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A B S T R A C T 
 
Hepatic and pancreatic stellate cells (HSCs and PSCs) have been considered to be closely associated 
with the pathogenesis of fibrosis, offering a hopeful therapeutic target for treating hepatic and 
pancreatic fibrosis. Recently, we have generated transgenic mini-pigs carrying astrocyte-specific 
expression of DsRed regulated by the 2.2-kb human glial fibrillary acidic protein (hGFAP) gene 
promoter. This study was intended to examine whether the targeted transgene expression of DsRed 
will be present in the porcine HSCs and PSCs. Histological fluorescent imaging showed several 
DsRed-expressing cells were interspersed between the parenchyma cells. Moreover, these DsRed-
expressing cells were checked as indeed HSCs and PSCs by co-labeling with GFAP 
immunoreactivity. Thus, our results demonstrate the 2.2-kb hGFAP gene promoter holds matched 
regulatory elements therefore is capable of introducing specific expression of transgene in porcine 
HSCs and PSCs, providing a novel strategy to selectively manipulate the HSCs and PSCs in a large 
animal model. 
 

 
INTRODUCTION 

 

 Hepatic and pancreatic stellate cells (HSCs and 
PSCs) are two types of nonparenchymal cells with long 
cytoplasmic processes giving them a typical stellate-
shaped appearance. HSCs are resident liver cells located 
in the perisinusoidal space of Disse, between the 
hepatocytes and sinusoidal endothelial cells of the hepatic 
lobule (Friedman, 2008; Yin et al., 2013; Bhatia et al., 
2014). PSCs are resident exocrine pancreas cells located 
in the periacinar, periductal and perivascular spaces of 
the pancreas (Omary et al., 2007; Erkan et al., 2011). 
 In normal physiological conditions, both HSCs 
and PSCs are quiescent and play critical roles in normal 
tissue architecture by regulating extracellular matrix 
production (Omary et al., 2007; Friedman, 2008; Erkan et 
al., 2011; Yin et al., 2013). Whereas in response to 
injuries, quiescent HSCs and PSCs will be activated, 
following synthesize and secrete a large amount of 
extracellular matrix components to generate a temporary  
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scar at the site of injury to protect the tissue from further 
damage (Omary et al., 2007; Friedman, 2008; Erkan et 
al., 2011; Hernandez-Gea and Friedman, 2011; Yin et al., 
2013). This process is termed as ‘fibrosis’, which bears a 
strong resemblance to the ‘reactive astrogliosis’ mainly 
contributed by the astrocytes located in the central 
nervous system (Schachtrup et al., 2011; Burda and 
Sofroniew, 2014). Furthermore, both HSCs and PSCs, 
quiescent or activated, consistently express glial fibrillary 
acidic protein (GFAP) (Omary et al., 2007; Friedman, 
2008; Erkan et al., 2011; Yin et al., 2013), a reliable 
marker for the astrocytes (Burda and Sofroniew, 2014). 
Chronic sustained injuries may result in accumulation of 
activated stellate cells, leading to a progressive 
substitution of parenchyma by scar tissue and often 
generate cirrhosis, which may has a poor outcome and 
high mortality (Friedman, 2008, 2010; Hernandez-Gea 
and Friedman, 2011; Bhatia et al., 2014). Thus, due to 
their pivotal roles in pathogenesis, stellate cells, HSCs 
and PSCs, may sever as a hopeful therapeutic target for 
treating fibrosis (Omary et al., 2007; Friedman, 2008, 
2010; Erkan et al., 2011; Hernandez-Gea and Friedman, 
2011; Yin et al., 2013). 
 Numerous biological functions of HSCs have been 
explored by experiments using cultured HSCs. However, 
cultured HSCs always undergo spontaneous activation 
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and do not faithfully reproduce the underlying changes in 
gene expression observed in vivo where they are 
accompanied by other cell types (De Minicis et al., 2007; 
Yin et al., 2013). Whereas the field of PSCs biology is 
very young, their functions usually be analogized from 
their hepatic counterparts (Omary et al., 2007; Erkan et 
al., 2011). Fortunately, transgenic animal models 
generated for manipulating the number and activity of 
HSCs may offer an appealing strategy to address this 
issue. A transgenic mouse model expressing Cre/loxP 
system regulated by a 2.2-kb human GFAP (hGFAP) 
gene promoter has already been employed for tracing the 
cell fate of HSCs in vivo (Yang et al., 2008). More 
recently, by using transgenic mouse models bearing 
herpes simplex virus thymidine kinase (HSV-TK) under 
the control of a mouse GFAP (mGFAP) gene promoter 
element, two independent groups achieved depletion of 
proliferating HSCs, providing an ingenious strategy to 
explore the potential functions of HSCs in vivo (Puche et 
al., 2013; Stewart et al., 2014). 
 For modeling human disease, pigs, especially 
mini-pigs enjoy numerous advantages (Prather et al., 
2013; Liu et al., 2014). Recently, we have generated 
transgenic Bama mini-pigs (hGFAP-DsRed) carrying 
astrocyte-specific expression of DsRed regulated by the 
2.2-kb hGFAP gene promoter (Zhu et al., 2015), which 
had already been demonstrated to be capable of 
specifically driving a transgene expression in cultured 
rodent HSCs (Maubach et al., 2006) and PSCs (Ding et 
al., 2009). Applicative evaluation of these transgenic 
mini-pigs in neuroscience research has not yet been 
completed, while, in the present study, we first checked 
whether the targeted transgene expression will be present 
in the transgenic porcine HSCs and PSCs. 
 

