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ABSTRACT 

Cell-based therapy and tissue engineering are promising substitutes for liver transplantation to cure end-stage liver 

disorders. However, the limited sources for healthy and functional cells and poor engraftment rate are main chal-

lenges to the cell-based therapy approach. On the other hand, feasibility of production and size of bioengineered 

tissues are primary bottlenecks in tissue engineering. Here, we induce regeneration in a rat fibrotic liver model by 

transplanting a natural bioengineered scaffold with a native microenvironment repopulated with autologous 
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stem/progenitor cells. In the main experimental group, a 1 mm3 stromal derived factor-1α (SDF-1α; S) loaded 

scaffold from decellularized liver extracellular matrix (LEM) was transplanted (Tx) into a fibrotic liver and the 

endogenous stem/progenitor cells were mobilized via granulocyte colony stimulating factor (G-CSF; G) therapy. 

Four weeks after transplantation, changes in liver fibrosis and necrosis, efficacy of cell engraftment and differen-

tiation, vasculogenesis, and liver function recovery were assessed in this (LEM-TxSG) group and compared to the 

other groups. We found significant reduction in liver fibrosis stage in the LEM-TxSG, LEM-TxS and LEM-TxG 

groups compared to the control (fibrotic) group. Liver necrosis grade, and alanine transaminase (ALT) and aspar-

tate transaminase (AST) levels dramatically reduced in all experimental groups compared to the control group. 

However, the number of engrafted cells into the transplanted scaffold and ratio of albumin (Alb) positive cells per 

total incorporated cells were considerably higher in the LEM-TxSG group compared to the LEM-Tx, LEM-TxS 

and LEM-TxG groups. Serum Alb levels increased in the LEM-Tx, LEM-TxS, and LEM-TxG groups, and was 

highest in the LEM-TxSG group, which was significantly more than the fibrotic group. Small vessel formation in 

the LEM-TxSG group was significantly higher than the LEM-Tx and LEM-TxS groups. Totally, these findings 

support application of the in vivo tissue engineering approach as a possible novel therapeutic strategy for liver 

fibrosis. 

 

Keywords: Liver extracellular matrix scaffold, stromal derived factor-1α, granulocyte colony stimulating factor, 

endogenous progenitor cells mobilization, in vivo tissue engineering, liver fibrosis 

 

 

INTRODUCTION 

The liver is a vital and complicated organ 

that contributes to most biochemical pro-

cesses of metabolism, homeostasis, and de-

toxification (Ma et al., 2016; Zhang et al., 

2018). Unfortunately, because of sedentary 

lifestyles, deaths caused by liver diseases are 

increasing worldwide (Mazza et al., 2015). 

While liver transplantation is the gold stand-

ard treatment for end-stage liver diseases, this 

therapy is limited because of the shortage of 

suitable donors, intensive surgery and possi-

bility of transplanted organ rejection 

(Nobakht Lahrood et al., 2020; Lotfinia et al., 

2016). Furthermore, the main restriction of 

cell therapy approaches, as an alternative 

treatment, is poor cell engraftment, especially 

in the cases of liver fibrosis and cirrhosis, 

which are the consequences of all chronic 

liver diseases (Lee et al., 2016; Yang et al., 

2018; Oldhafer et al., 2016). Liver fibrosis 

leads to progressive replacement of functional 

liver tissue with collagen I/III-rich extracellu-

lar matrix (ECM) (Shiha et al., 2020). In this 

situation, the fibrotic liver tissue disrupts both 

hepatic specific functions and the normal ar-

chitecture, which precludes their competency 

for cell homing. Although some studies have 

shown the effective role of cells or stem cells’ 

therapy for the treatment of liver fibrosis, this 

approach remains constricted by major issues 

such as the number of cells, route of cell trans-

plantation, low cell proliferation and survival 

rate, and ectopic cell homing and unexpected 

differentiation that may lead to oncogenicity 

of the transplanted cells (Forbes et al., 2015; 

Eom et al., 2015; Shiha et al., 2020).  

Besides the cell therapy approach, bioen-

gineering strategies have emerged that deal 

with developing transplantable bioengineered 

liver tissues as a promising alternative in vivo 

treatment or for long-term hepatic functional 

restoration in vitro. Successful tissue engi-

neering depends on synergy of a suitable 

three-dimensional (3D) scaffold to support 

contributing cell engraftment and angiogene-

sis, as well as active biomolecules and a dy-

namic microenvironment, which are the ma-

jor parameters that lead to subsequent func-

tionality of the developed construct (Zhang et 

al., 2018; Lee et al., 2017).  
Because of the presence of tissue-specific 

components, the liver extracellular matrix 

(LEM) can provide an ultimate suitable mi-

croenvironment for liver tissue engineering in 

terms of cell attachment, differentiation, pro-

liferation, and function (Sellaro et al., 2010). 

A LEM-derived scaffold obtained through de-

cellularization method, by retaining native tis-

sue organization and vascular microarchitec-

ture could provide a perfusion system for bet-

ter survival and maintenance of engrafted 

cells (Zhang et al., 2009). Current studies 
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have assessed decellularization approaches 

that preserved the microstructure, vascular 

pattern, and biochemical and biophysical 

characteristics of native liver ECM, which in-

dicates significant advancements in tissue en-

gineering (Uygun et al., 2010; Damania et al., 

2018).  

