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Zusammenfassung 

Hepatische Sternzellen (HSC) sind mesenchymale Stammzellen der Leber, welche 

auf einer Basalmembran-ähnlichen Struktur im Disse‘schen Raum – ihrer Stamm-

zellnische – einen ruhenden Zustand sowie ihre Stammzelleigenschaften erhalten. 

Die Laminin α5 (LAMA5) Kette kommt in Basalmembranen vor und unterstützt die 

Erhaltung von Stammzellen. Zusammen mit Laminin β2 (LAMB2) und γ1 (LAMC1) 

bildet LAMA5 das Laminin-521 (LN-521). In der vorliegenden Doktorarbeit wurde 

nun erstmalig gezeigt, dass LAMA5 im Disse‘schen Raum der normalen Rattenleber 

vorhanden ist. Weiterhin wurde festgestellt, dass die Kultur von isolierten HSC auf 

LN-521 beschichteten Oberflächen ihren ruhenden Zustand sowie ihre Stamm-

zelleigenschaften unterstützt und die Expression des HGF (hepatocyte growth 

factor) erhöht. In Lebern alter Ratten zeigte sich, dass die LAMB2- und LAMC1-

Ketten deutlich reduziert waren. Außerdem wiesen HSC im Alter eine signifikant 

verringerte Expression von HGF und einen Seneszenz-assoziierten Phänotyp auf. 

In früheren Arbeiten wurde ein Rückgang des hepatischen Blutflusses im Alter von 

bis zu 50% beschrieben, so dass von einer deutlich verringerten Fluidmechanik in 

den Lebersinusoiden auszugehen ist. HSC, die einem Flüssigkeitsstrom ausgesetzt 

wurden, zeigten eine signifikant erhöhte Expression von LAMB2 und LAMC1 sowie 

eine verstärkte Freisetzung von HGF. Weiterhin wurde festgestellt, dass auch die 

Expression von Integrin α5 (ITGA5) in HSC durch Scherkräfte deutlich erhöht wird 

und ITGA5 in diesen Zellen sowie der gesamten Leber alter Ratten signifikant 

reduziert ist. Der CRISPR/Cas9-vermittelte knockout von ITGA5 in HSC konnte die 

Scherkraft-induzierte Expression von LAMB2 und LAMC1 aufheben. Weiterhin ver-

ringerte der knockout von ITGA5 und Integrin β1 (ITGB1) die Ausschüttung von HGF 

deutlich. ITGA5 und ITGB1 sind somit für die Wahrnehmung und Transduktion 

mechanischer Stimuli in HSC wichtig. Zusammenfassend zeigen die Ergebnisse, 

dass das LN-521 als ein wichtiges Element der Stammzellnische von HSC 

betrachtet werden kann und dass eine Reduktion des Mechanosensors ITGA5 im 

Alter durch eine verringerte Fluidmechanik die Abnahme einzelner Proteinketten 

des LN-521 in der Leber erklären könnte. Die Beeinträchtigung ihrer Nische ist ver-

mutlich für die Induktion der Seneszenz in HSC verantwortlich. In der Folge können 

HSC andere Leberzelltypen nicht mehr mit Wachstumsfaktoren wie dem HGF 

versorgen und im Falle einer Verletzung des Lebergewebes die bereits bekannte 

verminderte Regeneration der Leber im Alter hervorgerufen.  
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Abstract 

Hepatic stellate cells (HSC) are liver-resident mesenchymal stem cells, which reside 

in a quiescent state on a basement membrane-like structure in the space of Disse, 

their stem cell niche. The laminin α5 (LAMA5) protein chain is an element of 

basement membranes and important to maintain stem cells. In this thesis, the 

LAMA5 chain was detected in the space of Disse of normal rat liver. Together with 

laminin β2 (LAMB2) and γ1 (LAMC1), LAMA5 composes the laminin-521 (LN-521) 

trimer, which is known to support stem cell characteristics. Culture of isolated HSC 

on surfaces coated with LN-521 improved the quiescence- and stem cell-associated 

phenotype of HSC. Furthermore, LN-521 significantly elevated the expression and 

release of hepatocyte growth factor (HGF), an essential inductor of liver 

regeneration. Interestingly, the LAMB2 and LAMC1 chains decreased markedly in 

the liver matrix of old rats. In addition, HSC from aged livers acquired a senescence-

associated secretory phenotype (SASP) and significantly reduced the expression of 

HGF. An age-related reduction of the hepatic blood flow by up to 50% was reported 

previously. Consequently, a markedly reduction of fluid mechanical forces in liver 

sinusoids is associated with aging. Exposure of isolated HSC to fluid shear stress 

significantly upregulated the expression of LAMB2 and LAMC1 and triggered the 

release of HGF. Interestingly, also integrin α5 (ITGA5) was observed to be markedly 

reduced in HSC from old rats and its expression could be significantly increased 

when HSC were exposed to shear stress. A Clustered Regularly Interspaced Short 

Palindromic Repeats (CRISPR)/Cas9-mediated knockout of ITGA5 abolished the 

shear stress-induced expression of LAMB2 and LAMC1. In addition, ITGA5 and 

Integrin β1 (ITGB1) knockouts significantly reduced HGF release by HSC. Thus, 

ITGA5 and ITGB1 seem to be important for mechanosensing in HSC. In conclusion, 

this thesis provides evidence that LN-521 can be regarded as an important niche 

element in the space of Disse and that the reduction of ITGA5 in HSC due to a 

decreased hepatic blood flow leads to impaired mechanosensing during aging. 

Impaired mechanosensing, in turn, could have been contributed to the reduced LN-

521 protein deposition in the aged rat liver. The reduction of important ECM proteins 

normally present in their stem cell niche seems to be responsible for the loss of 

proper HSC function such as HGF synthesis and for the induction of senescence. 

The results obtained in this study suggest that age-related alterations in HSC and 

their niche can contribute to the declined regenerative capacity of the aged liver. 
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1. Introduction 

The stem cell fate is controlled by environmental cues such as the composition of 

the extracellular matrix (ECM) or mechanical forces (Lane et al., 2014). Stem cells 

require a protective microenvironment, which is defined by the term “stem cell niche” 

(Schofield, 1978). Aging markedly alters the niche components resulting in 

senescence and impaired function of stem cells (O'Hagan-Wong et al., 2016). Since 

stem cells are critically involved in tissue repair, the regeneration capacity during 

aging diminishes (Rogers et al., 2018). Also the liver as the central metabolic organ 

is affected by aging processes, which is reflected by the impaired regenerative 

potential of the aged liver. (Biondo-Simões Mde et al., 2006; Zhu et al., 2014; 

Enkhbold et al., 2015; Saito et al., 2017). Hepatic stellate cells (HSC) are liver-

resident mesenchymal stem cells (MSC), which reside in the space of Disse 

representing their stem cell niche (Sawitza et al., 2009; Kordes and Häussinger, 

2013). This study elucidates important components of the HSC niche and how age-

related alterations might affect the stem cell niche integrity as well as the HSC 

maintenance and function. 

1.1. The stem cell niche 

In 1906, Alexander Maximow already observed a supportive influence of the bone 

marrow microenvironment on blood progenitor cells and, thus, he laid the foundation 

for the concept of a stem cell-supporting niche (Maximow, 1906). Half a century 

later, Till and McCulloch (1961) discovered hematopoietic stem cells in the bone 

marrow. In the last decades several tissues had been described as sources for stem 

cells, such as skin (Fuchs, 2009), intestine (Tan and Barker, 2014), nerve system 

(Conover and Notti, 2008) or liver (Kordes and Häussinger, 2013). It took more than 

seventy years since Maximow’s discovery until the stem cell microenvironment was 

defined as the “stem cell niche” (Schofield, 1978). Since then, stem cell research 

mainly focused on hematopoietic stem cells, but fibroblasts with stem cell 

characteristics were also identified in the bone marrow (Friedenstein et al., 1970). 

Caplan (1991) coined the term “mesenchymal stem cells” (MSC) for these 

fibroblasts, which possess the capacity to self-renew and to differentiate in order to 

maintain or regenerate tissue (Watt and Hogan, 2000). MSC from different organs 

share a perivascular origin and can differentiate along multiple lineages, for 



Introduction 
 

2 
 

instance, the osteo-, adipo-, and chondrogenic lineages (Crisan et al., 2008). This 

multipotent differentiation potential distinguishes MSC from pluripotent stem cells, 

which can differentiate along ecto-, meso- or endodermal lineages (Itskovitz-Eldor 

et al., 2000) and can either be obtained from the inner cell mass of the blastocyst 

(embryonic stem cells) (Guo et al., 2016) or artificially induced from any somatic cell 

of the adult body (Takahashi and Yamanaka, 2006; Yu et al., 2007). 

The niche crucially controls the stem cell fate (Schofield, 1978). Alterations of niche 

components either support stem cell self-renewal and proliferation to maintain tissue 

homeostasis or can trigger differentiation processes to regenerate injured tissue 

(Lane et al., 2014). For example, the onset of differentiation is prevented by cellular 

adhesion to their surrounding ECM (Jones and Watt, 1993; Jones et al., 1995; 

Quesenberry and Becker, 1998; Zhu et al., 1999). Cell-ECM interactions are driven 

by numerous classes of receptors such as integrins, which not only anchor stem 

cells in their niche but also serve as signal transducers (Moro et al., 1998; Katsumi 

et al., 2004). Furthermore, proliferative and developmental processes in stem cells 

can be influenced by soluble factors such as transforming growth factor β (TGFβ) 

and Wnt (Watt and Hogan, 2000). Another mechanism influencing stem cell fate is 

direct cell-cell contact. Here, especially the evolutionary conserved Notch signaling 

plays a dominant role due to its involvement in diverse processes such as 

proliferation, differentiation, and apoptotis (Artavanis-Tsakonas et al., 1999). 

1.2. Hepatic stellate cells and their niche 

HSC reside as liver-resident MSC in the space of Disse between sinusoidal 

endothelial cells (SEC) and hepatocytes (Figure 1). Here, HSC are surrounded by 

a basement membrane-like structure, which contains several ECM proteins, such 

as collagens and laminins, that contribute to the stem cell niche of stellate cells 

(Sawitza et al., 2009; Kordes and Häussinger, 2013; Kordes et al., 2013). 

In normal liver, HSC maintain a quiescent state and express a set of typical markers, 

for instance, glial fibrillary acidic protein (Gfap), Notch1, reelin, secreted protein 

acidic and rich in cysteines-like 1 (Sparcl1), lecithin retinol acyltransferase (Lrat), 

and peroxisome proliferator activated receptor γ (Pparγ) (Miyahara et al., 2000; 

Kobold et al., 2002; Sawitza et al., 2009; Coll et al., 2015). Furthermore, quiescent 

HSC contain retinoid-storing lipid droplets (Blaner et al., 2009). 
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After liver injury, HSC undergo an activation process by which they lose their 

retinoids (Mabuchi et al., 2004) and develop a myofibroblast-like phenotype that is 

characterized by the increased expression of α-smooth muscle actin (α-Sma), 

different collagens, fibronectin, nestin (Rockey et al., 1992; Michalopoulos and 

DeFrances, 1997; Niki et al., 1999; Hui and Friedman, 2005), and reduced Notch1 

expression (Sawitza et al., 2009). Persistent activation of HSC is a driving force for 

the development of liver fibrosis that is indicated by an increased extracellular matrix 

stiffness due to the deposition of the fibrillar collagen types I and III (Hahn et al., 

1980). 

 

Figure 1: The hepatic stellate cell niche in the space of Disse. Here, hepatic stellate 
cells (HSC) are located between hepatocytes and endothelial cells and are embedded into 
a network of extracellular matrix proteins such as collagen, laminin, and fibronectin – a 
basement membrane-like structure. Furthermore, quiescent stellate cells store retinoid-
containing lipid droplets (yellow) and are exposed to shear stress due to blood flow (pink 
arrows) through endothelial fenestration. 

HSC also activate after isolation from the liver and incubation under standard culture 

conditions on polystyrene (PS). During this activation process, HSC downregulate 

the expression of Notch1 and Sparcl1 and upregulate the expression of Notch3, α-

Sma, nestin, and fibrillar collagens (Niki et al., 1999; Sawitza et al., 2009; Reister et 

al., 2011; Coll et al., 2015; Schumacher et al., 2017). 

1.3. Laminin as an element of the extracellular matrix in stem cell niches 

In normal liver, the ECM proteins compose the perisinusoidal matrix related to 

basement membranes (Hui and Friedman, 2005) that contains collagen, 

proteoglycans, and fibronectin as well as laminin. The latter one has been firstly 

described as a large non-collagenous glycoprotein by Timpl et al. (1979), who 

isolated laminin from a mouse tumor. A functional laminin molecule is composed of 

one α, one β, and one γ protein chain and exhibits a coiled-coil structure with four 

arms as schematically illustrated in Figure 2 (Timpl et al., 1979; Ekblom et al., 2003; 
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Aumailley et al., 2005). Binding of laminin to collagen IV (COL4) is mediated by 

nidogen (NID) (Fox et al., 1991) via the γ chain (Pöschl et al., 1994; Gersdorff et al., 

2005). 

 

Figure 2: Schematic overview of the 
laminin protein structure. Laminin is an 
element of stem cell niches and plays an 
important role during embryogenesis. A 
functional laminin molecule is composed of 
three different protein chains: α (green), β 
(blue), and γ (red) chain. These three 
chains together form a coiled-coil structure. 
Most of the binding sites for laminin 
receptors, such as integrins or 
dystroglycan, are located on the α chain. 
Thus, cell adhesion and laminin-mediated 
behavior is mainly dependent on the five 
different α chains. To compose a basement 
membrane-like structure laminins and 
collagens build a network. Here, binding of 
laminin to collagen is mediated by nidogen 
via the γ chain. 

Five α, three β, and three γ chains as well as at least 16 different trimeric 

combinations of laminin chains have been described in mouse and human tissue 

thus far (Aumailley et al., 2005). Cellular binding is mediated by several laminin-

specific receptors, which are located on the α chain, for instance, diverse integrins, 

dystroglycan, syndecans, and Lutheran blood group protein/basal cell adhesion 

molecule (LU/BCAM) (Durbeej, 2010). Hence, laminin-mediated cellular behavior 

mainly depends on the presence of the five α chains. Moreover, laminins are 

crucially involved in embryo- and organogenesis. For example, laminins containing 

the α2 (LAMA2) chain are important for the development of the peripheral nervous 

system (Wallquist et al., 2005). Furthermore, the laminin chains α1 (LAMA1) and α5 

(LAMA5) play an important role during embryogenesis. Thereby, LAMA1 is more 

prominent in the trophectoderm, whereas LAMA5 is expressed in the inner cell mass 

of the blastocyst where it supports self-renewal and maintenance of embryonic stem 

cells (Klaffky et al., 2001). Absence of LAMA5 in mouse and zebrafish knockout 

models leads to severe developmental defects and mouse embryos lacking LAMA5 

are not viable after E17 (Miner et al., 1998; Webb et al., 2007). Furthermore, LAMA5 

also promotes self-renewal and hepatic specification of human pluripotent stem cells 
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in vitro as demonstrated in several studies (Cameron et al., 2015; Laperle et al., 

2015; Kanninen et al., 2016). 