MATERIALS AND METHODS 
 
 All animal procedures used in this study were 
carried out in accordance with the Guide for Care and 
Use of Laboratory Animals (8th edition, prepared by the 
National Research Council, USA) and were approved by 
the Institutional Animal Care and Use Committee 
(IACUC) of Guangxi University. Unless otherwise stated, 
all organic and inorganic reagents were purchased from 
Sigma-Aldrich Co. (St. Louis, MO, USA). 
 

Tissue processing 
 One 30-day-old transgenic mini-pig generated in 
our another study (Zhu et al., 2015) was deeply 
anesthetized by intramuscular injection of sodium 
pentobarbital solution (50 mg/kg). After then a 
midventral sternal thoracotomy was performed and a 

cannula was inserted in the aorta through the left 
ventricle. The right atrium was opened and one liter of 
normal saline was injected through the cannula by gravity 
flow, followed by perfusion with two liters of ice-cold 
4% paraformaldehyde in 0.1 M PBS solution. After then, 
the liver and pancreas were quickly picked out, followed 
by cut into 3-mm-thick coronal blocks and immediately 
fixed overnight at 4°C with paraformaldehyde-PBS 
solution. Fixed tissues were used for histological 
sectioning. One age-matched wild-type pig was used as a 
negative control. 
 

Histological sectioning and fluorescence detection 
 Histological sectioning and staining were 
performed as described by Al-Doaiss et al. (2013), fixed 
tissues were routinely dehydrated, paraffin-embedded, 
sectioned (5 µm) and stained with hematoxylin and eosin 
(HE). Unstained sections were employed to detect the 
presence of DsRed using a Nikon 50i fluorescence 
microscope (Nikon, Tokyo, Japan). Fluorescent 
micrographs were acquired using a NIS Elements image 
system (Nikon) and processed with Adobe Photoshop 
CS5 software (Adobe, San Jose, CA, USA). 
 