Achievement of in vitro tissue engineer-

ing depends on the availability of suitable cell 

sources, strategies used for cell isolation and 

expansion, and cell penetration into a 3D scaf-

fold (Sauer et al., 2014), all of which are main 

limiting factors for this approach. Accord-

ingly, promising attempts have been made for 

alternative in vivo tissue engineering, in 

which a single component of traditional triad 

for tissue engineering or their combination is 

directly implanted in the body to provide sup-

port for neotissue formation (McCullen et al., 

2011). This strategy may have distinct ad-

vantages over in vitro tissue engineering, 

mainly through the recruitment of endoge-

nous cells. Because of a natural bioreactor 

provided by the circulatory system (Martinod 

et al., 2017; Jana et al., 2019), in addition to 

local angiogenesis that provides necessary 

nutrient and environmental factors, the con-

tinuous endogenous cell mobilization im-

proves homing, survival, proliferation, and 

differentiation at the site of the regenerating 

tissue (Leyendecker et al., 2018; Mazza et al., 

2018). 

Many studies reported the participation of 

endogenous hematopoietic and mesenchymal 

stem cells in liver regeneration after a liver in-

jury (Ahmadi et al., 2018; Wesson and 

Cameron, 2011; Zhai et al., 2018). Exogenous 

stem cells would decrease both the safety and 

efficiency of tissue regeneration because of 

immune system activation and graft rejection. 

Also, isolation and preparation of autologous 

stem cells is time consuming and in vitro 

maintenance of the functionality and quantity 

of these cells remains to be determined 

(Ahmadi et al., 2018; Zhai et al., 2018). 

Therefore, mobilization of endogenous stem 

and progenitor cells has gained momentum 

for in vivo tissue engineering approaches (Hu 

et al., 2019). 

In the in vitro tissue engineering ap-

proaches, selection of an appropriate cell 

source, an appropriate method for the cell and 

scaffold combination, the size of the engi-

neered construct, induction of angiogenesis, 

and possibility of necrotic center formation 

are other main challenges (Park et al., 2016). 

Attempts at the in vivo tissue engineering 

approach not only recruit endogenous cells 

but also provide circulating growth factors 

and cytokines, and stimulate angiogenesis in 

the created tissue. Consequently, under such 

conditions, an efficient supply of oxygen and 

nutrients in the constructing microenviron-

ment can lead to long-term cell survival and 

keep the tissue-specific functions of the con-

tributing cells (Vishwakarma et al., 2019).  

Hence, the in vivo development of biomi-

metic engineered liver tissue constructs by en-

dogenous cells and suitable native scaffold 

transplantation allows us to overcome diffi-

culties such as technical handling of the graft 

and prevention of necrotic areas through neo-

angiogenesis and connection of new vessels 

with the host vascular system (Tadakuma et 

al., 2013).  

The mechanisms of hepatic regeneration 

after a liver injury are well-understood. The 

proliferation of mature hepatocytes and local 

stem cells promptly regenerates the liver mass 

and function in sub-lethal settings. When this 

mechanism is blocked or is insufficient, mo-

bilized bone marrow-derived stem cells 

(BMSCs) participate in regeneration of the in-

jured liver. Pharmacological mobilization of 

BMSCs has emerged as the standard of care 

for patients with liver failure who require 

liver transplantation (Ahmadi et al., 2018; 

Danilova et al., 2019).  

Current investigations have found many 

factors involved in BMSC mobilization (Fu et 

al., 2019). Granulocyte colony stimulating 

factor (G-CSF) and stromal derived factor-1 

(SDF-1)/CXC chemokine receptor 4 

(CXCR4) axis play critical roles in BMSC 

mobilization, chemo-attraction, and homing 

of cells to the site of the injury. Some studies 

demonstrated that the combination of such 

factors could promote liver regeneration 
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(Zhai et al., 2018). Therefore, optimization of 

autogenous BMSCs mobilization could be ef-

fectively utilized to treat patients with end-

stage liver failure (Ahmadi et al., 2018; Fu et 

al., 2019).  

The aim of this study was to induce regen-

eration in rat fibrotic liver tissue through an in 

vivo tissue engineering approach. For this 

purpose, we transplanted a xenograft of a 

SDF-1α loaded mouse liver ECM, as a chem-

oattractant scaffold for cell penetration, and 

mobilized endogenous cells, via G-CSF ther-

apy in an attempt to improve cell engraftment 

in the scaffold. The results provided a proof-

of-concept for regeneration of fibrotic liver 

using cell-free liver ECM scaffolds and in-

duction of G-CSF/SDF-1α axis for endoge-

nous cell recruitment. 

   

MATERIALS AND METHODS 

The current study was approved by the 

Ethical Review Board at Royan Institute for 

Stem Cell Biology and Technology, Tehran, 

Iran (code no: 

IR.ACECR.ROYAN.REC.1395.182). All 

materials were purchased from Sigma-Al-

drich (St. Louis, MO, USA) unless otherwise 

stated. 

 

 Preparation of liver extracellular matrix 

scaffold 

Liver decellularization was performed on 

a male healthy adult NMRI mouse using the 

cryochemical method, according to Jiang et 

al. (2014) with minor modifications. After 

deep anesthesia, the portal vein was cannu-

lated with a 22-G needle and perfused with 

PBS for 10 min, then the liver was frozen at 

80 °C for 24 h. Next, the frozen liver was 

thawed and perfused with 2.5 % Triton-X100 

and 0.25 % NH4OH until the liver became 

clear and transparent. The LEM was sliced 

and labeled with fluorescein isothiocyanate 

(FITC). Briefly, the LEM was immersed in a 

solution of 0.1 M sodium carbonate buffer 

(pH 9) under continuous shaking, followed by 

treatment with ammonium chloride (50 mM) 

and glycerol (5 % v/v). Finally, the FITC-la-

beled LEM were cut into 1×1 mm pieces and 

stored at -20 °C until transplantation (Figure 

1a). 