First hints that indicated a supportive effect of laminin on HSC quiescence were 

observed by Stone et al. (2015), who described elevated cytoglobin expression and 

a rounded cell morphology in the stellate cell line HSC-T6 cultured on laminin-

coated surfaces. However, the trimeric composition of the laminin used in that study 

was not further characterized and, hence, it is not known which laminin chains 

maintain the quiescent state in HSC thus far. As described in section 1.2 HSC are 

liver-resident MSC (Kordes et al., 2013). Therefore, this work addressed the 

question whether LAMA5 maintains characteristics of quiescent HSC as suggested 

by its presence in their stem cell niche, the space of Disse. In addition to LAMA5, 

the laminin chains β2 (LAMB2) and γ1 (LAMC1) are mainly retained in the normal 

rat liver matrix after decellularization and, thus, seem to be abundant in hepatic ECM 

(Li et al., 2016). For this reason, laminin-521 (LN-521) was used for the present 

study. Lama2, Lamb1, and Lamc1 mRNA are also detectable in human and rodent 

liver (Liétard et al., 1998; Zhao et al., 1999) and, therefore, the laminin trimer LN-

211 was employed for comparison. Since LAMA2 and LAMA5 had been described 

as components of adult stem cell niches (Shen et al., 2008; Kazanis et al., 2010), 

the expression of different laminin chains was analyzed in normal, injured, and aged 

rat liver and their relevance for the maintenance of HSC was investigated in this 

study. 

1.4. Liver regeneration 

Liver injury can be caused by surgically removing two thirds of the liver mass, a 

procedure called partial hepatectomy (PHx) (Higgins and Anderson, 1931). The 

subsequent complex process of liver regeneration involves several hepatic cell 

types as well as growth factors, cytokines, and remodeling of the hepatic ECM 

(Figure 3). A complete restoration of the ratio between the liver mass and body 

weight is reached four weeks after liver injury (Higgins and Anderson, 1931; 

Michalopoulos, 2007). Since hepatocytes are the most frequent cells in liver, tissue 

regeneration is mainly driven by their proliferation (Gilgenkrantz and Collin de 

l'Hortet, 2018). One growth factor is crucial for initiation of hepatocyte proliferation 

shortly after liver injury, that is hepatocyte growth factor (HGF) (Nakamura et al., 

1984). HGF is synthesized by HSC (Schirmacher et al., 1993) and sinusoidal 
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endothelial cells (SEC) (LeCouter et al., 2003) and binds to hepatocytes via its 

receptor c-Met (Naldini et al., 1991). Shortly after PHx, HGF is activated due to its 

cleavage from the matrix where it is normally bound as pro-HGF (Masumoto and 

Yamamoto, 1991; Kim et al., 1997). This mechanism is dependent on increased 

blood pressure shortly after PHx (Michalopoulos, 2007). Since only one third of the 

original liver tissue remains left after surgical intervention during PHx, the entire 

hepatic blood flow has to pass a respective small vessel diameter and dilates the 

liver sinusoids (Michalopoulos, 2007; Lorenz et al., 2018). Through the fenestration 

of the endothelium of the liver sinusoid the increased blood flow also reaches HSC 

as well as hepatocytes (Figure 1). 

 

Figure 3: Scheme of processes after PHx involved in liver regeneration. Shortly after 
liver injury, regenerative stimuli initiate tissue regeneration. For example, HGF is released 
from the matrix by enzymatic cleavage of its larger matrix-bound precursor protein pro-HGF. 
Furthermore, HSC activate and increase the expression of ECM proteins as well as of 
growth factors such as TGFβ1 and HGF. Consequently, hepatocyte proliferation is initiated 
by HGF. As soon as the liver has restored its original size, regenerative stimuli are 
terminated. Termination of liver regeneration involves elevated TGFβ1 release by HSC. In 
addition, the restoration of hepatic ECM is sensed by hepatocytes via integrin signaling 
leading to their proliferation stop. Other hepatic cell types involved in the process of liver 
regeneration such as SEC, cholangiocytes or Kupffer cells are not shown. 

Marubashi et al. (2004) showed that by keeping the portal blood pressure constant 

after PHx, activation of HGF was decreased. In addition to HGF, also the serine 

protease urokinase plasminogen activator (uPA) is increased in different cell types 

in response to elevated fluid flow (Sokabe et al., 2004), which in turn triggers matrix 

remodeling after PHx (Michalopoulos, 2007). The latter process involves matrix 

metalloproteinases (MMP) and their inhibitors (tissue inhibitors of 
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metalloproteinases; TIMP) (Mohammed and Khokha, 2005). Since HGF is claimed 

to be bound to the hepatic ECM as pro-HGF (Masumoto and Yamamoto, 1991), 

remodeling and degradation of matrix components after liver injury leads to the 

release and activation of HGF. Kim et al. (1997) observed rapid ECM degradation 

by a marked reduction of laminin and fibronectin during the first minutes to hours 

after PHx. In addition to hepatocytes, HSC, and SEC also cholangiocytes and 

Kupffer cells are involved in the process of liver regeneration (Michalopoulos, 2007). 

As soon as hepatocyte number and the hepatic sinusoidal network are restored 

similar to its original, several events could terminate hepatic cell proliferation. For 

instance, reassembly of hepatic ECM proteins might lead to the termination of 

hepatocyte proliferation mediated by integrin signaling due to direct cell-ECM 

interaction (Michalopoulos, 2010; Gilgenkrantz and Collin de l'Hortet, 2018). 

Furthermore, HGF concentration recovers to its baseline since TGFβ1 inhibits 

synthesis of new HGF by HSC and soluble HGF binds to the restored ECM 

(Michalopoulos, 2007; Michalopoulos, 2010). Another possible terminator of the 

regeneration process could be the reduction of portal blood flow after restoration of 

liver vascularization resulting in decreased regenerative stimuli (Michalopoulos, 

2007; Lorenz et al., 2018). 

For a liver regeneration model associated with the appearance of liver progenitor 

cells, rats can be treated with 2-acetylaminofluorene (2AAF) seven days before PHx 

(Tatematsu et al., 1984; Kordes et al., 2014). Consequently, 2AAF is enzymatically 

converted selectively in hepatocytes into toxic compounds such as N-sulfoxy-AAF, 

which interact with nucleic acids and proteins resulting in impaired hepatocyte 

proliferation (Scarabelli et al., 1992; Hanaoka, 2001). Afterwards, putative 

progenitor cells expressing the cholangiocyte marker cytokeratin 19 (CK19) form 

duct-like structures (ductular reaction) that proceed from the area around the portal 

field. The origin of these duct-forming cells has been controversially discussed over 

decades. Until today, several concepts had been presented. It was suggested that 

hepatic progenitor cells derive from stem/progenitor cells in the canals of Hering and 

from HSC that reside in the space of Disse (Kordes and Häussinger, 2013; Kordes 

et al., 2014). An alternative mechanism involves migrating MSC from other tissues 

such as the bone marrow via the recruitment by the chemokine (C-X-C motif) ligand 

12 (CXCL12) (Petersen et al., 1999; Kordes and Häussinger, 2013). Further 

proposals suggest that the facultative liver stem cells arise from proliferating bile 
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ducts or even from hepatocytes which are reprogrammed to fetal-like cells by YAP1 

signaling (Raven et al., 2017; Hyun et al., 2019). The relevance of MSC in liver 

regeneration will be further discussed in section 1.5. 

The two different liver injury models described above were used to analyze 

alterations in the expression levels of different laminin α chains in rat liver tissue 

since the α chain plays a key role in cell binding to laminin (see section 1.3). PHx of 

rat livers was performed since it has been shown previously that matrix remodeling 

appears shortly after liver injury (Kim et al., 1997). Subsequently, the Lama1, 

Lama2, and Lama5 mRNA amounts were analyzed by qPCR in whole liver tissue 

at different time points after PHx and compared to normal rat liver (0d; Figure 4). 

Expression of Lama5 was upregulated in the PHx model during the first week after 

surgery (1d-7d), but reached its normal level represented by normal livers without 

PHx (0d) within two weeks (Figure 4A). 

 

Figure 4: Expression of different laminin α chains during liver regeneration1. (A) 
During liver regeneration associated with the appearance of putative liver progenitor cells 
(2AAF/PHx), Lama5 mRNA expression was markedly increased compared to the PHx 
model as analyzed by qPCR. (B) In contrast, Lama2 mRNA expression exhibited only minor 
changes when both injury models were compared. (C) Lama1 mRNA levels were markedly 
lower compared to Lama5 and its expression was only slightly increased in both injury 
models compared to control (0d). The mean expression of Lama5 / Lama2 / Lama1 in the 
PHx model at day 0 (0d) was set to 100% and data are indicated as means ± SEM. 
Significant differences between day 0 (normal liver) and different time points after PHx are 
indicated by an asterisk (*), whereas a hash (#) indicates significant differences between 
both injury models at the same time point (n = 3-5 per indicated time point; p < 0.05). 
Modified from Rohn et al. (2018). 

To induce the appearance of facultative liver progenitor cells, the hepatocyte 

proliferation after PHx was inhibited by 2AAF treatment of rats for one week before 

surgery was performed. During the following regeneration process, Lama5 mRNA 

 
1 The qPCR analyses were performed by Dr. Silke Götze (Clinic of Gastroenterology, Hepatology 
and Infectious Diseases, Heinrich Heine University Düsseldorf) and further processing of the data 
was carried out by Friederike Rohn. 
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levels were markedly upregulated in the liver tissue of the 2AAF/PHx model 

compared to the PHx model without 2AAF pre-treatment (Figure 4A). The pre-

treatment with 2AAF before PHx (0d) already led to an increased Lama5 expression 

which remained high until the end of observation phase (i.e. 14 days after PHx). In 

contrast, Lama2 mRNA levels were not substantially altered in both injury models 

(Figure 4B). Although Lama1 mRNA amounts were slightly elevated in both liver 

injury models (Figure 4C), the Lama1 gene expression remained well below Lama2 

and Lama5 in qPCR analysis. These previous observations suggest that the LAMA5 

chain plays an exclusive role for liver homeostasis and regeneration associated with 

facultative liver progenitor cells and, thus, might also influence HSC function. 

1.5. Mesenchymal stem cells in liver regeneration and fibrosis 

In the last decade, numerous studies had been published in which the positive 

effects of MSC on liver regeneration are described and clinical trials were performed 

with MSC to treat chronic liver disease (Alfaifi et al., 2018). Thereby, various 

mechanisms had been discussed by which MSC can contribute to liver 

regeneration. For example, injured cells might be supported by MSC through the 

release of paracrine growth factors or by direct cell-cell-interaction (Christ et al., 

2015). Another approach could be that MSC directly differentiate along the hepatic 

lineage since it was demonstrated that MSC from different tissues including HSC as 

liver-resident MSC can develop into hepatocyte-like cells (Theise et al., 2000; Shu 

et al., 2004; Banas et al., 2007; Chamberlain et al., 2007; Kordes et al., 2014; Saito 

et al., 2017). 

Besides supportive effects of MSC during the regenerative processes, it was also 

observed that MSC can exhibit a myofibroblast-like phenotype and, thus, contribute 

to the development of fibrosis. Kramann et al. (2015) performed lineage tracing 

experiments of PDGFβ-/GLI1-positive cells, which have MSC characteristics and 

are detectable at the perivascular site. Shortly after injury, these cells proliferate 

rapidly and develop to myofibroblasts independent of the affected organ. 

Interestingly, ablation of GLI1-positive cells lowered signs of fibrosis and the authors 

claimed that tissue-resident perivascular MSC are a major source for 

myofibroblasts. In contrast to the positive influence of MSC on repair processes of 

acutely injured tissue as described above, these results of Kramann et al. (2015) 

indicate that in chronically injured tissue MSC even promote fibrosis. This concept 
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was confirmed by additional studies involving multiple organs (Marriott et al., 2014; 

Liu et al., 2015; Ieronimakis et al., 2016; Trial et al., 2016). 

Recent insights into the involvement of MSC in fibrotic processes are important 

since in chronic liver diseases HSC-derived myofibroblasts are a major source of 

fibrotic ECM rich in collagen I. Therefore, in the literature HSC are predominantly 

associated with liver fibrosis and great effort is put on the inhibition of HSC activation 

after liver injury (Bataller and Brenner, 2001; Reeves and Friedman, 2002; Higashi 

et al., 2017). In contrast, the regeneration-supporting potential of HSC due to their 

MSC phenotype is often neglected in case of drug development for the treatment of 

fibrosis. 

1.6. Senescence and liver aging 

The ECM composition of several tissues is affected by aging processes. For 

example, in aged skin the matrix composition changes due to a gradual breakdown 

by MMP and alterations in ECM protein synthesis that can lead to a lost or weakened 

connection of cells to their surrounding matrix (Cole et al., 2018). Furthermore, in 

aged cardiac ECM the collagen mRNA is downregulated (Meschiari et al., 2017). 

Moreover, it has been shown that there are changes in biomechanical properties of 

collagen type II fibers in articular ECM leading to a decrease in fiber elasticity during 

aging (Buckwalter et al., 1993). 

While hepatic matrix remodeling during liver regeneration has been studied 

extensively (Kim et al., 1997; Kim et al., 2000), little is known about alterations of 

hepatic ECM during aging. Although liver function is only slightly affected by aging 

(Kitani, 1991), some age-related changes in liver physiology have been described 

such as a decreased hepatic blood flow and declined sinusoidal endothelial 

fenestration (Le Couteur and McLean, 1998; McLean et al., 2003). In addition to the 

altered physiology of the hepatic endothelium, aging also affects hepatocytes. For 

example, the hepatocyte organelle structure is significantly altered during 

senescence, they accumulate dense bodies and lipofuscin inclusions and show an 

increased activity of hydrolases as well as a decreased activity of glucose-6-

phosphatase (Schmucker, 1990; Schmucker and Sachs, 2002). Moreover, HSC 

from old livers rise in cell number and show increased retinoid storage (Warren et 

al., 2011). Nevertheless, data on age-related alterations in the stem cell niche of 



Introduction 
 

11 
 

HSC and the influence of these changes on HSC function had not yet been 

published. All these age-related changes of hepatic cells result in impaired liver 

regeneration as demonstrated by several groups in human and rodent liver after 

PHx (Biondo-Simões Mde et al., 2006; Zhu et al., 2014; Enkhbold et al., 2015; Saito 

et al., 2017). One potential explanation for the impaired regenerative capacity of the 

aged liver after injury could be the significantly reduced HGF expression compared 

to young individuals (Zhu et al., 2014; Enkhbold et al., 2015). 

The process of aging is accompanied by cellular senescence. Senescent cells 

secrete a collective batch of proteins known as the senescence-associated 

secretory phenotype (SASP) (Coppé et al., 2008) which mainly includes various 

cytokines and chemokines associated with inflammation (Coppé et al., 2010; Freund 

et al., 2010). These proteins induce senescence and secretion of SASP factors in 

neighboring cells in a paracrine manner (Acosta et al., 2013). 

It has been shown previously that MSC require a stem cell niche to maintain their 

properties and that their niche is affected by aging which results in impaired MSC 

function (Li et al., 2015; O'Hagan-Wong et al., 2016; Sui et al., 2016; Maryanovich 

et al., 2018). For instance, aged human bone marrow-derived MSC markedly 

increase the secretion of SASP factors such as IL6 which leads to a diminished 

support of hematopoietic stem cells (O'Hagan-Wong et al., 2016; Maryanovich et 

al., 2018). 