Double-labeling immunofluorescence assay 
 The astrocyte-specific expression of DsRed was 
examined using a double-labeling immunofluorescence 
assay, which was performed as described by Mederacke 
et al. (2013). Briefly, fixed tissues were embedded in 
Tissue Freezing Medium (Leica, Nussolch, Germany), 
followed by cryo-sectioned into 5-µm-thick sections 
using a Leica CM1950 freezing microtome. Sections 
were pasted onto poly-lysine-coated glasses and washed 
three times in ice-cold PBS for 10 minutes each to 
remove sucrose, followed by submerged in 
blocking/permeablizing buffer solution (5% normal 
donkey serum and 0.5% Triton-X100 in PBS) at 4°C for 
1 h to prevent non-specific binding of IgG. After this step, 
the sections were incubated overnight at 4°C with 
primary antibodies of goat anti-GFAP polyclonal IgG 
(diluted at 1:100 in 20% blocking/permeablizing buffer 
solution; Santa Cruz sc-6171) and mouse anti-DsRed 
monoclonal IgG (1:100; Santa Cruz sc-390909). After 
washed three times in ice-cold PBS for 10 minutes each, 
sections were incubated overnight at 4°C with secondary 
antibodies of donkey anti-mouse IgG-R (1:200; Santa 
Cruz sc-2300) and donkey anti-goat IgG-FITC (1:200; 
Santa Cruz sc-2024). After extensively washed and air-
dried at room temperature, the sections were mounted 
with UltraCruz™ Mounting Medium (Santa Cruz) 
followed by analyzed using a Nikon A1 confocal laser 
scanning microscope system (Nikon). Fluorescent images 
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were captured and processed with Adobe Photoshop CS5 
software. 
 

RESULTS AND DISCUSSION 
 

 Histological fluorescent microscopy and GFAP 
immunofluorescence labeling assay were employed for 
verifying the targeted transgene expression of DsRed in 
the hGFAP-DsRed transgenic porcine liver and pancreas. 
As is shown in Figure 1A, a number of interspersed 
DsRed-expressing cells were detected in the space 
between the hepatocytes and sinusoidal endothelial cells. 
Similarly, several DsRed-expressing cells were also 
present in the interstitium between pancreatic acini. On 
the contrary, DsRed-expressing cells were absent in the 
tissues from a wild-type mini-pig as a negative control. 
 For verifying these DsRed-expressing cells were 
indeed stellate cells, a dual immuno-fluorescence labeling 
assay was performed. As is shown in Figure 1B, all of the 
DsRed-expressing cells located in the transgenic porcine 
liver and pancreas were labeled with GFAP 
immunoreactivity, indicating they were exact HSCs and 
PSCs. Besides, as expected, we also noticed the 
transgenic porcine cholangiocytes were significantly 
labeled with transgene activity (Fig. 1C). 
 In rodents and human, HSCs and PSCs are 
defined as main vitamin A-storing cells and constitute 
several percents of all cells in the normal liver and 
pancreas, respectively (Omary et al., 2007; Erkan et al., 
2011; Yin et al., 2013). The present study has been 
checked their porcine counterparts. In addition, the HSCs 
and PSCs-specific expression of DsRed could permit the 
strategy that utilizes the hGFAP gene promoter for 
specifically introducing targeted transgene expression in 
porcine HSCs and PSCs. Such strategy has been 
exploited by two independent studies (Puche et al., 2013; 
Stewart et al., 2014), in which mouse HSCs-depletion 
was generated by using a mGFAP gene promoter, 
providing an in vivo tool for investigating the potential 
roles of HSCs contributed to liver fibrosis. 
 Fate-tracing could be used for identifying the all 
progeny of interest cells marked with certain specific 
expression of a transgene. Thus utilize hGFAP-Cre 
transgenic mice plus a reporter strain with conditional 
expression of fluorescent proteins, the fate of HSCs 
during development, differentiation and pathogenesis 
could be traced. By using this strategy, Yang et al. (2008) 
confirmed the hGFAP gene promoter was capable of 
targeting mouse HSCs and further verified the HSCs 
were indeed one type of epithelial progenitors in adult 
mouse livers. However, in a recent study, Mederacke et 
al. (2013) pointed out that the cholangiocytes, but not 