 

Characterization of the liver extracellular 

matrix  

Histological analysis 

For histological characterization, 6 µm 

thick sections were prepared from the LEM 

and intact liver after formalin fixation and 

paraffin embedding. The sections were 

stained using hematoxylin and eosin (H&E) 

or 4',6-diamidino-2-phenylindole (DAPI; 

D8417) to evaluate the presence of cellular 

components. Masson’s trichrome (MT) stain-

ing was performed to visualize the presence 

of collagen.  

Preservation of laminin and fibronectin  

assessments 

In order to confirm preservation of the 

main ECM glycoproteins in the LEM, the tis-

sue sections were immunofluorescently 

stained using primary antibodies against lam-

inin (ab30320, Abcam) and fibronectin 

(ab2413, Abcam). Then, the sections were in-

cubated with Alexa Fluor 568- or 488-conju-

gated secondary antibodies (A100-40, Invi-

trogen and ab97199, Abcam, respectively). 

The nuclei were counterstained with DAPI. 

The stained sections were analyzed using a 

fluorescent microscope (BX51; Olympus, Ja-

pan). 

DNA content analysis  

Quantification of DNA content in the 

LEM and intact liver was performed as previ-

ously described (Saheli et al., 2018; Nobakht 

Lahrood et al., 2020) using the phenol-chlo-

roform assay. Briefly, the samples were cut 

into small pieces and digested with proteinase 

K (03115836001; Roche, Mannheim, Ger-

many) at 56 °C. Centrifugation was per-

formed and the supernatant was collected. 

Then, the DNA fragments were sedimented, 

washed with cold ethanol, and dried. Finally, 

the DNA fragments were dissolved in dis-

tilled water and the absorbance was quantified 

at 260 nm using a spectrophotometer (WPA 

Biowave II, Cambridge, UK).
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Figure 1: Liver-derived extracellular matrix preparation and characterization. a) Representative 
scheme for the main steps of liver perfusion, cryochemical decellularization, and labeling. For this pur-
pose, the portal vein was cannulated and perfused with PBS, then the liver was frozen, thawed and 
perfused with Triton-X100 and Ammonium hydroxide until the liver became clear and transparent. The 
liver extracellular matrix (LEM) was sliced and labeled with fluorescein isothiocyanate (FITC), to be 
detectable in the transplantation site. b) Micrographs of liver and LEM sections stained with hematoxylin 
and eosin (H&E, to show the presence or absence of native cells), 4',6-diamidino-2-phenylindole (DAPI, 
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to demonstrate nuclei elimination), or stained with Masson’s trichrome (MT, to show collagen preserva-
tion after decellularization). c) Immunofluorescent micrographs of liver sections and LEM to visualize 
the retention of laminin and fibronectin in the LEM. As can be seen, both important glycoproteins re-
tained in the resultant LEM as well as native liver tissue. d and e) DNA and collagen content quantifica-
tion assays, as two important parameters for quality of resultant ECM, confirmed efficient DNA removal 
and preservation of collagen content during the decellularization process. ****P<0.0001 

 

 

Collagen content assessment 

The collagen content in the resultant LEM 

and intact liver was measured according to 

Namiri et al. (2018) using colorimetric Bly-

scan assay kits (Biocolor, Carrickfergus, UK). 

Briefly, the samples were digested with 0.1 M 

HCl‐pepsin and incubated in a solution that 

included Sirius red dye. Collagen content was 

defined by measuring the absorbance at 555 

nm (WPA Biowave II, Cambridge, UK). 

 

Stromal derived factor-1α immobilization to 

the liver extracellular matrix 

After LEM characterization, mouse re-

combinant SDF‐1α (PeproTech) was loaded 

into the scaffold according to Namiri et al. 

(2018) using an m‐maleimidobenzoyl‐N‐hy-

droxysulfosuccinimide ester (sulfo-MBS). 

For this purpose, the LEM slices were im-

mersed in 1 mg/ml sulfo‐MBS in PBS for 1 h, 

then incubated in a solution of 500 ng/ml 

SDF‐1α in PBS for 4 h. Free SDF‐1α was re-

moved by washing three times with PBS. Fi-

nally, the amount of immobilized SDF‐1α 

was measured by quantification of remaining 

growth factor in the washing solutions by us-

ing an SDF‐1α sandwich enzyme‐linked im-

munosorbent assay (ELISA, MCX120 R&D 

Systems) kit. 

 

Animal model of liver fibrosis and  

experimental groups  

Liver fibrosis was induced in male Wistar 

rats (6 weeks old) according to Wallace et al. 

(2015), using an intraperitoneal (IP) injection 

of thioacetamide (TAA) dissolved in normal 

saline that was administered at a dose of 240 

mg/kg, three times per week for 16 weeks. 