1.7. Influence of shear stress on stem cells 

Fluid shear stress τ  is defined as the force F  per unit area A. The unit of shear 

stress is given by dyn/cm² which is equal to µN/cm². Laminar flow of a Newtonian 

fluid in a tube is given by the following formula (Espinosa et al., 2018): 

� =
�

	
= 


��

�

 

The velocity v of the fluid flow and its dynamic viscosity η, which is dependent on 

temperature and pressure, are proportional, while the radial distance from the 

centerline r is inversely proportional to the shear stress (Espinosa et al., 2018). 

Since blood is a non-Newtonian fluid, its viscosity is not only dependent on 
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temperature and pressure but also on the forces acting on the blood (Haynes and 

Burton, 1959). 

In the vascular system, shear stress is the frictional force of flowing blood upon the 

inner cell layer of the vessel wall (Davies, 1995). Thus, endothelial cells are mainly 

exposed to shear stress (Noh et al., 2012). About 25% of the cardiac output are 

received by the liver, which serves as a blood volume reservoir (Lautt, 2009). The 

fenestration of SEC in the liver allows the fluid to pass through the vessel wall and 

to reach the hepatocytes (Wisse et al., 1985). Interestingly, fenestrae are dynamic 

structures that regulate the influx to the space of Disse (Arias et al., 1986). The 

relevance of the fluid flow pattern in the liver sinusoids has been modeled by Rani 

et al. (2006). The calculations presented in their study demonstrate that the blood 

fluid enters the space of Disse (Rani et al., 2006), which thereby constitutes a para-

vascular part of the plasma volume (Poisson et al., 2017). HSC are pericytes that 

are in close contact to blood vessels (Häussinger and Kordes, 2019) and, therefore, 

also exposed to shear stress (Sera et al., 2018). The influence of shear stress on 

HSC has been studied previously but only with regard to their migration behavior 

(Sera et al., 2018). 

As described in section 1.4, increase in blood pressure after PHx and, therefore, 

enhanced shear stress is a critical parameter during the initiation phase of liver 

regeneration (Michalopoulos, 2007; Poisson et al., 2017). Since two thirds of the 

liver are surgically removed during PHx, the entire blood needs to pass through the 

remaining vessel diameter. According to the formula above shear stress and radius 

are inversely proportional meaning that a reduced vessel diameter leads to 

increased shear stress. As a consequence of the increased blood pressure after 

PHx, the sinusoids are dilated (Morsiani et al., 1998). Vasodilation leads to 

stretching of SEC, which then release angiocrine signals important for liver growth 

and regeneration (Lorenz et al., 2018). Since HSC are located close to SEC, 

mechanical forces exerted by vasodilation will also lead to HSC stretching. 

Furthermore, Morsiani et al. (1995) observed enlarged endothelial fenestration six 

hours after PHx resulting in increased permeability of the sinusoidal wall in rat liver. 

Thus, the elevated amount of plasma flowing from the sinusoid into the space of 

Disse also reaches HSC. These previous observations indicate that HSC can be 

directly exposed to mechanical stimuli such as stretching and shear stress after liver 

injury. 
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In contrast to PHx, the hepatic blood flow was observed to be decreased by about 

20-55% in humans and rodents during aging (Le Couteur and McLean, 1998) 

suggesting reduced shear stress in the aged liver. Rashidi et al. (2016) 

demonstrated that fluid mechanical forces support the cell function of human 

pluripotent stem cell-derived hepatocyte-like cells indicating that shear stress seems 

to be important for liver homeostasis. Furthermore, lowered shear stress is reported 

to reduce ECM protein deposition in embryonic dorsal aorta (Espinosa et al., 2018) 

and integrin α5 (Itga5) expression in endothelial cells (Urbich et al., 2000). On the 

contrary, increased shear stress downregulates Il6 expression in endothelial cells 

or vice versa reduced fluid mechanical forces increase the expression of the SASP 

factor Il6 (Lund et al., 2010). 

Manifold studies demonstrated the influence of mechanical forces such as shear 

stress, cell stretch, compression, and strain on stem cell maintenance and 

differentiation (Stolberg and McCloskey, 2009; Nava et al., 2012). Especially fluid 

shear stress can promote the development along the endothelial, osteogenic, and 

cardiomyogenic lineages (Wang et al., 2005; Yamamoto et al., 2005; Ahsan and 

Nerem, 2010; Huang et al., 2010; Liu et al., 2010; Yourek et al., 2010). Thus, 

mechanical forces seem to be important players in developmental and regenerative 

processes involving stem cells, but seem to be crucial for tissue homeostasis as 

well. 

Various mechanisms responsible for sensing of mechanical stimuli were discussed 

in the past. One approach could be that mechanosensing and -transduction is 

mediated by the primary cilium that bends due to direct exposure to fluid flow 

(Janmey and McCulloch, 2007). The deflection of the cilium subsequently activates 

signaling cascades in which ion channels, integrins, and G proteins might be 

involved (Janmey and McCulloch, 2007; Stolberg and McCloskey, 2009). One 

further potential sensor could be the glycocalyx, which directly transmits mechanical 

forces exerted by fluid flow to the cytoskeleton (Tarbell and Pahakis, 2006; Stolberg 

and McCloskey, 2009). Another possible mechanism that had been reported is 

shear stress-induced vascular endothelial growth factor (VEGF) signaling 

(Yamamoto et al., 2003). Upon shear stress exposure, endothelial progenitor cells 

increase the expression of VEGF receptor (VEGFR) whose activation is critically 

involved in endothelial differentiation (Yamamoto et al., 2005). Liver growth and 

maintenance correlate with organ perfusion during embryogenesis and depend on 
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mechanotransduction via activated VEGFR3 and integrin β1 (ITGB1), which induce 

angiocrine signals and the release of HGF by SEC (Lorenz et al., 2018). Thus, 

integrins not only mediate focal adhesions but also act as mechanosensors- and 

transducers (Häussinger et al., 2003; vom Dahl et al., 2003; Katsumi et al., 2004; 

Schliess et al., 2004; Häussinger et al., 2006; Reinehr et al., 2010; Ross et al., 

2013). Further integrins reviewed to be involved in mechanotransduction are the αv, 

α6, β3, and β6 subunits (Tschumperlin et al., 2018). Interestingly, the signaling 

cascades activated by integrins in response to mechanical forces are dependent on 

the underlying ECM to which the cells are adhered (Katsumi et al., 2004). For 

example, fibroblasts cultured on fibronectin activate extracellular-signal-related 

kinase 2 (ERK2) signaling, while the incubation on laminin, vitronectin, and 

fibronectin activates c-Jun N-terminal kinase 1 (JNK1) signaling (MacKenna et al., 

1998). In contrast, culture on collagens does not activate any mitogen-activated 

protein kinase (MAPK) (MacKenna et al., 1998). HSC from humans were reported 

to express several integrins such as α1β1, α2β1, α5β1, α6β4, α8β1, αvβ1, and αvβ3 

(Carloni et al., 1996). 

1.8. Aims of the thesis 

Several factors might impair the stem cell niche integrity, for instance, injury, acute 

and chronic liver diseases, and aging. This thesis aimed to elucidate key factors 

from the microenvironment in the space of Disse that govern the maintenance and 

function of HSC. As described in section 1.4 the previous observations by the group 

of Professor Dr. Dieter Häussinger suggest that LAMA5 plays an exclusive role 

during liver regeneration associated with facultative liver progenitor cells. Thus, the 

focus was put on the composition of the hepatic ECM with regard to laminin and its 

influence on the maintenance of HSC characteristics such as the expression of 

quiescence and stem cell-associated markers as well as of growth factors. Since 

the process of liver regeneration, in which MSC are involved (see section 1.5), is 

impaired during aging (Biondo-Simões Mde et al., 2006; Zhu et al., 2014; Enkhbold 

et al., 2015; Saito et al., 2017), this study elucidated age-related alterations in HSC 

and their microenvironment and how these changes might contribute to the impaired 

regenerative potential of the aged liver. Therefore, identified niche components were 

investigated in normal, injured, and aged liver tissue of rats to clarify their possible 

dysregulation. In the aged rat liver, the central issues were alterations in the hepatic 
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ECM composition as well as the presence of SASP factors in HSC from old 

compared to young rats, which indicate cellular senescence and might contribute to 

the impaired regenerative capacity of the aged liver. The fluid flow of the blood 

stream reaches stellate cells through endothelial fenestration (Figure 1). Since fluid 

mechanical forces are increased after liver injury and reduced in the aged liver (see 

sections 1.4 and 1.7), it was analyzed how stellate cells respond to shear stress and 

how they might sense this fluid mechanical force. Overall, this thesis should provide 

new insights into the composition and function of the stellate cell niche. 
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2. Materials and Methods 

In the following sections the materials and methods used for the experiments 

presented in this thesis are listed and explained. 

2.1. Liver and serum sample preparation, HSC isolation, and cell culture 

Preparation of rat liver and serum samples as well as isolation and culture of HSC 

are described in the following sections. The liver and HSC sample preparation 

protocols were authorized by the Landesamt für Natur, Umwelt und 

Verbraucherschutz (Recklinghausen, Germany; 82-02.04.2015.A287). Animals 

were kept according to the German animal welfare act. 

2.1.1. Isolation of HSC and culture on ECM protein-coated surfaces 

HSC were isolated by Claudia Rupprecht (Clinic of Gastroenterology, Hepatology 

and Infectious Diseases, Heinrich Heine University Düsseldorf) from mid-aged 

Wistar rats (> 500 g, > 6 months of age), which were obtained from the animal facility 

of the Heinrich Heine University Düsseldorf (Germany). To analyze age-related 

changes, HSC were isolated from 2-months and 22-months-old rats delivered by 

Janvier Labs (France; see section 2.1.2). 

Liver tissue was digested by liver perfusion with collagenase and pronase E 

solutions as described previously (Hendriks et al., 1985). The lipid-storing HSC were 

obtained from the non-parenchymal cell fraction by density-gradient centrifugation 

using 28% Nycodenz (Nycomed Pharma, Oslo, Norway). After cell isolation, HSC 

were seeded either on uncoated polystyrene (PS) culture dishes or on dishes coated 

with fibronectin (FN; F0895-1MG; Sigma-Aldrich, Munich, Germany), collagen IV 

(COL4; C6745-1ML; Sigma-Aldrich), laminin-211 (LN-211-03; BioLamina, 

Stockholm, Sweden) or laminin-521 (LN-521-03; BioLamina). For the coating of 

plastic culture dishes a protein concentration of 1.0 µg/cm² was used. After two 

hours at 37°C, the coating solutions were aspirated and the HSC suspensions were 

added after adjustment of the cell-density (50,000 cells/cm²) with the exception of 

FN, which was aspirated and air dried before cell seeding. HSC were plated out in 

Dulbecco’s Modified Eagle Medium (DMEM; Gibco, Thermo Fisher Scientific, 

Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS; Merck/Millipore, 

Darmstadt, Germany) and 1% antibiotic-antimycotic solution (Gibco, Thermo Fisher 
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Scientific). After four hours of incubation at 37°C and 5% CO2, HSC were washed 

with phosphate buffered saline (PBS; Sigma-Aldrich) and the number of adherent 

cells per area was determined by counting the cells using the cellSens Dimension 

1.16 software (Olympus, Shinjuku, Tokyo, Japan) from at least three different 

positions of the culture dishes. Subsequently, HSC were cultured for 24 hours in 

Iscove's Modified Dulbecco's Medium (IMDM; Gibco) with 10% FCS and 1% 

antibiotic-antimycotic solution. The next day, cells were washed with PBS to remove 

FCS and the culture medium was changed to a serum-free medium composed of 

IMDM with 1% insulin-selenite-transferrin/ITS (I3146; Sigma-Aldrich) containing 

albumin and linoleic acid (L9530-5ML; Sigma-Aldrich) supplemented with 1% 

antibiotic-antimycotic solution. The purity of cultured HSC was determined by ultra-

violet light (UV light) excitation, resulting in characteristic emission of retinoid 

fluorescence, and by their typical cell morphology showing lipid-containing droplets 

encircling the cell nucleus. In case of cell culture experiments with bio-functionalized 

surfaces (see section 2.9), similar culture conditions were used. After seven days of 

culture, cells were either harvested for mRNA and protein analyses or fixed for 

immunostaining. Furthermore, conditioned culture media were harvested for 

analysis of HGF release with the Mouse/Rat HGF Quantikine ELISA Kit (MHG00; 

R&D Systems, Minneapolis, MN, USA). 

In a different approach, HSC were cultured under serum-free conditions on 

uncoated PS surfaces to enable the development of myofibroblast-like cells. After 

one week, cells were washed with PBS without Mg2+/Ca2+, detached by 

trypsin/EDTA solution (59417C; Sigma-Aldrich), and centrifuged for 5 min at 500xg. 

Afterwards, cells were re-seeded on either uncoated or laminin-coated (LN-211, LN-

521) PS surfaces and cultured for 24 hours in IMDM with 10% FCS and 1% 

antibiotic-antimycotic solution to enable cell attachment. Subsequently, remaining 

FCS was removed by washing with PBS and the HSC-derived myofibroblast-like 

cells were cultured for another week under serum-free conditions as described 

above before they were harvested for analysis.  

To analyze the presence of ITGA5 in quiescent and culture-activated HSC, cells 

were isolated as described above and cultured on uncoated PS dishes either for 

one, three or seven days in DMEM containing 10% FCS and 1% antibiotic-

antimycotic solution. Subsequently, HSC were collected for protein extraction from 

whole cell lysates at indicated time points and ITGA5 protein amount was analyzed 
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by Western blot (see section 2.6). Cell culture media were exchanged every second 

to third day in all in vitro experiments. 

2.1.2. Sample preparation from young and old rat livers 

Livers for tissue preparation and HSC isolation were derived from 2 months 

(average body mass 335 ± 6 g) and 22 months (average body mass 655 ± 18 g) old 

male Wistar rats from Janvier Labs (France). Prior to sample preparation, the blood 

was harvested from the portal vein for analysis of SASP factors (see section 2.11). 

Therefore, blood was collected in Plus Blood Collection Tubes (366566; BD 

Biosciences, Heidelberg, Germany) and kept for 30 min at room temperature. 

Subsequently, blood samples were centrifuged for 11 min at 5000xg and the upper 

aqueous phase was collected and frozen at -80°C. Remaining blood was removed 

from liver tissue by perfusion with PBS and samples from three different lobes 

(median lobe, left lateral lobe, right lateral lobe) of each liver were collected and 

pooled for tissue analysis by gene expression arrays, qPCR, and Western blot. Liver 

samples were snap frozen in liquid nitrogen and stored at -80°C for further analysis. 

HSC isolation from young and old rat livers was performed as described in section 

2.1.1 by Claudia Rupprecht and Dr. Kordes (Clinic of Gastroenterology, Hepatology 

and Infectious Diseases, Heinrich Heine University Düsseldorf). Isolated HSC were 

suspended in PBS containing 2% FCS and purified by fluorescence-activated cell 

sorting (FACS) using their typical retinoid fluorescence emitted after UV light 

excitation (370 nm; FACS Aria III, BD Biosciences). Sorted HSC were collected in 

IMDM supplemented with 10% FCS and 1% antibiotic-antimycotic solution. The 

purity of HSC obtained by FACS was determined at day one by UV light excitation 

and their typical cell morphology showing lipid-containing droplets encircling the cell 

nucleus. Afterwards, HSC were washed with PBS and either harvested for RNA 

isolation or medium was changed to serum-free conditions. After two days of culture, 

conditioned serum-free culture medium of HSC from young and old rats was 

analyzed with regard to SASP factors (see section 2.11). 

