groups: control group 1 (16 animals) – saline was in-
jected into the parenchyma of the damaged liver, and 
experimental group 2 (15 animals) – liver CECs were 
injected into the parenchyma of the damaged liver 7 days 
after CCl4 injection. Immunosuppression was not used.

The rats from the control and experimental groups 
were taken out of the experiment on days 28–30, day 90 
and day 180 by intraperitoneal administration of sodi-
um thiopental in a dosage causing respiratory arrest. At 
the aforementioned periods, before complete respiratory 
arrest, venous blood was taken for biochemical studies. 
Liver function (ALT, ASAT, bilirubin, gamma-glutamyl 
transpeptidase (GGT), alkaline phosphatase levels) was 
studied using clinical chemistry analyser Reflotron™ 
(Roche, Switzerland) with special Reflotron™ test strips 
(measurement accuracy: ±0.5%; reproducibility: ≤0.2%; 
linearity: ±0.05%).

After complete respiratory arrest, the liver was ex-
planted for morphological studies. We performed biop-
sies of healthy and damaged liver: liver failure without 
treatment – control; liver failure with treatment, studies 
were carried out in the CECs implantation areas and 
outside at days 28–30, day 90, and day 180 of the ex-
periment. Data from light microscopy with staining of 
sections (H&E stain, Van Gieson and Mallory stains) 
were evaluated. We used a Leica DM 6000 B microscope 
and a Leica LTDCH 9435 camera (Germany).

Morphometric analysis was performed using the Ima-
geScopeM software (Systems for Microscopy and Ana-
lysis, Russia) using a Leica DM 1000 microscope and a 
Leica LTDCH 9435 DFC 295 camera (Leica Camera AG, 
Germany). The presence of cirrhosis was determined 
morphometrically (counting the number of false lobules); 
specific area of connective tissue (%ratio to the total area 
of the liver section) [18, 19].

The viability of LCs in liver CECs was assessed using 
immunohistochemical staining with hepatocyte specific 
antigens (OCH1E5).

The results were statistically processed using statisti-
cal analysis software package BioStat. The significance 
of differences was assessed by Student’s t-test, with the 
Bonferroni correction taken into account.

reSulTS and diScuSSiOn
After inoculation, the clinical condition of the sur-

viving animals was characterized by decreased body 
weight, adynamia and partial baldness. After inoculation, 
during the entire experiment (180 days), 50% (n = 8) 
more rats in the control group died against the back-
ground of CLF at different times. In the experimental 
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Fig. 1. Rat liver after injection, 42 days

group, the survival rate by the same period was 100%.  
In this regard, assessment of functional and morphologi-
cal changes in the liver of the experimental rats after CLF 
modeling was studied in 8 and 15 rats in the control and 
experimental groups, respectively. Absence of mortality 
in the experimental group allowed us to conclude that the 
implanted CECs had a positive effect on the survival rate 
of the CLF model rats. Fig. 1 shows a macropreparation 
of rat liver after the end of inoculation, i.e. day 42 from 
the start of CCl4 inoculation. The liver was dense and 
enlarged. The surface was shallowly, finely grained, with 
rounded edges.

Microscopically, within the first month after the end 
of inoculation, a typical picture of cirrhotic transforma-
tion of the liver architectonics with progressive disorder 
in its structure at later follow-up periods (especially at 
days 60 and 90) due to connective tissue proliferation 
and emerging fibrosis was revealed (Fig. 2).

After decellularization [12], liver fragments were 
washed completely of LCs (Fig. 3), followed by coloni-
zation of the resulting tissue-specific matrix with cellular 
components of LCs and BM-MSCs.

The histological data presented in Fig. 4 demonstrate 
the presence of adherent hepatocytes on the decellula-
rized matrix of rat liver.

At day 90 and 180 after implantation of CECs, repre-
senting finely dispersed particles of decellularized liver 
tissue with LCs and BM-MSCs seeded on it in a 5 : 1 
ratio, viable and functioning hepatocytes were detected 
(Fig. 5).

At day 90, donor liver cells co-cultured with  
BM-MSCs formed associates of viable and functionally 
active cells within CECs. There were no pronounced 
inflammatory reactions and signs of rejection. Similar 
data were obtained at day 180 of CECs implantation.