The healthy rats (n=5) each received an IP in-

jection of normal saline (normal group). The 

fibrotic liver model rats were randomly di-

vided into six experimental groups (n≥5 per 

group, Figure 2a), as follows: i) fibrotic 

group, which were sacrificed at the end of 

TAA administration at the 16th week; ii) non-

transplanted (Non-Tx) group, which were 

sacrificed four weeks after the last injection of 

TAA (week 20); iii) LEM-transplanted 

(LEM-Tx) group, received the LEM trans-

plantation at the end of the 16th week and were 

sacrificed at the 20th week; iv) LEM-TxS 

group, which was the same as the former 

group but received a transplantation of SDF-

1α loaded LEM; v) LEM-TxG group, which 

was the same as the LEM-Tx group, but they 

received an IP injection of 100 µg/kg G-CSF 

after LEM transplantation; and vi) LEM-

TxSG group, which received a transplantation 

of SDF-1α loaded LEM and treatment with G-

CSF. At the appropriate times (at the end of 

the 16th or 20th week), the rats were sacrificed 

by cervical dislocation, and their blood and 

liver tissue samples were harvested for further 

evaluations. 

 

Surgical procedure and liver extracellular 

matrix transplantation 

LEM transplantation was performed ac-

cording a method created by our laboratory at 

Royan Institute, Tehran, Iran. Briefly, the 

mice were anesthetized by inhalation of 

isoflurane and placed on a warm stage 

(37 °C), then the abdominal skin was shaved 

and disinfected by 70 % ethanol. After open-

ing the abdominal wall, an incision was made 

in the middle lobe of the liver with a number 

11 surgical razor. Finally, a 1 mm3 piece of 

LEM was placed in the incision area and the 

incision was covered with biological glue to 

prevent bleeding.
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Figure 2: The impact of the treatment regimens on histopathologic characteristics of the liver. a) 
The scheme simply shows the experimental groups and their interventions as well as sampling time 
points. Normal group: healthy rats; Fibrotic group: the rats which were sacrificed after 48 times of TAA 
administration at the end of 16th week; Non-transplanted (Non-Tx) group: the rats which were sacrificed 
4 weeks after the last injection of TAA; LEM-transplanted (LEM-Tx) group, received the LEM transplan-
tation at the end of the 16th week and were sacrificed at the 20th week; LEM-TxS group: which was the 
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same as the former group but received a transplantation of SDF-1α loaded LEM; LEM-TxG group: which 
was the same as the LEM-Tx group, but they received an IP injection of 100 µg/kg G-CSF after LEM 
transplantation; LEM-TxSG group: which received a transplantation of SDF-1α loaded LEM and treat-
ment with G-CSF. b) Masson’s trichrome (MT) staining of liver sections representatively demonstrate 
thick periportal fibrotic tissue in the fibrotic, Non-Tx and LEM-Tx groups, and some fibrolysis in the LEM-
TxS, LEM-TxG and LEM-TxSG groups. c) Liver fibrosis stage quantification based on Rosai scoring 
(2011) confirms significant elevations (**P<0.01 and ***P<0.001) in the fibrotic, Non-Tx and LEM-Tx 
groups compared to the normal group. While there were no significant differences in the fibrosis stages 
of the LEM-TxS, LEM-TxG and LEM-TxSG groups in comparison to the normal group. d) Quantification 
of necrosis grade showed a significant reduction in all of the groups compared to the fibrotic group. 
*P<0.05 versus the other groups 

 

 

Evaluation of the treatment regimens in the 

fibrotic liver 

The animals were sacrificed four weeks 

after the last TAA injection or transplanta-

tions and corresponding samples were col-

lected to investigate the impact of the treat-

ment regimens on the fibrotic liver model. We 

were particularly interested in the main exper-

imental (LEM-TxSG) group, which received 

a transplant of SDF-1α loaded LEM in com-

bination with G-CSF therapy.  

Histopathological examinations 

For histopathological examinations, the 

liver tissues that contained the transplanted 

LEM were fixed and processed. After paraffin 

embedding and sectioning, H&E and MT 

staining were performed to quantify the fibro-

sis stage and necrosis grade. The fibrosis 

stage and necrosis grades (piecemeal necro-

sis, confluent necrosis, focal lytic necrosis, 

apoptosis, focal inflammation, and portal in-

flammation) in the liver sections were evalu-

ated according to a previously described 

method (Rosai, 2011) (Supplementary infor-

mation). Two pathologists, blinded to the 

groups, independently assessed and scored 

the fibrosis levels in the slides. 

Engrafted cells in the transplanted liver ex-

tracellular matrix and their fate 

In order to demonstrate the engrafted cells 

and their fate in the transplanted LEM, at four 

weeks following transplantation, the liver tis-

sue sections from the transplanted areas were 

stained with DAPI and immunostained 

against albumin (Alb) using (A80-229A, 

Bethyl Laboratories) a primary antibody and 

Alexa Fluor® 568 conjugated (ab175474) 

secondary antibody. The 6-µm-thick sections 

were stained with DAPI to quantify the total 

engrafted cells in the transplanted LEM. Af-

ter identifying the FITC-labeled transplanted 

LEM, 25 sections at an equal distance from 

each other were selected from each animal 

and all engrafted cells were counted using a 

fluorescent microscope with a 10× objective 

lens. Furthermore, the percent of Alb-positive 

cells per total engrafted cells in the trans-

planted LEM was calculated in the evaluated 

sections. 