2.1.3. Culture of HSC under pulsatile laminar fluid flow 

HSC were isolated as described in section 2.1.1 and 3,000,000 cells were seeded 

on 10 cm petri dishes in DMEM with 10% FCS and 1% antibiotic-antimycotic 
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solution. At the following day, the HSC were washed with PBS without Mg2+/Ca2+, 

then detached by trypsin/EDTA and centrifuged for 5 min at 500xg. Afterwards, 

250,000 cells in 100 µl medium (DMEM with 10% FCS and 1% antibiotic-antimycotic 

solution) were seeded into so called ibidi µ-Slides I0.4 pre-coated with COL4 (80172; 

ibidi, Martinsried, Germany). When HSC adhered, each of the two reservoirs were 

filled with 60 µl medium. In total eight µ-Slides were prepared per experiment. After 

24 hours, HSC were washed with PBS and medium was changed to serum-free 

(IMDM, 1% ITS containing albumin and linoleic acid, 1% antibiotic-antimycotic 

solution). On day three after isolation, the perfusion sets “yellow/green” (10964; 

ibidi) were mounted to the Fluidic Unit (10903; ibidi) and filled with 13.6 ml IMDM 

supplemented with 1% ITS/albumin/linoleic acid and 1% antibiotic-antimycotic 

solution. Furthermore, two µ-Slides were connected by a serial connector (10830; 

ibidi) and connected µ-Slides were integrated into the perfusion system. 

Subsequently, the tubes from the first Fluidic Unit (P1) were routed through the front 

pinch valves of the second Fluidic Unit (P2) as shown in Figure 5. 

 

Figure 5: Setup for HSC exposed to 
laminar pulsatile fluid flow with the ibidi 
perfusion system. The perfusion system 
was mounted to a Fluidic Unit and filled with 
13.6 ml of pre-warmed serum-free medium. 
Subsequently, two µ-Slides with HSC were 
connected by a serial connector and 
integrated into the perfusion system. The 
tubing was then routed through the front 
pinch valves of a second Fluidic Unit in order 
to generate a pulsatile flow. Before the 
perfusion experiment was started, culture 
supernatant and cells were collected from 
one separate µ-Slide as a starting point 
(0 dyn/cm²). Subsequently, the channels 
with HSC were perfused for one hour with a 
low (2.9 dyn/cm²), medium (15 dyn/cm²) or 
high (29 dyn/cm²) shear stress. Furthermore, 
the pulsatile flow was generated with a pulse 
of 150 bpm (2.5 Hz). Directly after the 
perfusion has been stopped, the culture 
supernatant was collected and analyzed 
using an HGF ELISA. HSC were collected 
for mRNA expression analyses by qPCR. 

Next, pump, Fluidic Units, and computer were connected and settings for different 

shear stress experiments (Table 1) were applied in the PumpControl software (ibidi). 
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Before experiments were started, the medium from two separate µ-Slides was 

collected as a starting point (0 dyn/cm²) and frozen at -20°C. Moreover, cells were 

collected for further analysis. Then, pulsatile flow experiments were performed for 

one hour. After each run, the cell culture supernatant was directly collected, frozen 

at -20°C, and stored until further analysis with the Mouse/Rat HGF Quantikine 

ELISA Kit (MHG00; R&D Systems). Finally, HSC were lysed for RNA extraction. 

Table 1: Settings for low, medium, and high shear stress during culture of HSC under 
laminar pulsatile flow. 

Parameter 
Low shear 
stress 

Medium shear 
stress 

High shear 
stress 

τ [dyn/cm²] 2.9 15 29 
p [mbar] 5.8 32.8 73.8 
Q [ml/min] 3.06 15.82 30.6 

Switching time P1 unidirectional [s] 120 20 12 
Switching time P2 oscillating [s] 0.2 0.2 0.2 

cycle duration [h] 1 1 1 
P1: Fluidic Unit 1, P2: Fluidic Unit 2 

2.2. CRISPR/Cas9-mediated Itga5 and Itgb1 knockouts in HSC 

For the Itga5 and Itgb1 knockouts in freshly isolated HSC the guide RNA (gRNA) 

were designed with the program ChopChop V2 (Labun et al., 2016) and synthesized 

with the GeneArt Precision gRNA Synthesis Kit (A29377; Invitrogen, Carlsbad, CA, 

USA) according to manufacturer’s instructions. The target sequences for the gRNA 

as well as the forward and reverse primers are listed in Table 2. 

Table 2: Target sequences and primer pairs for Itga5 and Itgb1 gRNA. 

Gene gRNA Sequence 

Itga5 

gRNA 1 
target sequence GGGCTTCAACCTAGACGCGGAGG 
forward primer TAATACGACTCACTATAGGGGCTTCAACCTAGAC 

reverse primer TTCTAGCTCTAAAACCCGCGTCTAGGTTGAAGCC 

gRNA 2 
target sequence CTCCGTGGAGTTTTACCGGCCGG 
forward primer TAATACGACTCACTATAGCTCCGTGGAGTTTTAC 

reverse primer TTCTAGCTCTAAAACGCCGGTAAAACTCCACGGA 

Itgb1 gRNA3 

target sequence GTTGGTCAGCAGCGCATATCTGG 

forward primer TAATACGACTCACTATAGGTTGGTCAGCAGCGCA 
reverse primer TTCTAGCTCTAAAACGATATGCGCTGCTGACCAA 

 

HSC from mid-aged rats were isolated as described in section 2.1.1 and transfection 

was performed with the TrueCut Cas9 Protein v2 (A36499; Invitrogen) and the 

gRNA using the P3 Primary Cell 4D-Nucleofector X Kit L (V4XP-3024; Lonza, Basel, 

Switzerland) and the 4D-Nucleofector (Lonza) according to manufacturer’s 
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recommendations. Therefore, 2,000,000 cells in 1 ml culture medium (DMEM, 10% 

FCS, 1% antibiotic-antimycotic solution) were centrifuged at 300xg for 5 min and re-

suspended in 100 µl of the transfection master mix composed of 82 µl Nucleofactor 

solution (Lonza), 18 µl supplement (Lonza), 1 µl Cas9 protein (5 µg), and 1 µl gRNA 

(2 µg). As control (mock), cells were transfected in presence of Cas9 protein but 

without gRNA. Subsequently, HSC were seeded in two wells of a 6-well plate in 

DMEM containing 10% FCS and 1% antibiotic-antimycotic solution. Furthermore, 

untransfected cells were seeded as a control. The next day, HSC were washed with 

PBS and fresh medium was added. After two additional days, HSC were collected 

for protein extraction in order to determine the knockout efficiency by Western blot 

as described below (see section 2.6) using the anti-integrin α5 (ab150361; Abcam) 

and anti-integrin β1 (ab52971; Abcam) antibodies. For shear stress experiments, 

HSC were transferred to 10 ml of DMEM with 10% FCS and 1% antibiotic-

antimycotic solution directly after transfection and then centrifuged at 300xg for 

5 min. Afterwards, the cell pellet was re-suspended in 300 µl medium and 100 µl 

cell suspension of HSC with and without CRISPR/Cas9-mediated Itga5 or Itgb1 

knockout were seeded in µ-Slides I0.4 pre-coated with COL4 (ibidi). Overall three µ-

Slides per condition were prepared. After cell attachment (~30 min) the two 

reservoirs of the µ-Slide were each filled with 60 µl medium. After 24 hours, cells 

were washed with PBS and serum-free medium was added (IMDM, 1% 

ITS/albumin/linoleic acid, 1% antibiotic-antimycotic solution). The next day, 

experiments were performed as described in section 2.1.3 under serum-free 

condition and a medium shear stress of 15 dyn/cm² (for settings see Table 1) was 

applied for one hour. Culture supernatants and cells from static (0 dyn/cm²) and 

shear conditions were collected before and after each experiment for further 

analyses by qPCR and the HGF Quantikine ELISA (MHG00; R&D Systems). 

2.3. Liver injury models 

After anesthesia of male Wistar rats (~250 g body weight, 8-10 weeks), the two 

largest liver lobes (70% of the liver mass) were surgically removed as described 

(Higgins and Anderson, 1931; Kordes et al., 2014). For a liver regeneration model 

associated with the appearance of duct-forming liver progenitor cells, pellets 

containing 2-acetylaminofluorene (2AAF; 70 mg 2AAF release for 14 days; 

Innovative Research of America, Sarasota, FL, USA) were implanted under the skin 
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of the neck of Wistar rats seven days before PHx was performed as described 

(Tatematsu et al., 1984; Kordes et al., 2014). Tissue samples were taken after liver 

perfusion with physiologic buffer during the first two weeks of regeneration at 

indicated time points and included in qPCR (n = 3-5 per indicated time point) and 

immunofluorescence (n = 3) analyses. For quantification of HGF fluorescence 

intensity in tissue sections from normal and regenerating (PHx) rat liver, images 

from six different positions were analyzed with the cellSens Dimension 1.16 

software (Olympus). The animal experiments were approved by the Landesamt für 

Natur, Umwelt und Verbraucherschutz (Recklinghausen, Germany; 

9.93.2.10.34.07.163) and carried out by Dr. Claus Kordes and Dr. Iris Sawitza (Clinic 

of Gastroenterology, Hepatology and Infectious Diseases, Heinrich Heine University 

Düsseldorf). 

2.4. Gene expression analyses by microarray and qPCR 

The RNA was extracted from isolated HSC or whole liver tissue using the RNeasy 

Mini Kit (74106; Qiagen, Hilden, Germany) or the innuPREP RNA Mini Kit 2.0 (845-

KS-2040250; Analytik Jena AG, Jena, Germany) according to the manufacturer’s 

instructions. Afterwards, RNA amount and quality were measured in a DropSense 

spectrometer (Trinean, Gentbrugge, Belgium). The Revert Aid H Minus First Strand 

cDNA Synthesis Kit (K1632; Thermo Fisher Scientific, Waltham, MA, USA) was 

used for cDNA synthesis from 2 µg total RNA in a volume of 40 µl reaction buffer 

according to manufacturer’s recommendations. 

Quantitative PCR (qPCR) was performed with the qTower3 cycler (Analytik Jena 

AG, Jena, Germany). Therefore, 20 ng cDNA as well as 0.6 µM of the appropriate 

primer pair (Table 3) were applied for each reaction in the Maxima SYBR Green 

qPCR Mastermix (K0253; Thermo Fisher Scientific, Waltham, MA USA). The 

protocol started with an initial heating phase at 95°C for 5 min. Overall 45 cycles 

were performed with a denaturation phase at 95°C for 15 seconds, annealing at 

60°C for 15 seconds, and elongation at 72°C for 20 seconds. Finally, a melting curve 

was assessed from 60°C to 95°C with a temperature increase of 1°C per 

15 seconds. 

RNA samples obtained from cultured HSC and whole liver tissues from young 

(2 months) and old (22 months) rats were sent to IMGM Laboratories (Martinsried, 
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Germany) for gene expression analyses by gene expression microarrays 

(Affymetrix, GeneChip Rat Gene 2.0 ST Array, Thermo Fisher Scientific) in 

triplicates for each age group. The array data were processed by the Transcriptome 

Analysis Console 3.0 (Thermo Fisher Scientific) and are available online at 

ArrayExpress database (http://www.ebi.ac.uk/arrayexpress; accession number: E-

MTAB-7423). 

Table 3: Primer pairs for qPCR analyses. 

Gene Accession no. Forward primer Reverse primer 

CD133 NM_021751 TGCTCATGAGTCTTGGCATC TGTGTTGTATTGCCCCAGAA 

Col1a2 NM_053356 ACCTCAGGGTGTTCAAGGTG GGGATTCCAATAGGACCAGA 

Col4a1 NM_001135009 GTCCTCACTGTGGATTGGCTA AGTAATTGCACGTTCCTCTGC 

Dag1 NM_053697 CGAGTGAGCATTCCAACAGAT TGCAGCACTCACTGAGATGTAA 

desmin NM_02253 ACCTTCCGATCCAGACCTTCT TTCATGTTGTTGCTGTGTGGC 

e-cadherin NM_031334 ACTTTGGTGTGGGTCTGGAG GTTGACGGTCCCTTCACAGT 

Eln NM_012722 GTGGCTATGGACTGCCCTATAC CCTCCAGCAGCTCCATACTTAG 

Fn NM_019143 ATGTTGGAGTGTTTGTGTCTGG GTGTCCTGATCATTGCATCTGT 

Gfap NM_017009 ACATCGAGATCGCCACCTAC TCCACCGTCTTTACCACGAT 

Hgf NM_017017 CGAGCTATCGCGGTAAAGAC TGTAGCTTTCACCGTTGCAG 

Hprt1 NM_012583 AAGTGTTGGATACAGGCCAGA GGCTTTGTACTTGGCTTTTCC 

Il6 NM_012589 TACCCCAACTTCCAATGCTC GGTTTGCCGAGTAGACCTCA 

Itga3 XM_006247215 CCCTCAAGAACGATTGTGAAC AGACCACAGCACCTTGGTGTA 

Itga5 NM_001108118 CCCAAAGGAAACCTCACCTAT TCATCTAGCCCATCTCCATTG 

Itga6 NM_053725 GGCTCTTGTCAGCAAGGAGTA CAACTTCATAGGGCCCATCTT 

Itgb1 NM_017022 TTGGACACTGTTCCATGCGTA TTGAAGGCTCTGCACTGAACA 

Itgb3 NM_153720 GGCCTCAAGATTGGAGACAC GCAGTCACAGTCACAGTCGAA 

Itgb4 NM_013180 CTGCTCATCTTCCTCCTGTTG TCCCGCAGCATATAGTGATCT 

Lama1 NM_001108237 TTTAAGGGCTGCATGGGAGAG TTATCTGTGTCACGGTGGGAC 

Lama2 XM_017590488 GGGACACGAACGATGAGGAAA TTTTCACTTCGATGGGCTGCT 

Lama4 NM_001309447 ACTATGTCAGTGAGGCCAACG CTGGCTTGATTGAGAAGGTTG 

Lama5 NM_001191609 CAAATGAGCATCGCCTTCCTG CCAGCACCATCATGAGTTCCT 

Lamb1 XM_003750137 CGTGGACTCTGTGGAGAAGAA CTCCGTGAAGCTGTGTCAGAT 

Lamb2 NM_012974 CAGAGCTGGAATTGGTGGTG TGTAGGAGAGACCAGGCTCAA 

Lamc1 NM_053966 GCCTTTTCAACTCTGGAAGGA ACTTGAGGACTTTGGGGTCAT  

Lrat NM_022280 GACCTACTGCAGATACGGCTC TATGATGCCAGGCCTGTGTAG 

Lu/Bcam NM_031752 GAGGATTACGATGCTGACGAG ATCTGCAACGGTCACAGAATC 

nestin NM_001308239 GATCGCTCAGATCCTGGAAG AGGTGTCTGCAACCGAGAGT 

Nid1 XM_213954 TGTGCCAACAATAGACACCAG AAGATCCTTCCCTTCACCTTG 

Nid2 NM_001012005 ATTCACCATGGAGGCAGTTC CCGGGGGTATTGTAACAGATG 

Notch1 NM_001105721 ACAGTGGGGTATGCAAGGAG ATTGGTGTTCTGGCAAGAGG 

Notch3 NM_020087 CTACCTTGGCTCTGCTGAAAA AGCCTGTCCAAGTGATCTGTG 

Pparγ NM_013124 GAGCCTTCAAACTCCCTCAT CTTCAATCGGATGGTTCTTC 

reelin NM_080394 CTGCAATACAGCGTCAACAAC CCACTGATCATGACCTGTTCC 

Sdc1 NM_013026 CCTTTTGGACAGGAAGGAAGT GGCTCCTCCAAGGAGTAACTG 

Sparcl1 NM_012946 CCTCAAATACGGAGAGGAGAC GTCCCCTTTTACACTGGAAGT 

α-Sma NM_031004 GCACTACCATGTACCCAGGCA TGCGTTCTGGAGGAGCAATA 
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Gene ontology (GO) term analysis of significantly altered genes (fold change > 2, 

p < 0.05) with regard to biological processes was performed with the Gene ontology 

enrichment analysis and visualization software GOrilla (October 2018; http://cbl-

gorilla.cs.technion.ac.il/) published by Eden et al. (2009). 