To quantify the changes occurring in the liver struc-
ture of the CLF model rats in both groups, a morpho-

metric study of the state of non-parenchymal structures 
(determination of the specific area of connective tissue 
and the number of false lobules in the liver) was carried 
out at different times for 180 days. It was found that 
in group 2, 60–90 days after administration of CECs, 
restoration of both parenchyma and non-parenchymal 

 

Fig. 2. Rat liver tissue after CLF modeling (CCl4 injection = 42 days). a) 90 days, false lobules. Mallory staining for connecti-
ve tissue. Microscope magnification 100×. b) 180 days, formed false lobules, sclerosis and cirrhosis. Van Gieson’s stain. 100×
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Fig. 3. Fragment of decellularized rat liver. H&E stain. 200×

Fig. 4. Hepatocytes adhered to the tissue-specific liver mat-
rix: M – decellularized liver matrix; H – adhered hepatocy-
tes; 2nH – binuclear hepatocytes. H&E stain. 400×

H

М

2nH

Fig. 5. Histological liver preparations in the CEC transplan-
ted area (LC : МMSC BM = 5 : 1) in the parenchyma of 
the damaged liver: viable hepatocytes at 90 (a) and 180 (b) 
days. Immunohistochemical study with hepatocyte-specific 
antigens (OCH1E5) – positive granular cytoplasmic staining; 
c – Bile production (green arrow) by transplanted hepatocy-
tes. H&E stain, 400×
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structures occurred. This is confirmed by a dynamic 
morphometric study of the decrease in the specific area 
of the liver connective tissue and the number of false 
lobules in it (Fig. 6).

Liver function was assessed over time by measuring 
the serum biochemical parameters. Determination of 
the level of cytolysis enzymes (ALT, ASAT, ALP) in 
the blood serum of the rats (Fig. 7) made it possible to 
establish a sharp increase in the level of these enzymes 

during the first 2 weeks of inoculation. After the end of 
the inoculation, 7 days later, ALT and AST levels incre-
ased by more than 4.5 and 3 times, respectively, while 
ALP levels increased by almost 5 times. 28–30 days 
after the end of the inoculation, the levels of cytolysis 
enzymes decreased, but continued to remain at a signifi-
cantly (p < 0.05) higher level for a long time (Fig. 7) for 
180 days compared with normal values in intact animals.  
In the experimental group, cytolytic processes were also 
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Fig. 6. Dynamic morphometric assessment of the state of non-parenchymal structures of the rat liver during CLF modeling 
and CEC implantation. a – change in the specific area of connective tissue; b – counting the number of false lobules in the 
liver: group 1 – control (saline); group 2 – liver CEC. * The difference is significant compared to the level of the indicator in 
the rat liver in the control group, p < 0.05
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Fig. 7. Dynamics of normalization of the cytolysis enzymes level (ALT, AST, ALP) in the blood serum of rats after CLF mo-
deling and CEC implantation. Level for healthy rats: ALT up to 40 IU/L; AST – up to 60 IU/L; ALP – up to 350 IU/L. a, b, 
e – observation period 28 days; b, d, f – observation period 180 days. * The difference is significant compared to the level of 
enzymes in the control (group 1); p < 0.05
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observed in the liver parenchymal cells, but which were 
significantly less intense than in the control group. The 
corresponding indicators reached normal values by 30 
days after CECs implantation, while for the control, the 
AST, ALT, and ALP levels normalized only at day 180 
of the experiment (Fig. 7).

The serum gamma-glutamyl transpeptidase (γ-GTP) 
and bilirubin levels in the experimental animals remained 
within the normal range at all follow-up periods.

The observed effects could be due to stimulation of 
the intrinsic regenerative potential of the damaged liver 
during CECs implantation, or by the active functioning 
of the transplanted cells within CECs based on the de-
cellularized liver matrix.

cOncluSiOn
Implantation of the proposed CECs provides a more 

rapid normalization of biochemical blood parameters 
and structural disorders in the damaged rat liver (at day 
30 after introduction of CECs instead of day 180 as was 
obtained in the control) and reduced animal mortality 
from 50% to 0% due to earlier activation of viable LCs 
proliferation processes and faster formation of new blood 
vessels.

Thus, the outcomes obtained prove that liver CECs 
implanted into the liver parenchyma of laboratory CLF 
model animals have a functional activity.

The authors declare no conflict of interest.
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