Angiogenesis in the transplanted liver  

extracellular matrix 

We evaluated angiogenesis in the trans-

planted LEM by immunohistochemical anal-

ysis using anti-CD31, an endothelial cell 

marker, primary (ab28364) and HRP-conju-

gated secondary (65-6120, Invitrogen) anti-

bodies. Finally, the nuclei were counter-

stained with hematoxylin. Micrographs for a 

total of 30 random fields per group were cap-

tured and analyzed independently to calculate 

the number of blood vessels. We demon-

strated the criteria for small, medium, and 

large vessels by diameter according to 

Bukenya et al. (2020), as follows: small (ves-

sels without lumen), medium (vessels with lu-

men 2-10 µm in diameter), and large (vessels 

with lumen larger than 10 µm in diameter). 

Liver functions 

Serum samples were collected four weeks 

after transplantation for analysis of alanine 

transaminase (ALT), aspartate transaminase 

(AST), and Alb levels in the rats’ sera by 

commercially available kits (20764949322, 
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20764957322, 400-0029, respectively, 

Roche). 
 

Statistical analysis 

Data analysis was performed using 

GraphPad Prism 6.0. One-way repeated 

measures analysis of variance (ANOVA) fol-

lowed by the Tukey post hoc test for multiple 

group comparison or Kruskal-Wallis were 

presented as both number and percentage val-

ues. The data are presented as mean ± SD 

(standard deviation). P<0.05 was considered 

to be statistically significant. 

 

RESULTS  

Decellularization efficiency 

After complete decellularization of the 

liver lobes, we observed that they became 

translucent due to the removal of the cells, 

and the vascular structure was intact and visi-

ble (Figure 1a). Cell removal was qualita-

tively confirmed by histological analysis with 

H&E and DAPI staining, while MT staining 

showed the collagen content in the resultant 

LEM (Figure 1b). Preservation of laminin and 

fibronectin, which were determined by immu-

nofluorescence in the resultant LEM appeared 

to be the same as native liver tissue (Figure 

1c). Quantitative assessments of DNA and 

collagen content revealed that the DNA con-

tent of the LEM was less than 3.7 % of the 

original liver. However, there were no signif-

icant differences between collagen content of 

the resultant LEM and native liver tissue (Fig-

ure 1d).  

 

Validation of stromal derived factor-1α  

immobilization on the liver extracellular 

matrix 

We measured the unreacted growth factor 

in the washing solution to validate SDF‐1α 

immobilization onto LEM after the loading 

process. The amount of immobilized SDF-1α 

was 32 ± 6 ng/mg of the LEM.  

 

The impact of the treatment regimens to 

rescue fibrotic liver 

Reduction of liver fibrosis and necrosis 

Collagen deposition, as a fibrosis charac-

teristic, was evaluated by MT staining. In the 

fibrotic group, we observed thick considera-

ble collagenous septa in the periportal area of 

the liver lobules that also spread finely into 

the lobule parenchyma. This fibrotic condi-

tion was seen in the Non-Tx and LEM-Tx 

groups, while there was remarkable resolution 

in the fibrotic tissue in the LEM-TxS, LEM-

TxG, and LEM-TxSG groups (Figure 2b). 

Quantification of the fibrosis stages showed 

no significant differences in the fibrosis 

stages of the LEM-TxS, LEM-TxG and LEM-

TxSG groups compared to the normal group 

(Figure 2.c). Evaluation of necrosis grade 

showed a significant (P<0.05) increase in the 

fibrotic group in comparison to the other 

groups (Figure 2d).  

By taking into consideration these two pa-

rameters, it could be suggested that the LEM-

TxS, LEM-TxG and LEM-TxSG treatments 

could considerably rescue the fibrotic liver in 

terms of fibrosis stage and necrosis grade.  

Cell engraftment, differentiation, and resto-

ration of liver function  

We evaluated the total engrafted cells in 

the transplanted LEM four weeks after trans-

plantation in order to determine which treat-

ment regimens were more suitable for cell re-

cruitment in the fibrotic liver tissue (Figure 

3a). Quantitative findings clarified that the 

LEM-Tx group had the least cell engraftment; 

SDF‐1α loading or G-CSF therapy signifi-

cantly increased cell engraftment in the LEM-

TxS and LEM-TxG groups. Finally, simulta-

neous application of SDF‐1α loaded LEM and 

G-CSF therapy significantly enhanced cell 

engraftment compared to each treatment indi-

vidually (Figure 3b).  

Alb expression by the engrafted cells was 

considered to indicate cell differentiation to-

ward the hepatocyte fate. The percentage of 

Alb expressing cells among the total en-

grafted cells was calculated. The results indi-

cated that the lowest and the highest percent
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Figure 3: Endogenous cells engraftment and differentiation in the transplanted liver extracellular 
matrix to restore liver function. a) To demonstrate the engrafted cells and their fate in the transplanted 
LEM, four weeks after transplantation, the liver tissue sections from the transplanted areas were im-
munostained using antibody against Alb. 4',6-diamidino-2-phenylindole (DAPI) stained nuclei demon-
strated engraftment of cells in the transplanted fluorescein isothiocyanate (FITC)-labeled LEM in all 
experimental groups which received LEM transplantation. b) Quantification of the findings demonstrated 
that the LEM-Tx group had the least cell engraftment, while there was significantly more cell engraftment 
in the LEM-TxS, LEM-TxG and LEM-TxSG groups, respectively compared to their former groups. c) 



EXCLI Journal 2022;21:704-721 – ISSN 1611-2156 

Received: February 11, 2022, accepted: April 20, 2022, published: April 22, 2022 

 

 

714 

Furthermore, Alb expression by the engrafted cells was considered to indicate cell differentiation toward 
the hepatocyte fate. The quantitative data indicated that the lowest and the highest percent of Alb-
positive (Alb+) cells were in the LEM-TxG and LEM-TxSG groups, respectively. Taking together, com-
prehensive quantification analysis of total engrafted cells and the percentage of Alb+ cells demonstrate 
that transplantation of stromal derived factor-1α (SDF-1α) loaded LEM in combination with granulocyte 
colony stimulating factor (G-CSF) therapy provide a more suitable context for endogenous cell engraft-
ment and differentiation to hepatocytes. **P<0.01, ***P<0.001, ****P<0.0001. d) Comparison of serum 
levels of biomarkers for liver injury (alanine transaminase [ALT] and aspartate transaminase [AST]) and 
functionality (Alb) demonstrated some enhanced effectiveness for the LEM-TxSG group. Non-identical 
letters show significant differences to each other, at least at P<0.05. 