Additionally, RNA from liver tissue of six additional animals per age group was 

isolated for qPCR analyses as described above. The sequences of all expression 

primers are listed in Table 3. The oligonucleotides were obtained from Eurofins 

MWG Synthesis GmbH (Ebersberg, Germany) or Eurogentec Deutschland GmbH 

(Cologne, Germany). The qPCR raw data were normalized to the Ct values of the 

housekeeping gene hypoxanthine-guanine phosphoribosyl transferase 1 (Hprt1) 

and the ΔΔCt-method was used for the calculation of relative expression changes 

(Livak and Schmittgen, 2001). 

2.5. Immunofluorescence analyses of isolated HSC and liver sections 

Cultured HSC were either fixed with ice-cold methanol for 5 min or 4% formalin for 

15 min according to the antibody manufacturer’s recommendations. In case of 

formalin fixation, the cells were permeabilized with 0.1% Triton X-100 (T8787; 

Sigma-Aldrich) for 5 min and washed with PBS. Cryosections (10 µm) of normal and 

regenerating rat liver tissue sections were fixed in ice-cold methanol for 5 min and 

then air dried, while liver sections from young and old rats were either fixed in ice-

cold methanol or 4% formalin (Roti-Histofix; P087; Carl Roth, Karlsruhe, Germany) 

for 15 min depending on the binding properties of the primary antibody. After 

blocking of unspecific binding sites with 10% FCS in PBS for one hour at room 

temperature, cells or tissue sections were incubated with primary antibodies in PBS 

containing 2% FCS at 4°C overnight in a humid atmosphere. The primary antibodies 

used for staining of isolated HSC and tissue sections from normal, regenerating, 

and aged rat liver are listed in Table 4. At the following day, samples were washed 

with PBS and incubated with anti-mouse or anti-rabbit secondary antibodies (dilution 

1:200) labelled with cyanine dye 3 (Cy3; AP192C; Merck/Millipore) or fluorescein 

isothiocyanate (FITC; AP192F; Merck/Millipore) for two hours at room temperature. 

Subsequently, cells or tissue sections were washed and mounted with Fluoromount 

G containing 4',6-diamidino-2-phenylindole (DAPI; 0100-20; Southern Biotech, 

Birmingham, AL, USA) and a cover slip. For each staining, images of isolated HSC 

and of different liver tissue sections were acquired with the same exposure times 
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using an Olympus IX50 inverted microscope equipped with a DP71 camera 

(Olympus). All immunofluorescence analyses were repeated with HSC and tissue 

sections from normal, regenerating, and aged rat liver that derived from at least 

three different animals. For quantification of fluorescence intensities in rat liver 

tissue, images from at least three different positions per section were taken and 

analyzed with the cellSens Dimension 1.16 software (Olympus). 

Table 4: Primary antibodies for immunofluorescence analyses. 

Antibody Catalog no. Manufacturer Fixation Dilution 

CD133 ab19898 abcam, Cambridge, UK methanol 1:100 

CK18 BM2275P Acris, Herford, Germany methanol 1:100 

CK19 NB100-687 Novus Biologicals, Littleton, CO, USA methanol 1:100 

COL1 C2456 Sigma-Aldrich, Munich, Germany methanol 1:100 

COL4 ab6586 abcam, Cambridge, UK methanol 1:100 

desmin ab8592 abcam, Cambridge, UK methanol 1:100 

FN 610078 Becton Dickinson, Franklin Lakes, NJ, USA formalin 1:100 

GFAP 
12389 
MAB3402 

Cell Signaling, Danvers, MA, USA 
Merck/Millipore, Darmstadt, Germany 

methanol 
methanol 

1:100 
1:100 

HGF 80429-R052 Sino Biological, Beijing, China methanol 1:100 
ITGA5 ab150361 abcam, Cambridge, UK methanol 1:100 

ITGB1 ab52971 abcam, Cambridge, UK formalin 1:100 

ITGB4 ab29042 abcam, Cambridge, UK formalin 1:100 

LAMA2 AMAb91166 Atlas Antibodies, Bromma, Sweden methanol 1:100 

LAMA5 NBP2-42391 Novus Biologicals, Littleton, CO, USA methanol 1:100 

LU/BCAM MAB1481 R&D Systems, Minneapolis, MN, USA methanol 1:50 
nestin sc-33677 Santa Cruz, Dallas, TX, USA methanol 1:50 

Notch1 sc-6014-R Santa Cruz, Dallas, TX, USA methanol 1:100 
p-47phox SAB4504721 Sigma-Aldrich, Munich, Germany methanol 1:200 

reelin ab78540 abcam, Cambridge, UK methanol 1:50 

SPARCL1 sc-514275 Santa Cruz, Dallas, TX, USA formalin 1:50 

α-SMA M0851 Dako/Agilent, Santa Clara, CA, USA methanol 1:100 

8-OHG 12501 QED Bioscience, San Diego, CA, USA formalin 1:200 

 

2.6. Western blot analyses of isolated HSC and liver tissue 

Protein samples were obtained from HSC cultured for three days on uncoated PS, 

from HSC cultured for seven days on laminin-coated and uncoated PS or from HSC 

three days after CRISPR/Cas9 transfection. Protein analyses of whole cell lysates 

or membrane fraction (Membrane Protein Extraction Kit, K3014005; BioChain, 

Newark, CA, USA) were performed using the semidry Western blot technique 

according to standard protocols. For this purpose, 40 µg of protein lysates were 

separated by 10% sodium dodecyl sulfate (SDS) polyacrylamide gels and blotted 
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on nitrocellulose membranes (10600002; GE Healthcare, Chicago, IL, USA). In case 

of α-SMA protein analysis only 5 µg protein was loaded. To verify the specificity of 

different laminin α chain antibodies for immunofluorescence analysis of normal, 

regenerating and aged liver cryosections, 5 µg of commercially available 

recombinant LN-111, LN-211, and LN-521 (BioLamina, Sweden) were separated by 

10% SDS polyacrylamide gels, blotted on nitrocellulose membranes, and incubated 

with the primary antibodies against laminin α chains (Table 5). 

Table 5: Primary antibodies for Western blot analyses. 

Antibody Catalog no. Sample Manufacturer Dilution 

Annexin II 610068 
membrane 
fraction 

Becton Dickinson, Franklin Lakes, NJ, USA 1:5,000 

CD133 ab19898 
membrane 
fraction 

abcam, Cambridge, UK 1:5,000 

COL4 ab6586 cell lysate abcam, Cambridge, UK 1:5,000 
desmin ab8592 liver tissue abcam, Cambridge, UK 1:5,000 

e-cadherin 610182 cell lysate Becton Dickinson, Franklin Lakes, NJ, USA 1:5,000 

FN 610078 
cell lysate 
liver tissue 

Becton Dickinson, Franklin Lakes, NJ, USA 1:5,000 

GFAP MAB360 
cell lysate 
liver tissue 

Merck/Millipore, Darmstadt, Germany 1:5,000 

HGF LS-C486534 liver tissue Lifespan Biosciences, Seattle, WA, USA 1:2,500 

ITGA5 ab150361 
cell lysate 
liver tissue 

abcam, Cambridge, UK 1:5,000 

ITGB1 ab52971 
cell lysate 
liver tissue 

abcam, Cambridge, UK 1:5,000 

LAMA1 
TA322579 
L9393 

recombinant 
LN-111 

OriGene, Rockville, MD, USA 
Sigma-Aldrich, Munich, Germany 

1:2,500 
1:5,000 

LAMA2 AMAb91166 
recombinant 
LN-211 

Atlas Antibodies, Bromma, Sweden 1:5,000 

LAMA5 
NBP2-42391 
sc-20145 

recombinant 
LN-521 

Novus Biologicals, Littleton, CO, USA 
Santa Cruz, Dallas, TX, USA 

1:5,000 
1:1,000 

Notch1 sc-6014-R cell lysate Santa Cruz, Dallas, TX, USA 1:1,000 

Notch3 55114-1-AP cell lysate Proteintech, Manchester, UK 1:1,000 

α-SMA M0851 
cell lysate 
liver tissue 

Dako/Agilent, Santa Clara, CA, USA 1:10,000 

γ-tubulin T5326 
cell lysate 
liver tissue 

Sigma-Aldrich, Munich, Germany 1:10,000 

 

For the protein analyses of liver tissue from young (2 months) and old (22 months) 

rats, 150 µg of whole protein lysates were separated by 10% SDS polyacrylamide 

gels and blotted on nitrocellulose membranes. 

All primary antibodies were diluted either in 5% fat-free milk powder (T145.3; Carl 

Roth) or 5% bovine serum albumin (BSA; 8076.3, Carl Roth) according to 

manufacturer’s recommendations and are listed in Table 5. Incubation of 

nitrocellulose membranes with the primary antibodies was conducted on a rocking 
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platform overnight at 4°C. The Precision Plus Protein All Blue Standards (161-0373; 

BioRad, München, Germany) was used as a marker for protein molecular weights. 

The detection was carried out by incubating the nitrocellulose membranes with 

horseradish peroxidase (HRP)-coupled goat-anti-mouse (AP192P; Merck/Millipore) 

or goat-anti-rabbit (AP182P; Merck/Millipore) antibodies (dilution 1:20,000), 

respectively, on a rocking platform for two hours at room temperature and Western 

Bright Quantum (K-12042-D20) or Sirius (K-12043-D20) HRP substrates (Advansta, 

Menlo Park, CA, USA). Finally, visualization and documentation was performed with 

the ChemiDoc Imaging System (BioRad). The intensities of Western blot protein 

bands were analyzed using the multiplex band analysis tool of the AlphaView 3.4.0.0 

software (Proteinsimple, San Jose, USA). The intensity of γ-tubulin bands was used 

for normalization of the data obtained by the analyses of whole cell or liver tissue 

lysates, while the intensity of Annexin II bands was used for normalization of 

membrane fractions. Stripping was performed by incubating the nitrocellulose 

membranes with Roti-Free Stripping Puffer 2.0 (3319.2; Carl Roth) on a rocking 

platform for 15 min at room temperature. 

2.7. Quantitative mass spectrometric analysis of rat liver matrix 

To investigate the laminin composition in hepatic ECM, three normal rat livers were 

perfused once with PBS (without Ca2+/Mg2+) and three times with 500 ml PBS (with 

Ca2+/Mg2+) containing increasing concentrations of Triton X-100 (1%, 2%, and 3%; 

T8787; Sigma-Aldrich). Afterwards, three perfusion steps were performed with 

1,000 ml PBS (with Ca2+/Mg2+) supplemented with increasing amounts of SDS 

(0.1%, 0.5%, and 1%; 1057.1; Carl Roth) each containing 20 mg DNase (DN25-1G; 

Sigma-Aldrich). Finally, decellularized liver tissue was flushed with 1,000 ml of 

deionized water and frozen in liquid nitrogen. All perfusion steps were performed at 

a flow rate of 10-15 ml/min at room temperature. For the comparison of the protein 

composition in young and old rat hepatic ECM, three livers from 2-months-old and 

three livers from 22-months-old rats were decellularized as described above. 

Samples from the remaining ECM were collected from three different liver lobes per 

animal, pooled, and finally lyophilized for bottom-up mass spectrometric analysis 

essentially as described for muscle cell cultures (Grube et al., 2018). 

The following steps were performed by the Molecular Proteomics Laboratory 

(Biologisch-Medizinisches Forschungszentrum, Heinrich Heine University 
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Düsseldorf, Germany) as described in Rohn et al. (2018). Protein samples of ECM 

proteins were analyzed as previously described (Grube et al., 2018). Briefly, 

decellularized liver tissue from three rat livers were prepared in cell lysis buffer 

(30 mM Tris-HCl; 2 M thiourea; 7 M urea; 4% CHAPS (w/v) pH 8.0 in water) and 

5 µg of protein shortly separated in a polyacrylamide gel (about 5 mm running 

distance). The gel was subjected to silver staining and protein bands were cut out 

from the gel and further processed for mass spectrometric analysis. Therefore, 

proteins were reduced and alkylated followed by tryptic digestion. Resulting 

peptides were extracted from the gel and finally resuspended in 0.1% trifluoroacetic 

acid. Subsequently, 500 ng of peptides plus 20 fmol Peptide Retention Time 

Calibration Mixture (Pierce/Thermo Fisher Scientific, Darmstadt, Germany) were 

first separated over two hours using an UltiMate 3000 rapid separation liquid 

chromatography system. The chromatography system was online coupled to a 

QExactive high resolution mass spectrometer operated in positive mode via a nano-

electrospray interface. First, survey scans were carried out at a resolution of 70,000 

(at 400 m/z) over a scan range from 350-2000 m/z. The target value for the 

automatic gain control was 3,000,000 and the maximum fill time 80 ms. The 10 most 

intense doubly and triply charged peptide ions were isolated within a 2 m/z window 

by the build in quadrupole and fragmented by higher energy collisional dissociation 

(HCD). Peptide fragments were analyzed over a maximal scan range from 200-

2000 m/z with a maximal fill time of 60 ms and automatic gain control target value 

of 100,000 at a resolution of 17,500 (at 400 m/z). Already fragmented ions were 

excluded from fragmentation for 100 seconds. Protein and peptide identification and 

quantification were carried out within the MaxQuant environment (version 1.6.1.0, 

MPI for Biochemistry, Planegg, Germany) with standard parameters if not otherwise 

stated. Searches were carried out using the peptide sequences from the spiked in 

peptides as well as the 29966 UP000002494 rat proteome sequences downloaded 

from the UniProt KB on 10th April 2018. Label-free quantification and iBAQ was 

enabled as well as the match between the runs option. In a first search, 

carbamidomethyl on cysteines was considered as fixed and methionine oxidation, 

N-terminal acetylation, and Arginine +10 and Lysine +8 as variable modifications. 

The latter two modifications were omitted in a second search. Proteins and peptides 

were accepted with a false discovery rate of 1% and only proteins accepted showing 

at least two different peptides and valid values in at least two replicates. For further 



Materials and Methods 
 

29 
 

calculations, iBAQ intensities were used: absolute protein amounts were calculated 

on the results of the second search after normalization on iBAQ intensities of the 

spiked in peptides (20 fmol/sample, results of the first search). 

Processed raw data were provided by the Molecular Proteomics Laboratory 

(Biologisch-Medizinisches Forschungszentrum, Heinrich Heine University 

Düsseldorf, Germany) and data was further used for calculating mean values of 

relative laminin amounts in the hepatic ECM by Friederike Rohn. In case of young 

and old rat liver matrix, mean values of different laminins, nidogens (NID), collagens 

(COL), elastin (ELN), and fibronectin (FN) were calculated. 