HSCs, could be efficiently marked by both of the hGFAP 
and mGFAP gene promoter. The transgene activity 
introduced into cholangiocytes has been reported by 
Yang et al. (2008) and also be reproduced in our 
transgenic mini-pig situation, while the finding that 
neither hGFAP nor mGFAP gene promoter could be 
efficiently mark the rodent HSCs was diverged far from 
our present study and those previous studies in rodents 
performed in vitro (Maubach et al., 2006; Ding et al., 
2009) and in vivo (Yang et al., 2008; Puche et al., 2013; 
Stewart et al., 2014), and also be contradicted with the 
evidence that the GFAP was really present in rhesus 
monkey HSCs (Jin et al., 2011). Coincidentally, 
controversies also exist in PSCs. Some researchers even 
alleged the GFAP expression is absent in quiescent PSCs, 
whereas in the view of experienced investigators in this 
field, this is more likely to be resulted from the 
differences in the quality of the antibody used for 
immunostaining of rodent GFAP (Erkan et al., 2011). 
Possibly, this arbitration could also be appropriate for the 
condition in HSCs. 
 Pigs, especially mini-pigs enjoy numerous 
advantages for modeling human diseases. Advances in 
porcine genetic modification confer efficient creation of 
transgenic large animal models for investigating human 
diseases (Garrels et al., 2012; Prather et al., 2013; Liu et 
al., 2014). To date, a vast amount of genetically modified 
pig models have already provided deeper insights into the 
pathogenesis and therapies of human hepatic, pancreatic 
and gastrointestinal diseases, for instance the hereditary 
tyrosinemia type I disease (Hickey et al., 2011), cystic 
fibrosis (Rogers et al., 2008a,b; Stoltz et al., 2013), 
diabetes (Renner et al., 2010; 2013) as well as familial 
adenomatous polyposis (Flisikowska et al., 2012). In 
addition, genetically modified pigs also hold enormous 
application potentials in the studies on pancreas 
regeneration (Matsunari et al., 2013, 2014). Therefore, 
it’s expectable that genetically modified mini-pigs may 
serve as a novel preclinical large animal model for 
investigating the biology and pathology of HSCs and 
PSCs. 
 Regardless of the debates in rodent models, in the 
present study, the fact that the 2.2-kb hGFAP gene 
promoter holds matched regulatory elements therefore be 
capable of targeting porcine HSCs and PSCs has already 
been testified evidently. Thus, our findings first 
demonstrate that it’s feasible to specifically manipulate 
HSCs and PSCs in pigs by using the hGFAP gene 
promoter, providing a practical means to create 
preclinical large animal models for answering pathogenic 
mechanisms and developing new therapeutic approaches 
to the hepatic and pancreatic fibrosis. 
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 Fig. 1. Verifying the targeted transgene expression of DsRed in the transgenic porcine hepatic and pancreatic 
stellate cells (HSCs and PSCs) regulated by a 2.2-kb human glial fibrillary acidic protein (GFAP) gene promoter.  
(A) Transgenic (Tg) and wild-type (WT) porcine liver and pancreas sections were observed under a fluorescence 
microscope. Inserts show high magnification of the caged area and arrowheads indicate the DsRed-expressing cells 
interspersed within tissue sections. (B) GFAP immunofluorescence labeled cryo-sections were detected under a 
confocal laser scanning microscope. Inserts show high magnification of the caged area and the DsRed-expressing cells 
co-labeled with GFAP immunoreactivity are indicated by arrowheads. (C) Fluorescent microscopy and GFAP 
immunofluorescence labeling photomicrographs reveal the transgenic porcine cholangiocytes are significantly labeled 
by the transgene activity. Note the arrowheads indicate the DsRed-expressing cells located in the space between the 
hepatocytes and sinusoidal endothelial cells are HSCs. BD, bile ductule. Scale bars, 50 µm. 
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