 

 

of Alb positive cells were in the LEM-TxG 

and LEM-TxSG groups, respectively (Figure 

3c).  

The serum levels of some specific liver bi-

omarkers were measured to investigate the 

impact of the differentiated cells on restora-

tion of fibrotic liver function. As expected, 

the amount of ALT and AST, as liver injury 

markers, significantly increased in the fibrotic 

group compared to the normal group. How-

ever, the levels of these markers decreased to 

normal levels in all of the other experimental 

groups (Figure 3d). Liver dysfunction mainly 

causes a reduction in serum Alb levels, and 

our results showed a dramatic decrease in this 

marker in the fibrotic group compared to the 

normal group. However, serum Alb levels in-

creased in the Non-Tx, LEM-Tx, LEM-TxS, 

LEM-TxG, and LEM-TxSG groups. The 

LEM-TxSG group had significantly higher 

Alb levels compared to the fibrotic, Non-Tx, 

and LEM-Tx groups (Figure 3d). 

Taken together, not only did cell engraft-

ment significantly improve in the LEM-TxSG 

group, but also the cell differentiation and he-

patic functions considerably increased with 

simultaneous use of SDF‐1α loaded LEM and 

G-CSF therapy in the fibrotic livers. 

Angiogenesis in the transplanted liver  

extracellular matrix  

Oxygen and metabolites are necessary for 

engrafted cells, as part of liver tissues; there-

fore, we evaluated new vessel formation in 

the transplanted LEM (Figure 4a). Although 

there was angiogenesis, we observed no sig-

nificant difference between the numbers of to-

tal blood vessels in the different groups. How-

ever, when we separately considered the num-

ber of small, medium or large vessels, we 

found a significant increase in the number of 

small blood vessels in the LEM-TxSG group 

compared to the LEM-Tx and LEM-TxS 

groups (Figure 4b). These findings suggested 

that concurrent applications of SDF‐1α 

loaded LEM and G-CSF therapy might ad-

vance neovascularization concerning small 

blood vessels. 

 

DISCUSSION 

Because of the complications with liver 

transplantation, cell therapy is considered to 

be an alternative treatment method for pa-

tients with end-stage liver diseases. However, 

poor engraftment of transplanted cells is a 

major limitation of cell-based therapy meth-

ods (Zhao et al., 2019; Wan et al., 2013). 

Therefore, generating bioartificial liver con-

structs by using tissue engineering ap-

proaches is a goal of recent studies.  

Selection of the best cell for bioartificial 

liver generation is a challenge in tissue engi-

neering approaches. Primary human hepato-

cyte isolation and expansion or the establish-

ment of an efficient protocol for stem cell dif-

ferentiation are the main limitations for 

achieving suitable cell sources. Moreover, 

handling of tissue constructs for transplanta-

tion and the risk of graft immune rejection are 

the difficulties for in vitro engineered tissue 

transplantation approaches (Leyendecker et 

al., 2018; Mazza et al., 2018; Ahmadi et al,. 

2018; Zhai et al., 2018; Saheli et al., 2018). It 

has not been possible to prepare critical phys-

iological signals that are involved in normal 

tissue regeneration in the body despite recent 
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Figure 4: Angiogenesis in the transplanted liver extracellular matrix. a) Four weeks following trans-
plantation, the liver tissue sections from the transplanted areas were immunostained against CD31 to 
demonstrate vascularization in the transplanted LEM. b) Quantitative analysis of the blood vessels 
shows that while there are no significant differences in the total vessels of all experimental groups which 
received LEM transplantation, the LEM-TxSG group has significantly more small vessels, which may be 
as representative for liver sinusoid, compared to the LEM-Tx and LEM-TxS groups. *P<0.05 

 

 

advances in the field of in vitro tissue engi-

neering, the use of various cell combinations, 

different biomaterials and biomolecules, and 

dynamic culture conditions (Martinod et al., 

2017; Jana et al., 2019). In order to overcome 

this limitation, some investigations have sug-

gested the use of natural bioreactor “the 

body” on in vivo tissue engineering ap-

proaches (Martinod et al., 2017). 

In this regard, it is expected that achieving 

an ideal strategy to create an in vivo biomim-

icking liver construct would need a scaffold 

that has a suitable microarchitecture and es-

sential biochemical cues, in addition to autol-

ogous non-immunogenic cells and biologi-

cally active molecules (Mattei et al., 2017). 