2.8. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

Isolated HSC were cultured on either uncoated PS or PS coated with LN-211 or LN-

521 as described in section 2.1.1. After one week, cells were washed twice with 

PBS, collected in 500 µl PBS, and stored at -20°C until quantification of retinoids 

was performed. 

Analyses of retinol and retinyl palmitate contents in cell extracts were conducted by 

Dr. Diran Herebian (Department of General Pediatrics, Neonatology and Pediatric 

Cardiology, Medical Faculty, Heinrich Heine University Düsseldorf, Germany) with 

LC-MS/MS as described (van Breemen et al., 1998) and are published in Rohn et 

al. (2018). The system consisted of an ExionLC AD UHPLC (ultra-performance high 

pressure liquid chromatography; SCIEX, Framingham, MA, USA) coupled to a 

QTRAP 5500 mass spectrometer (SCIEX), which was equipped with an 

electrospray ionization (ESI) source. A Kinetex EVO C18 column (Phenomenex, 

Torrance, CA, USA) was used for separation of the analytes (100 mm x 2.1 mm x 

2.6 µm). Mobile phase A consisted of water containing 10 mM ammonium formate 

with 0.1% formic acid. Mobile phase B consisted of acetonitrile/2-propanol (v/v; 5/2) 

including 10 mM ammonium formate and 0.1% formic acid. Gradient mode of 6 

minutes was used with a flow rate of 0.4 ml/min. The detection was performed in a 

positive ion mode. The data were collected in the multiple reaction monitoring 

(MRM) mode. Retinol (R7632; Sigma-Aldrich) and retinyl palmitate (46959; Sigma-

Aldrich) were used as external standards and retinyl acetate (46958; Sigma-Aldrich) 

was used as internal standard. The data were acquired by Analyst 1.6 software, 

quantified by MultiQuant 3.0.2 software (SCIEX) and submitted to Friederike Rohn 
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for further processing. The data were normalized to total cell number, which was 

assessed by counting the cells with the cellSens Dimension 1.16 software 

(Olympus) on microscopic images at five different positions prior to sample 

collection. 

2.9. Generation of nanostructured glass surfaces 

Generation, passivation, and bio-functionalization of nanostructured glass surfaces 

was carried out by the group of Professor Dr. Joachim P. Spatz (Max-Planck-

Institute for Medical Research, Heidelberg, Germany) as described in Rohn et al. 

(2018). Nanostructured glass surfaces were produced by diblock-copolymer micelle 

nanolithography as previously described (Spatz et al., 2000; Glass et al., 2003; 

Lohmüller et al., 2011) with an average particle spacing of 71 ± 12 nm, 102 ± 12 nm 

or 151 ± 35 nm as determined by scanning electron microscopy. Briefly, 2 mg/ml of 

polystyrene(1200)-b-poly-2-vinylpyridine(556) (Polymer Source, Dorval, QC, 

Canada), 1.5 mg/ml of polystyrene(1680)-b-poly-2-vinylpyridine(666) or 1 mg/ml of 

polystyrene(1680)-b-poly-2-vinylpyridine(666) (Polymer Source), respectively, were 

dissolved in toluene p.a. Subsequently, tetrachloroauric acid to vinylpyridine 

monomer ratio of 0.5 were added to the solutions and stirred for 24 hours. The 

solutions were spin-coated on 20 x 20 mm N°1 glass coverslips (Carl Roth). 

Afterwards, the substrates were subjected to a plasma procedure (10% H2 / 90% Ar, 

350 W, 0.4 mbar, 45 min), followed by a thermal treatment in an oven at 500°C for 

24 h. To prevent non-specific adhesion of any proteins to the glass substrate in-

between the gold nanostructures, the glass surfaces were passivated as described 

(Blümmel et al., 2007). Therefore, the nano-patterned surfaces were activated in an 

oxygen plasma (150 W, 0.4 mbar, 10 min) and incubated at 80°C overnight in dry 

toluene p.a. (Acros Organics, USA) containing 0.25 mM α-methoxy-ω-

trimethoxysilyl poly(ethylene glycol) (PEG; molecular weight 2000 g/mol) (Iris 

Biotech, Marktredwitz, Germany), 5.5 µM water and 20 mM dried trimethylamine 

(Acros Organics) under nitrogen atmosphere. Finally, the substrates were washed 

thrice with ethyl acetate (Acros Organics, USA), once with methanol (VWR, Radnor, 

PA, USA) and dried under N2 flow. The gold-nanoparticles glass surfaces with PEG 

passivation layers were bio-functionalized by incubating with 50 nM of LN-211 or 

LN-521 (BioLamina) in Dulbecco’s PBS supplemented with 0.5 mM MgCl2 and 

1 mM CaCl2 for one hour at room temperature. The bio-functionalized surfaces were 
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subsequently washed thrice with PBS for 5 min and sent to Friederike Rohn for 

performing the cell culture experiments described in section 2.1.1. 

2.10. Scanning electron microscopy 

Acquisition of scanning electron microscopy images was performed by the group of 

Professor Dr. Joachim P. Spatz as described in Rohn et al. (2018). Therefore, bio-

functionalized glass surfaces were dehydrated by washing with increasing 

concentrations of ethanolic solutions (10% (v/v) steps in PBS). Subsequently, 

samples were critical-point-dried in a CPD 030 critical-point-dryer, (Bal-Tec, 

Pfäffikon, Switzerland) and coated with an 8 nm carbon layer (MED020 coating 

system; Bal-Tec). Images were acquired using a Zeiss Ultra 55 scanning electron 

microscopy system (Carl Zeiss AG, Oberkochen, Germany) equipped with an in-

lens detector operated at 5 kV. 

2.11. Analysis of SASP factors in serum and HSC culture medium 

For the detection of SASP factors in the rat blood serum or in the serum-free 

conditioned culture medium of isolated HSC from young and old rats, the Proteome 

Profiler Rat Cytokine Array Kit (ARY008; R&D Systems) was used according to the 

manufacturer’s instructions. For this purpose, 750 µl of the serum samples from 

each rat (n = 4 for both age groups) were used and 10 out of 29 factors showed a 

reaction on the membrane and could be analyzed. In case of culture supernatants, 

in which HSC from young and old rats had been cultured for two days under serum-

free conditions, 1 ml of the medium was used for analysis (n = 3 for both age 

groups). Here, only two factors could be detected on the membrane. Visualization 

and documentation were performed with ChemiDoc Imaging System (BioRad) and 

protein dot intensities were analyzed with the AlphaView 3.4.0.0 software 

(Proteinsimple, San Jose, CA, USA). 

Furthermore, the concentrations of CXCL3 and IL6 in culture supernatants of HSC 

from young (n = 5) and old (n = 3) rats were quantified with the Rat CXCL3/CINC-2 

alpha/beta Quantikine ELISA Kit (RCN200, R&D Systems) and the Rat IL6 

Quantikine ELISA Kit (R6000B, R&D Systems) according to manufacturer’s 

recommendations. Data from the cytokine array and ELISA analyses were 

normalized to cell number per area which was assessed by counting the cells with 
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the cellSens Dimension 1.16 software at three different positions of each culture 

dish (Olympus). 

2.12. Statistics 

Values from at least 3 independent experiments or from at least 3 different rats are 

presented as means and their variation is indicated as standard error of the mean 

(± SEM). For multiple testing the significance of differences was determined by the 

Kruskal-Wallis test and a significance level smaller than 0.05 was applied. For 

comparisons between two groups the Mann-Whitney U test was used and p-values 

smaller than 0.05 were considered significant. Significantly different groups are 

indicated by different symbols (*, #) or letters (a, b, c, d). Groups sharing the same 

letters did not differ significantly. Statistical analysis was carried out by the winSTAT 

software version 2012.1.0.96 (R. Fitch Software, Bad Krozingen, Germany). The 

boxplot in Figure 30 shows the median, the box represents 50% of the data and the 

upper and lower whiskers represent the maximum and minimum, respectively.  

Microarray gene expression analyses of HSC and liver tissue from 2-months and 

22-months-old rats performed by IMGM Laboratories (section 2.4) were conducted 

in triplicates for each group and significant differences were determined by analysis 

of variance (ANOVA) with p-values smaller than 0.05. Principal component analysis 

(PCA) on microarray raw data was conducted with the software Transcriptome 

Analysis Console 4.0.0.25 (AppliedBiosystems, Thermo Fisher Scientific). 
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3. Results 

The presence of different laminin chains in normal rat liver was investigated as well 

as their expression during liver regeneration and aging. Furthermore, experiments 

are presented in which the influence of laminins on HSC maintenance and function 

was analyzed. 

In addition, analyses of alterations in HSC and their niche due to aging processes 

are described. In this regard, the influence of fluid mechanical forces – known to be 

decreased in the aged liver – on HSC function was investigated. Finally, a possible 

receptor involved in sensing and transduction of shear stress in HSC was identified. 

3.1. Influence of LN-521 on HSC maintenance 

The LAMA5 chain is an important element of stem cell niches and supports stem 

cell maintenance (Laperle et al., 2015). Since HSC are liver-resident MSC (Kordes 

et al., 2013), the presence of the LAMA5 chain in normal and injured rat liver was 

investigated (section 3.1.1) and its effect on the maintenance of HSC quiescence 

and their stem cell characteristics was analyzed in vitro (sections 3.1.2 to 3.1.5). 

3.1.1. Laminin α5 expression patterns in normal and regenerating rat liver 

The specificity of several anti-laminin α chain antibodies was evaluated by Western 

blot analysis of commercially available laminin trimers (LN-111, LN-211, LN-521; 

Figure 6) before they have been used for immunofluorescence analysis of liver 

tissue sections. Monoclonal antibodies against LAMA1 (OriGene), LAMA2 (Atlas 

Antibodies), and LAMA5 (Novus Biologicals) specifically labeled protein bands of 

commercially available recombinant LN-111, LN-211, and LN-521 proteins, 

respectively (Figure 6). These antibodies were used for immunofluorescence 

staining of normal and regenerating rat liver sections. 
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Figure 6: Verification of the specificity of anti-laminin α chain antibodies. Different 
anti-laminin α chain (LAMA1, LAMA2, LAMA5) antibodies were tested regarding their 
specificity by Western blot analyses with commercially available recombinant laminins LN-
111, LN-211, and LN-521 (BioLamina, Sweden). Only three of five tested antibodies labeled 
the correct α chains. Specific monoclonal antibodies against LAMA1 (OriGene), LAMA2 
(Atlas Antibodies), and LAMA5 (Novus Biologicals) were considered suitable for further 
analyses. Modified from Rohn et al. (2018). 

LAMA5 was present in liver sinusoids of normal rat liver (Figure 7A) where it co-

localized with GFAP-positive quiescent HSC (Figure 7B). 

Furthermore, normal rat liver tissue was decellularized by detergents in order to 

investigate the presence of different laminin chains in the hepatic ECM. Quantitative 

mass spectrometric analysis revealed that LAMA5 was the most abundant α chain, 

laminin β2 (LAMB2) the dominant β chain and LAMC1 the only detectable γ chain 

in the rat liver matrix (Figure 7C). These three laminin chains are subunits of a 

functional LN-521 trimer. Since also the LAMB1 chain was detectable in the rat liver 

matrix another possible trimer composition could be LN-511. 

Furthermore, the matrisome analysis revealed presence of the laminin α4 chain 

(LAMA4) in the hepatic ECM (Figure 7C). In accordance with the low Lama1 mRNA 

levels (see section 1.4) and the weak LAMA1 immunofluorescence in rat liver tissue, 

the LAMA1 protein chain was not detectable by proteome analysis of normal rat liver 

matrix (Figure 7C). 
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It was previously observed that the Lama5 mRNA expression was significantly 

upregulated during liver regeneration associated with facultative liver progenitor 

cells (see section 1.4; Figure 4A). 

 

Figure 7: Laminin protein chains in normal rat liver. (A) LAMA5 (red) was detected in 
liver sinusoids between CK18-positive hepatocytes (green) as determined by 
immunofluorescence of normal rat liver sections. (B) GFAP-positive HSC (green) co-
localized with LAMA5 (red) in liver sinusoids. Cell nuclei were stained by DAPI (blue). 
Representative images are shown. (n = 3; scale bars A, B: 20 µm). (C) Quantitative mass 
spectrometric analysis (iBAQ method) of hepatic ECM revealed that LAMA5 was the most 
abundant α chain, LAMB2 the dominant β chain, and LAMC1 the only detectable γ chain in 
normal rat liver matrix (n = 3). Modified from Rohn et al. (2018). 

Inhibition of hepatocyte proliferation after liver injury by the treatment of rats with 

2AAF one week before PHx caused duct-like structures (ductular reaction), which 

were generated by cytokeratin 19-positive (CK19) putative liver progenitor cells 

(Figure 8B2, D2). In the 2AAF/PHx liver injury model, LAMA5 co-localized with 

COL4 that surrounded the CK19-positive duct forming cells (Figure 8A, B). 

Additionally, LAMA5 was still detectable in the liver sinusoids. 

On the contrary, LAMA2 chain was not found in areas of ductular reaction, 

suggesting differential functions of LAMA5 and LAMA2 chains during liver 

regeneration (Figure 8C, D). The overall weak fluorescence signal of LAMA2 was in 

line with the proteome analysis of rat liver matrix, which did not detect LAMA2 in the 

hepatic ECM (Figure 8C1, D1; Figure 7C). 
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Figure 8: Laminin α protein chains in regenerating rat liver. (A1-3) During liver 
regeneration associated with the appearance of liver progenitor cells seven days after PHx, 
LAMA5 (red) was mainly detected in liver sinusoids and areas of ductular reaction that were 
also indicated by pronounced COL4 (green) deposition. (B1-3) CK19-positive duct-forming 
cells (green) co-localized with LAMA5 (red). LAMA2 (red; C1, D1) fluorescence signal 
intensity was overall weaker and nearly undetectable in areas of ductular reaction. Hence, 
it did not co-localize with (C1-3) COL4 or (D1-3) CK19-positive cells (green). Cell nuclei 
were stained by DAPI (blue). Representative images are shown (n = 3; scale bars: 100 µm). 
Modified from Rohn et al. (2018). 