The goal of this study was the proof-of-

concept that is it possible to regenerate a fi-

brotic liver through in vivo tissue engineering 

using a xenograft of a LEM scaffold and re-

cruitment of autologous cells. Therefore, a 

xenograft of SDF-1α loaded mouse liver 

ECM was transplanted in a fibrotic liver rat 

model along with G-CSF therapy, which rein-

forced mobilization of rat endogenous bone 

marrow stem/progenitor cells. Our results 

demonstrated that this strategy led to in-

creased cell engraftment and differentiation to 

a hepatic fate in the transplanted LEM, as well 

as improvements in hepatic functions in the 

fibrotic liver model. 

The transition from cell differentiation 

and proliferation to formation of a tissue con-
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struct is aided by the constant and dynamic in-

terrelationship between cells and the ECM 

(Nelson and Bissell, 2006). Liver-specific 

ECM, which is available after organ decellu-

larization could provide a permissive micro-

environment to support stem/progenitor cell 

differentiation to hepatocytes via cell to ma-

trix interactions (Naeem et al., 2019; Mao et 

al., 2020). Recent findings showed that a spe-

cific 3D of the ECM had a significant impact 

on the ability of stem cells and other cells to 

regenerate (Badylak, 2007). On the other 

hand, weak diffusion would not provide oxy-

gen and nutrition to cells of liver constructs 

and threaten liver cell viability (Zhao et al., 

2019). The vascular networks in the native 

liver ECM could provide a perfusion system 

and support cell viability (Badylak, 2007; 

Shimoda et al., 2019).  

Recent advances showed that intrahepatic 

transplantation of a liver ECM derived scaf-

fold supported migration and survival of he-

patic progenitor cells and hepatocytes. There-

fore, in situ recellularization of this trans-

planted scaffold could promote hepatic func-

tionality. The results showed better angiogen-

esis in the liver construct and the major obsta-

cle of construct transplantation, the lack of a 

perfusion system, was overcome (Saleh et al., 

2020). 

The aim of some studies was to achieve 

native LEM with an intact vascular network 

template by a suitable method for liver decel-

lularization (Mattei et al., 2017). In this study, 

we used physical and chemical approaches for 

whole liver decellularization. According to a 

previous report, our results showed that this 

method could preserve biochemical charac-

teristics and vascular architecture of the liver 

in the LEM, which made the scaffold favora-

ble for recellularization and revascularization 

after transplantation (Jiang et al., 2014).  

Shimoda et al. (2019) transplanted a cell-

free decellularized LEM-derived scaffold into 

a porcine partial hepatectomy model. The 

acellular scaffold was infiltrated by Alb posi-

tive hepatocytes, which implied that the natu-

ral liver scaffold retained sufficient biochem-

ical and/or biophysical signals to induce both 

proliferation and differentiation of nearby 

liver progenitor cells. These findings suggest 

that implantation of LEM-derived scaffolds 

could promote in situ liver construct organi-

zation after liver resection. 

The recruitment of endogenous hemato-

poietic and mesenchymal stem cells, and en-

dothelial progenitor cells (EPCs) plays a crit-

ical role in liver regeneration when hepato-

cyte compensatory proliferation and liver 

stem cell activation are insufficient (Ahmadi 

et al., 2018; Zhai et al., 2018) reported that 

pharmacological mobilization of stem cells in 

a partial hepatectomy rat model promoted 

liver regeneration and improved hepatic func-

tions (Zhai et al., 2018).   

The expression of many chemokines, such 

as SDF-1α, play critical roles in progression 

or suppression of liver disease (Liepelt and 

Tacke, 2016; Saiman et al., 2015). Current 

studies show a potential protective role by 

SDF-1α during liver damage and a fundamen-

tal role in liver regeneration by activation of 

liver stem and stellate cells (Liu et al., 2015; 

Saiman et al., 2015). On the other hand, cir-

culating hematopoietic stem/progenitor cells, 

MSCs and EPCs contain the CXCR-4 surface 

marker that has a high affinity to their own 

specific ligand, SDF-1α (Liepelt and Tacke, 

2016). The CXCR-4/SDF-1α pathway could 

boost migration and homing of such circulat-

ing cells in the injured liver and their recruit-

ment in the regeneration process. Liu et al. 

(2015) reported that increasing SDF-1α is the 

key factor for promotion of MSCs migration 

to a fibrotic liver and could attenuate liver 

damage in a CCl4-induced liver fibrosis mice 

model. 

G-CSF is a hematopoietin that motivates 

and mobilizes stem/progenitor cells in bone 

marrow (Chen et al., 2019). G-CSF therapy 

has been shown to attenuate liver damage and 

improve liver function through increasing the 

homing of stem/progenitor cells into liver tis-

sues (Chen et al., 2019). Furthermore, G-CSF 

could modulate inflammation and provide a 

suitable context for tissue regeneration 

(Philips et al., 2019). Chen et al. (2019) re-

ported that IP injection of G-CSF increased 



EXCLI Journal 2022;21:704-721 – ISSN 1611-2156 

Received: February 11, 2022, accepted: April 20, 2022, published: April 22, 2022 

 

 

717 

the efficacy of MSCs therapy in an acute liver 

failure model. G-CSF ameliorated liver injury 

by enhancing liver homing and proliferation 

of the MSCs that were infused through the tail 

veins of mice. On the other hand, G-CSF in-

hibited inflammation and liver cell apoptosis 

via a reduction in oxidative stress and, finally, 

improved hepatic function. 

Nevertheless, in the end-stage liver dis-

eases, collagen fiber synthesis leads to fibrous 

tissue formation, which restricts cell infiltra-

tion and makes liver recovery impossible by 

pharmacological cell mobilization. Under 

these situations, tissue engineering ap-

proaches should be considered as promising 

alternatives for liver regeneration (Ahmadi et 

al., 2018; Hu et al., 2019; Shiha et al., 2020). 

Cell-free scaffold transplantation and phar-

maceutical induction of cell mobilization for 

in situ recellularization of decellularized liver 

ECM are proposed to be efficient attempts for 

treatment of a liver fibrosis model.  

Consequently, we investigated attenua-

tion of liver fibrosis by creating bioartificial 

liver microtissues in the liver microenviron-

ment. We employed cell-free LEM and in 

vivo recellularization optimized by SDF-1α 

loading on the scaffold and G-CSF treatment. 

Our results showed a decrease in liver fibrosis 

after scaffold transplantation and simultane-

ous treatment with SDF-1α and/or G-CSF. 

Therefore, there was no difference in the fi-

brosis stages of the LEM-TxS, LEM-TxG and 

LEM-TxSG groups compared to the normal 

group. Damania et al. (2018) introduced de-

cellularized liver-derived scaffolds as a po-

tential hepatocyte carrier in bioartificial liver 

support systems and a regenerative scaffold 

for in vivo tissue engineering. They showed 

that the scaffolds could recellularize and inte-

grate with native liver tissue to promote liver 

function in an animal model of liver failure. 

Moreover, we demonstrated that the simulta-

neous application of SDF-1α and G-CSF con-

siderably increased cell homing into the trans-

planted scaffold. Furthermore, differentiation 

of the engrafted cells into hepatocytes could 

be significantly induced by simultaneous ap-

plication of SDF-1α and G-CSF.  

Enhanced engraftment of cells and 

hepatocytic differentiation can cause im-

provements in liver function. Our evaluation 

of liver-specific functionality biomarkers 

showed that serum levels of ALT and AST in 

all of the groups that received the scaffold 

grafts and in the non-transplanted group sig-

nificantly decreased compared to the fibrotic 

groups and reached the normal level four 

weeks after intervention. Reductions in serum 

ALT and AST levels confirmed recovery of 

hepatic function after transplantation in the 

liver fibrosis model (Liao et al., 2020). We 

observed that Alb secretion was significantly 

higher in the LEM-TxSG group compared to 

the fibrotic, non-transplanted, and LEM-Tx 

groups. Consequently, better liver functional-

ity could be achieved by co-administration of 

SDF-1α and G-CSF with the LEM transplan-

tation.  

Providing a perfusion system is a critical 

issue for survival and proliferation of en-

grafted cells in the scaffolds after transplanta-

tion. If this does not happen, a necrotic center 

in the transplanted construct would be formed 

(Park et al., 2016). Our decellularization 

method could protect the vascular architec-

ture of the liver. Therefore, our immunostain-

ing results demonstrated efficient re-endothe-

lialization of the pre-existing vascular net-

work of the scaffold after transplantation. We 

evaluated the total number of blood vessels 

four weeks after transplantation and found no 

differences in the LEM transplanted groups. 

However, the number of small blood vessels 

were significantly higher with co-administra-

tion of SDF-1α and G-CSF compared to the 

LEM-Tx and LEM-TxS groups. This might 

be attributed to mobilization of EPCs and re-

cruitment stimulation by G-CSF therapy and 

SDF-1α loading on the scaffold (Honold et 

al., 2006; DeLeve et al. 2016). While a suffi-

cient perfusion system is a limiting factor in 

in vitro tissue engineering approaches, we 

could provide a hepatic microtissue in the fi-

brotic liver environment because of mainte-

nance of native vascular microarchitecture of 

the LEM scaffold; efficient revascularization 
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could support long-term survival of engrafted 

cells.  

Devalliere et al. (2018) reported that 

chemical modification of the vascular struc-

ture of the LEM-derived scaffold accelerated 

endothelial progenitor cell recruitment and 

functional re-endothelialization. DeLeve et 

al. (2016) showed that SDF-1ɑ induced liver 

sinusoidal endothelial cell recruitment and in-

creased cell attachment and proliferation 

could lead to lining of the blood vessels by 

endothelial cells. Fu et al. (2016) found that 

G-CSF, through induction of cell mobiliza-

tion and recruitment into scaffolds, could pro-

vide ideal autologous EPCs to form a func-

tional liver construct. In this regard, our study 

demonstrated practical re-endothelialization 

of decellularized liver-derived scaffold by 

SDF-1ɑ and G-CSF. These data present a 

promising strategy for a bioengineered liver 

construct.  

Despite the benefits of bioengineering for 

human in vitro liver construct formation, the 

need to obtain a scalable and efficient method 

that provides a liver cell equivalent remains 

an obstacle. Our results showed that this in 

vivo tissue engineering strategy through mo-

bilization of patient-specific cells would re-

move this obstacle without the need for im-

munosuppression upon transplantation.  

 

CONCLUSION 

In this work, we attempted to generate re-

generation foci in a rat fibrotic liver by trans-

plantation of an exogenous LEM scaffold and 

induce recruitment of endogenous cells. Our 

results demonstrated that stem/progenitor 

cells’ mobilization by G-CSF therapy to-

gether with induction of chemotaxis in stem 

cells via SDF-1α loading in the scaffold could 

improve the regeneration centers, cell differ-

entiation, angiogenesis, and related hepatic 

function. This work provides a proof-of-con-

cept for feasibility and some efficiency of an 

in vivo tissue engineering approach as a novel 

therapeutic strategy for treatment of a fibrotic 

liver.  
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