3.1.2. Improved HSC adhesion and maintenance on LN-521 

Freshly isolated rat HSC were cultured on uncoated PS or surfaces coated with LN-

521 (PS/LN-521) or LN-211 (PS/LN-211) for 7 days under serum-free conditions 

and finally characterized. HSC seeded on PS/LN-521 adhered significantly better 

than on PS and PS/LN-211 as analyzed four hours after cell seeding (Figure 9A, E).  
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Figure 9: Cell adhesion, morphology and retinoid storage of HSC cultured on 
uncoated or laminin-coated surfaces. (A1-3) Directly after cell isolation (d0), the 
adhesion of HSC was improved on PS/LN-521 compared to PS/LN-211 or PS. (B1-3) After 
seven days of culture, HSC on PS and PS/LN-211 showed a myofibroblast-like cell 
morphology, whereas cells on PS/LN-521 appeared more homogeneous. (C1-3) In addition, 
retinoid-storing lipid droplets were retained in HSC on PS/LN-521 compared to cells on PS 
and PS/LN-211 as indicated by the characteristic retinoid fluorescence after UV light 
excitation (blue). Representative images are shown (n = 3; scale bars A-C: 100 µm). (D) 
Retinol (left) and retinyl palmitate (right) contents of HSC cultured for one week on uncoated 
or laminin-coated PS were quantified by LC-MS/MS. Retinoid amounts normalized to cell 
number were elevated in HSC on PS/LN-521 compared to HSC cultured on PS and PS/LN-
211. (E) A significantly higher number of HSC adhered on PS/LN-521 compared to PS and 
PS/LN-211 as ascertained four hours after cell seeding. Data are indicated as 
means ± SEM (n = 3-5; * p < 0.05 laminins vs. PS; # p < 0.05 PS/LN-211 vs. PS/LN-521). 
Modified from Rohn et al. (2018). 
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After one week of culture, HSC on PS and PS/LN-211 showed less retinoid-

containing lipid droplets and developed a myofibroblast-like cell morphology (Figure 

9B, C), whereas cells cultured on PS/LN-521 increased in size but showed a 

homogeneous morphology and retained their retinoid droplets typical for freshly 

isolated HSC (Figure 9B3, C3). The presence of retinoids in HSC on PS/LN-521 

was indicated by a strong retinoid autofluorescence after UV light excitation. To 

investigate this in more detail, the retinol and retinyl palmitate content of HSC was 

quantified by LC-MS/MS after seven days of culture. The LC-MS/MS analyses 

revealed that the overall retinoid amount was better preserved in HSC on PS/LN-

521 compared to HSC on PS and PS/LN-211 (Figure 9D). The improved adhesion, 

the more homogeneous cell morphology as well as the maintenance of retinoids 

suggested a better preservation of HSC characteristics on PS/LN-521. 

3.1.3. Reduced HSC activation on LN-521 

The positive effect of LN-521 on HSC characteristics was further evaluated by qPCR 

analysis of genes associated with their quiescent and activated states that show 

significant alterations during one week of culture under serum-free conditions 

(Figure 10). Suitable markers for HSC quiescence were identified by comparative 

qPCR of freshly isolated and culture-activated HSC. Gfap, Notch1, reelin, Sparcl1, 

Lrat, Pparγ, and e-cadherin were selected, since their expression decreased during 

HSC activation (Figure 10A). In contrast to this, α-Sma, collagen I (Col1a2), collagen 

IV (Col4a1), Notch3, integrin β1 (Itgb1), fibronectin (Fn), and nestin were identified 

as suitable indicators of HSC activation (Figure 10B). HSC cultured on uncoated 

and laminin-coated surfaces for one week under serum-free conditions showed no 

differences in mRNA expression of the myofibroblast marker α-Sma (Figure 11A). 

Nevertheless, HSC α-SMA protein levels were significantly reduced by 32% ± 7% 

in HSC cultured on PS/LN-521 compared to cells on PS, while there was no marked 

decrease in HSC on PS/LN-211 as analyzed by Western blot (Figure 11C, E). The 

gene expression of Col1a2 was also not altered in HSC on PS/LN-521, but it was 

slightly lowered on PS/LN-211 compared to PS. In contrast, the expression of 

collagen IV mRNA was significantly downregulated by 16% ± 3% and its protein by 

32% ± 18% in cells on PS/LN-521 compared to uncoated PS surface. In comparison 

to HSC cultured on PS, PS/LN-211 only minor reduced COL4 mRNA and protein 

amounts in HSC (Figure 11A, C, E). 
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Figure 10: Identification of genes showing significant expression changes during 
culture-dependent activation of HSC. (A) Expression analyses by qPCR of HSC cultured 
for one week on PS (d7) revealed a significant downregulation of Gfap, Notch1, reelin, 
Sparcl1, Lrat, Pparγ, and e-cadherin compared to freshly isolated HSC (d0, four hours after 
cell seeding). (B) In contrast, mRNA levels of α-Sma, Col1a2, Col4a1, Notch3, Itgb1, Fn, 
and nestin were significantly upregulated in HSC after seven days on PS. The highest 
expression of each gene was set to 100%. The data are presented as means ± SEM (n = 3; 
* p < 0.05). Modified from Rohn et al. (2018). 

Moreover, the activation markers Notch3 and ITGB1 showed a marked decrease in 

HSC on PS/LN-521 compared to cells on PS. Notch3 was significantly reduced by 

21% ± 8% at mRNA level and by 74% ± 6% at protein level in HSC on PS/LN-521 

(Figure 11A, C, E). In contrast, cells cultured on PS/LN-211 showed no altered 

Notch3 mRNA expression, but lowered Notch3 protein amount. The expression of 

ITGB1 was reduced in HSC on PS/LN-521 by 10% ± 6% at mRNA and by 42% ± 

17% at protein level (Figure 11A, C, E). Also HSC on PS/LN-211 tended to decrease 

ITGB1 expression at mRNA and protein levels. In addition, Fn mRNA was 

significantly reduced by 22% ± 6% in HSC cultured on PS/LN-521 compared to HSC 

cultured on PS, which was also observed at protein level (Figure 11A, C, E). 

Furthermore, Fn mRNA expression was significantly lower in cells on PS/LN-521 

compared to HSC on PS/LN-211. In contrast, HSC cultured on PS/LN-211 showed 

a slight upregulation of fibronectin at mRNA and protein level. 
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Figure 11: PS/LN-521 promotes HSC quiescence. (A) HSC cultured for seven days on 
PS/LN-521 showed a significant downregulation of Col4a1, Notch3, and Fn expression 
compared to cells cultured on uncoated PS and PS/LN-211 as demonstrated by qPCR. In 
contrast, the mRNA levels of α-Sma and nestin were not differentially altered in HSC on 
different culture surfaces. (B) Furthermore, qPCR analyses revealed that HSC cultured on 
PS/LN-521 for one week showed significantly increased mRNA expression of quiescence 
markers. For instance, Gfap, Notch1, reelin, Sparcl1, Lrat, and Pparγ as well as of the stem 
cell-associated markers e-cadherin and CD133 were increased compared to the HSC 
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Figure 11 continued: cultured on uncoated PS and PS/LN-211. The mRNA expression of 
HSC cultured for one week on PS was set to 100% for each independent experiment and 
data are presented as means ± SEM (n = 10; * p < 0.05 laminins vs. PS; # p < 0.05 PS/LN-
211 vs. PS/LN-521). (C) Representative Western blots of activation markers in HSC 
cultured for seven days on different surfaces. Whole cell lysates were analyzed and the 
protein γ-tubulin served as a loading control. (D) Representative Western blots of 
quiescence markers analyzed in lysates of HSC cultured under similar conditions for which 
γ-tubulin served as loading control. CD133 was detected in membrane protein fractions and 
Annexin II (ANXA2) was used as loading control. (E) Densitometric analyses of protein 
bands of activation markers in HSC cultured for seven days on laminin-coated and uncoated 
surfaces. The Western blot data supported qPCR results and showed reduced protein 
amounts of α-SMA, COL4, Notch3, ITGB1, and FN in HSC on PS/LN-521. However, HSC 
cultured on PS/LN-211 also downregulated these markers compared to HSC on PS. The 
mean values of the quiescence and stem cell-associated markers GFAP, Notch1, e-
cadherin, and CD133 were higher in HSC on PS/LN-521 compared to PS and PS/LN-211 
as determined by Western blot analyses. Nevertheless, the protein amounts of quiescence 
markers were also slightly increased in HSC cultured on PS/LN-211 compared to cells on 
PS. The protein amount of HSC incubated for one week on PS was set to 100% for each 
independent experiment. The data are indicated as means ± SEM (n = 3-8; * p < 0.05). 
Modified from Rohn et al. (2018). 

The results of qPCR and Western blot analyses were supported by 

immunofluorescence of HSC cultured for seven days on uncoated or laminin-coated 

PS using antibodies against α-SMA and COL4. This indicated reduced expression 

of activation-associated markers in HSC on PS/LN-521 but not on PS/LN-211 

(Figure 12A, B). In contrast to nestin mRNA amount, which showed no significant 

alterations in HSC on uncoated and laminin-coated surfaces (Figure 11A), the 

strong nestin fluorescence signal suggested higher nestin protein levels in HSC on 

PS/LN-521 compared to PS and PS/LN-211 (Figure 12C). The gene expression and 

protein levels of quiescence markers were also analyzed in HSC on all three culture 

surfaces by qPCR and Western blot. In accordance to the decreased expression of 

activation markers in HSC on LN-521-coated surfaces, HSC cultured on PS/LN-521 

significantly increased the expression of quiescence markers compared to the 

culture on PS, whereas HSC cultured on PS/LN-211 showed no consistent 

upregulation of markers associated with HSC quiescence (Figure 11B, D, E). For 

instance, HSC on PS/LN-521 significantly increased mRNA levels of Gfap by 26% 

± 8%, Notch1 by 56% ± 14%, and Pparγ by 56% ± 15% (Figure 11B). These genes 

also showed an increased expression in HSC on PS/LN-211, but without reaching 

significance. Furthermore, mRNA expression of reelin, Sparl1, and Lrat significantly 

increased only in cells which had been cultured on PS/LN-521 for one week, but 

were reduced in HSC on PS/LN-211. While reelin mRNA expression was 

downregulated in HSC on PS/LN-211, it was increased on PS/LN-521 by 24% ± 7%. 
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Figure 12: Reduced activation in HSC cultured on PS/LN-521. HSC incubated for one 
week on uncoated and laminin-coated PS surfaces were stained with antibodies against 
proteins associated with their activated state (red). The fluorescence signal of (A1-3) α-
SMA was lower in HSC on PS/LN-521 than in cells on PS and PS/LN-211, while (B1-3) 
COL4 protein was reduced in HSC on both laminins compared to HSC on PS. In contrast 
to nestin mRNA expression, (C1-3) nestin protein fluorescence signal intensity was stronger 
in HSC on PS/LN-521 compared to PS and PS/LN-211. Cell nuclei were stained by DAPI 
(blue; n = 3). Representative images are shown (n = 3; scale bars: 100 µm). Modified from 
Rohn et al. (2018). 

Similar results were found with the mRNA of Sparcl1, which was lowered in cells on 

PS/LN-211 by 41% ± 9%, but increased in HSC on PS/LN-521 by 120% ± 31%. 

Additionally, HSC on PS/LN-211 significantly reduced Lrat expression, whereas it 

was significantly elevated by 80% ± 20% on PS/LN-521. Lastly, the expression of 

the stem-cell associated markers e-cadherin and CD133 was not altered in HSC on 

PS/LN-211, but significantly increased in cells on PS/LN-521 by 61% ± 4% and 

374% ± 105 %, respectively. The mRNA expression of all analyzed quiescence 

markers was significantly upregulated in HSC on PS/LN-521 compared to PS. In 

addition, reelin, Sparcl1, Lrat, e-cadherin, and CD133 also showed higher mRNA 

levels in HSC on PS/LN-521 compared to PS/LN-211 (Figure 11B). Moreover, mean 
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values of e-cadherin and CD133 protein amounts were higher on PS/LN-521 than 

on PS (Figure 11D, E). 

 
Figure 13: Support of quiescence in HSC cultured on PS/LN-521. Immunofluorescence 
staining with antibodies against (A1-3) GFAP, (B1-3) Notch1, (C1-3) reelin, (D1-3) 
SPARCL1, and (E1-3) CD133 in HSC cultured on PS, PS/LN-211 or PS/LN-521 for seven 
days demonstrated stronger fluorescence signal intensities of all quiescence and stem cell-
associated markers in cells on PS/LN-521 compared to PS and PS/LN-211. Cell nuclei were 
stained by DAPI (blue). Representative images are shown (n = 3; scale bars: 100 µm). 
Modified from Rohn et al. (2018). 
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Overall, there were no significant differences between e-cadherin and CD133 

expression in HSC on PS/LN-211 and PS. Immunofluorescence analysis of HSC on 

the different surfaces using antibodies against GFAP, Notch1, reelin, SPARCL1, 

and CD133 indicated a stronger fluorescence signal and, thus, a higher protein 

amount in HSC cultured for seven days on PS/LN-521 compared to PS/LN-211 and 

PS (Figure 13A-E). Hence, immunofluorescence images supported qPCR and 

Western blot data and also demonstrated the promotion of HSC quiescence on 

PS/LN-521. There was no obvious difference in the fluorescence intensities of 

CD133 in HSC on PS and PS/LN-211 (Figure 13E1, E2). Since e-cadherin, CD133, 

and nestin are expressed by embryonic and mesenchymal stem cells, culture of 

HSC on PS/LN-521 maintained not only quiescence but also stem cell 

characteristics of HSC. Western blot analyses supported the qPCR data and 

revealed a significant increase of GFAP by 96% ± 10% and of Notch1 by 40% ± 

14% (Figure 11D, E). 

To identify receptors that could be involved in laminin-mediated regulation of HSC 

quiescence and activation, mRNA expression analyses of integrin subunits (Itga3, 

Itga6, Itgb1, Itgb4) as well as of syndecan-1 (Sdc1), dystroglycan-1 (Dag1), and 

LAMA5-specific Lu/Bcam were conducted in HSC cultured for one week on 

uncoated or laminin-coated surfaces (Figure 14A). Furthermore, 

immunofluorescence analysis was performed in HSC on all three culture surfaces 

with antibodies against ITGB4 and LU/BCAM (Figure 14B-G). The qPCR and 

immunofluorescence analyses demonstrated a significant increase of ITGB4 in HSC 

cultured for one week on PS/LN-521 compared to PS and PS/LN-211 (Figure 14A-

D). In contrast, Itga6 and Lu/BCAM mRNA expression only tended to increase in 

HSC cultured on PS/LN-521 in comparison to PS and PS/LN-211 (Figure 14A). 

LU/BCAM also showed a stronger immunofluorescence signal in HSC on PS/LN-

521 than on PS and PS/LN-211 (Figure 14E-G). In addition, LU/BCAM was detected 

in sinusoids of normal rat liver and additionally in areas of ductular reaction 

(2AAF/PHx liver regeneration model) where it co-localized with desmin-positive 

HSC (Figure 14H-J). These results suggest an involvement of integrins containing 

the subunit ITGB4 and of LU/BCAM in the maintenance of HSC. 



Results 
 

45 
 

 

Figure 14: Analyses of receptors capable to bind laminins in isolated HSC and in rat 
liver. (A) The expression of Itgb4 was significantly increased and of Itga6 and Lu/Bcam 
slightly upregulated in HSC cultured on PS/LN-521 for one week compared to PS and 
PS/LN-211 as analyzed by qPCR. The mRNA expression of other laminin-specific receptors 
such as Sdc1 and Dag1 was not influenced by culture on laminins. Expression levels of 
HSC on PS were set to 100% for each independent experiment. The data are presented as 
means ± SEM (n = 6-9; * p < 0.05 laminins vs. PS; # p < 0.05 PS/LN-211 vs. PS/LN-521). 
Immunofluorescence of (B-D) ITGB4 and (E-G) LU/BCAM (red) verified qPCR data and 
showed stronger fluorescence signals in HSC cultured for seven days on PS/LN-521 than 
on PS and PS/LN-211. Furthermore, LU/BCAM (red) was detected in liver sinusoids of (H) 
normal rat liver and additionally in areas of ductular reaction in the (I) 2AAF/PHx liver 
regeneration model where it co-localized with (J) desmin-positive (green) HSC seven days 
(7d) after injury. Cell nuclei were stained by DAPI (blue). Representative images are shown 
(n = 3; scale bars B-G: 100 µm, H-I: 50 µm, J: 20 µm). Modified from Rohn et al. (2018). 
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3.1.4. LN-521-coated nanostructured surfaces provide a biomimetic stem cell 

microenvironment 

Coating of PS surfaces with laminin leads to random binding of laminin molecules. 

Therefore, LN-211 and LN-521 were bound to nanostructured surfaces in order to 

obtain defined distances between single laminin molecules and to improve the 

three-dimensional protein presentation. Bio-functionalized surfaces (FS) on which 

laminins were bound to gold dots with defined distances of either 70 nm, 100 nm or 

150 nm were generated (Figure 15A, D). A PEG layer prevented binding of laminin 

between the single gold dots and, thus, also attachment of cells to the uncoated 

surface. To validate proper laminin binding to the gold dots, scanning electron 

microscopy images were acquired, which revealed that mostly one laminin molecule 

bound to one gold dot (Figure 15B, C). 

Freshly isolated HSC were seeded on FS and cell number was ascertained after 

24 hours (Figure 16A). Similar to laminin-coated PS (Figure 9E), also a higher 

number of HSC adhered to FS coated with LN-521 (FS/LN-521) than to FS coated 

with LN-211 (FS/LN-211). Moreover, the number of adherent HSC was inversely 

proportional to the distance between gold dots. After culture on bio-functionalized 

nanostructured surfaces for one week, HSC on FS/LN-521 retained most of their 

retinoid-containing lipid droplets as indicated by a strong retinoid fluorescence after 

UV light excitation, while cells on FS/LN-211 had lost most of their lipid droplets 

(Figure 15E, F). However, HSC on FS/LN-211 tended to form spheroids that showed 

a strong retinoid fluorescence (Figure 15E, insert). During culture time, spheroids 

started to detach from the surfaces and lowered the sample numbers for mRNA 

expression analysis. 

Immunofluorescence of HSC cultured for one week on bio-functionalized surfaces 

with antibodies against SPARCL1 showed a stronger fluorescence signal on FS/LN-

521 than on FS/LN-211 suggesting maintenance of their quiescent state (Figure 

16B, C). HSC on FS/LN-211 formed spheroids, which showed strong SPARCL1 

immunofluorescence (Figure 16B, insert). The immunofluorescence data were 

supported by qPCR analyses that revealed that the expression of the quiescence 

markers Sparcl1, Lrat, and reelin was generally higher on FS/LN-521 than on 

FS/LN-211 (Figure 16D-F). Interestingly, the mRNA levels of quiescence markers 
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in HSC cultured on FS/LN-521 were even comparable to freshly isolated HSC 

(Figure 16D-F, grey dashed lines). 

 

Figure 15: Laminin-functionalized nanostructured surfaces. (A) Schematic overview of 
nanostructured laminin-coated surface (FS), which was obtained by binding of laminin 
molecules via their cysteines to the gold dots. Gold dots were placed at a distance of 70 nm, 
100 nm or 150 nm. The area between gold dots was passivated with poly(ethylene glycol) 
(PEG) in order to ensure laminin binding only to gold dots and, thus, HSC adhesion only to 
laminin. Orientation of laminin molecules was not controlled. (B-D) Representative scanning 
electron microscopy images of (B, C) PEG- and LN-521-coated and (D) only PEG-coated 
nanostructured surfaces with a defined spacing of 100 nm between single gold dots (scale 
bars B-D: 100 nm)2. (E) HSC on FS/LN-211 contained less retinoid-containing lipid droplets 
compared to (F) HSC on FS/LN-521 as demonstrated by higher retinoid fluorescence after 
UV light excitation (blue). However, in some areas on FS/LN-211 HSC formed spheroids 
with strong retinoid fluorescence (E insert). Representative images of HSC on FS with 
spacing of 100 nm (n = 3; scale bars E, F: 100 µm and E insert: 20 µm). Modified from Rohn 
et al. (2018). 

Furthermore, defined spacing of LN-521 molecules on FS/LN-521 led to an 

elevated expression of quiescence markers compared to PS/LN-521. For instance, 

Sparcl1 mRNA expression was significantly increased by about 2500-3500% when 

HSC were cultured on FS/LN-521 with different spacing (70 nm, 100 nm, 150 nm) 

compared to PS/LN-521 (Figure 16D). Moreover, upregulation of Lrat and reelin 

mRNA expression amounted to 200% in HSC on FS/LN-521 in comparison to cells 

cultured on PS/LN-521 (Figure 16E, F). Interestingly, Sparcl1, Lrat, and reelin 

showed also a slight increase on FS/LN-211 compared to PS/LN-211. 

 
2 Scanning electron images were acquired by the group of Professor Dr. Joachim P. Spatz (Max-
Planck-Institute for Medical Research, Heidelberg, Germany). 
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Figure 16: Improved HSC quiescence on laminin-functionalized nanostructured 
surfaces. (A) Significantly more cells adhered to LN-521 compared to LN-211-coated FS 
as ascertained 24 hours after cell seeding. Moreover, the cell number inversely correlated 
with increased distance between gold-dots. For a better overview, sub-groups of multiple 
comparison tests are indicated by letters (a, b, c, d). If data share similar letters, no 
significant difference was observed (n = 5; p < 0.05; R²LN-211 = 0.93 and R²LN-521 = 0.97). (B, 
C) Representative immunofluorescence images of HSC on FS (100 nm gold dot distance) 
using antibodies against SPARCL1 (red). HSC on (B) FS/LN-211 showed weaker 
SPARCL1 immunofluorescence than on (C) FS/LN-521. Cell spheroids were found on 
FS/LN-211 with strong SPARCL1 fluorescence (B insert). Cell nuclei were stained by DAPI 
(blue). Representative images are shown (n = 3; scale bars B, C: 100 µm and B insert: 
10 µm). (D-F) Expression analyses by qPCR of HSC on PS and FS coated with different 
laminins after one week of culture revealed a marked upregulation of the quiescence 
markers (D) Sparcl1, (E) Lrat, and (F) reelin in HSC on FS/LN-521 compared to PS/LN-521. 
Moreover, the expression of quiescence-associated markers in HSC on FS/LN-211 was 
generally lower than in cells on FS/LN-521 surfaces. The grey dashed lines indicate 
average expression levels in quiescent HSC cultured for four hours after isolation on 
uncoated PS (0d, n = 3). (G, H) Comparative expression analyses of HSC on PS and FS 
coated with different laminins by qPCR after one week of culture indicated that activation-
associated markers were not significantly altered. (I) Furthermore, the stem cell-associated 
marker CD133 tended to increase on all LN-521-coated compared to LN-211-coated 
surfaces. PS/LN-211 was set to 100% for each independent experiment and data are 
indicated as means ± SEM. Sub-groups of multiple comparison tests are indicated by letters 
(a, b, c). If data share similar letters, no significant difference was observed (n = 5 except 
for FS/LN-211/100nm n = 4 and FS/LN-211/150nm n = 3; p < 0.05). Modified from Rohn et 
al. (2018). 
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Nevertheless, the activation markers α-Sma and Notch3 as well as the stem cell-

associated marker CD133 showed no differential mRNA expression in HSC on 

laminin-coated FS compared to laminin-coated PS for both laminin trimers (Figure 

16G-I). In contrast to the number of adhered cells, the mRNA expression was 

independent of the spacing between the laminin-coated gold dots (Figure 16D-I). 

To ensure low variation of the mRNA expression data obtained from HSC isolated 

from different rats, cells were cultured on uncoated PS and uncoated 

nanostructured gold surfaces without passivation (no PEG coating) and with 

different spacing (70 nm, 100 nm, 150 nm). Thereby, HSC showed no significant 

differences regarding the mRNA expression levels of Lrat, reelin, Sparcl1, α-Sma, 

Notch3, and CD133 on all four uncoated surfaces (Figure 17A). Only Notch3 

showed slightly elevated expression in HSC on uncoated nanostructured surfaces 

compared to uncoated PS but without reaching significance (Figure 17A). 

 

Figure 17: Gene expression analyses of HSC on uncoated culture surfaces. (A) HSC 
were seeded on uncoated PS and nanostructured gold surfaces without PEG coating. After 
one week of culture the mRNA expression of quiescence and activation markers was 
analyzed by qPCR. No significant differences between cells on diverse uncoated surfaces 
were observed for Lrat, reelin, Sparcl1, α-Sma, Notch3, and CD133 mRNA expressions. 
Uncoated PS was set to 100% for each independent experiment. The data are indicated as 
means ± SEM (n = 5). (B) HSC did not adhere to passivated (PEG) uncoated 
nanostructured surfaces regardless of gold dot spacing (70 nm, 100 nm, 150 nm) as shown 
one day after cell isolation. Bright spots are non-adherent cells (scale bars: 100 µm). 
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Furthermore, complete coating of PEG was confirmed by seeding freshly isolated 

HSC on passivated nanostructured surfaces without laminin-functionalization and 

with varying spacing between gold dots (70 nm, 100 nm, 150 nm). On these 

surfaces HSC did not adhere. Non-adherent roundish cells could be detected 

(Figure 17B). 

Overall, defined coating of LN-521 (FS/LN-521) markedly improved supportive 

effects of LN-521 on the quiescent state of HSC in comparison to a random coated 

PS surface (PS/LN-521). However, culture on functionalized nanostructured 

surfaces did not alter the expression of activation and stem cell-associated markers 

in HSC. Furthermore, mRNA expression levels were independent on spacing 

between laminin molecules. However, cell adhesion decreased with increasing 

distance between the gold dots. 

3.1.5. Reversal of HSC activation on LN-521 

To analyze whether HSC-derived myofibroblast-like cells can re-establish their 

quiescent state on LN-521, HSC were culture-activated under serum-free conditions 

on PS for one week. During this time, HSC had lost most of their lipid droplets. HSC-

derived myofibroblast-like cells were re-plated on laminin-coated and uncoated PS 

surfaces and cultured for another week under serum-free conditions. HSC on PS 

and PS/LN-211 exhibited an irregular myofibroblast-like morphology, while cells on 

PS/LN-521 appeared more homogeneous (Figure 18A-C). Quantitative PCR and 

immunofluorescence analyses were carried out in order to analyze the activation 

state of HSC-derived myofibroblasts. Interestingly, mRNA expression of α-Sma 

showed a significant decrease by 19% ± 7% on PS/LN-211 and by 41% ± 9% on 

PS/LN-521 in myofibroblast-like cells incubated for seven days on laminin-coated in 

comparison to uncoated PS surfaces (Figure 18D). Immunofluorescence of α-SMA 

supported the mRNA expression data and revealed higher α-SMA fluorescence 

intensities in cells on PS and PS/LN-211 than on PS/LN-521 (Figure 18E-G). 

Moreover, the expression of quiescence markers such as Gfap, Notch1, reelin, 

Sparcl1, and Lrat tended to increase in cells on PS/LN-521 (Figure 18D). However, 

only Gfap expression was significantly upregulated in HSC-derived myofibroblasts 

on PS/LN-521 compared to uncoated PS. 
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Figure 18: Re-establishment of a quiescent-like state in stellate cell-derived 
myofibroblasts on PS/LN-521. HSC-derived myofibroblast-like cells were obtained by 
culture-activation under serum-free conditions for one week on PS. Myofibroblasts were re-
plated on laminin-coated and uncoated surfaces and cultured for additional seven days in 
serum-free medium. HSC-derived myofibroblast-like cells cultured on (A) PS and (B) 
PS/LN-211 showed a myofibroblast-like cell morphology, whereas cells on (C) PS/LN-521 
appeared more homogeneous, although most lipid droplets have been lost during the 
activation phase. (D) Expression analyses of myofibroblast-like cells on uncoated and 
laminin-coated PS were performed by qPCR with respect to activation-, quiescence- and 
stem cell-associated markers. Reduced α-Sma and elevated Gfap gene expressions were 
observed in myofibroblast-like cells on PS/LN-521. Reelin, Sparcl1, and Lrat mRNA 
expressions were also slightly increased on PS/LN-521 compared to PS and PS/LN-211. 
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Figure 18 continued: Furthermore, the expression of the stem cell-associated markers e-
cadherin and CD133 was upregulated in HSC on PS/LN-521. No differential expression 
was observed when HSC on PS/LN-211 and on PS were compared. The expression of 
HSC-derived myofibroblast-like cells cultured on PS for one week was set to 100% for each 
independent experiment and data are indicated as means ± SEM (n = 6; * p < 0.05). (E-M) 
Immunofluorescence staining using antibodies against α-SMA revealed a weaker 
fluorescence intensity in HSC on PS/LN-521 than on PS and PS/LN-211, while Notch1 and 
CD133 fluorescence intensities indicated the highest protein levels in HSC on PS/LN-521. 
Cell nuclei were stained by DAPI (blue). Representative images are shown (n = 3; scale 
bars A-M: 100 µm). Modified from Rohn et al. (2018). 

In contrast, PS/LN-211 did not alter mRNA expression in re-seeded myofibroblasts 

when compared to PS (Figure 18D). In addition, the stem-cell associated marker e-

cadherin was significantly elevated by 136% ± 37% in myofibroblast-like cells on 

PS/LN-521 and tended to increase in these cells on PS/LN-211 but without reaching 

significance. Furthermore, CD133 mRNA expression was increased by 171% ± 

132% in cells on PS/LN-521 but showed a high variation (Figure 18D). In contrast, 

CD133 expression was not altered in HSC on PS/LN-211. Immunofluorescence 

signal intensities of Notch1 (Figure 18H-J) and CD133 (Figure 18K-M) were 

markedly stronger in HSC-derived myofibroblasts on PS/LN-521 compared to cells 

on uncoated PS and PS/LN-211. Overall, the expression of activation, quiescence, 

and stem cell-associated markers suggested the re-establishment of a quiescent-

like state in HSC on PS/LN-521. However, HSC quiescence could not be restored 

completely. 

In conclusion, the results presented in section 3.1 indicate that LAMA5 is present in 

liver sinusoids and that LN-521 promotes the quiescent state of isolated stellate cells 

from rat liver.  
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3.2. Aging alters HSC and their niche 

Aging processes influence the cellular function and tissue integrity. To investigate 

whether there are also alterations in HSC and their niche during aging, HSC, blood 

serum, whole liver tissue, and the hepatic matrix of young (2 months) and old 

(22 months) rats were compared at mRNA and protein levels (Figure 19). 

 

Figure 19: Study design for the comparison of HSC, blood serum, whole liver tissue, 
and hepatic matrix of young and old rats. HSC from 2-months and 22-months-old rats 
were isolated and purified by FACS using their characteristic retinoid fluorescence. After 24 
hours, the HSC showed typical cell morphology and vitamin A fluorescence after UV light 
excitation (blue). The HSC from young rats contained fewer retinoids compared to cells 
isolated from old rats. Differences in HSC from young and old rats were investigated by 
gene expression arrays (n = 3). The culture medium of the HSC was analyzed by cytokine 
protein arrays and ELISA with respect to a senescence-associated secretory phenotype 
(SASP). (B) SASP factors were also investigated in the blood sera (n = 4-6). (C) Whole liver 
tissues of young and old rats were also analyzed by gene expression arrays (n = 3). The 
array results were verified by qPCR analysis, immunofluorescence, and Western blot to 
identify age-related alterations in the rat liver (n = 3-10). (D) Finally, the liver tissues from 
both age groups were decellularized by perfusion with detergents and analyzed by 
proteome analysis to quantify the ECM protein composition (n = 3). Modified from Rohn et 
al. (under revision). 
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Therefore, HSC were isolated from 2-months and 22-months-old rats and sorted via 

FACS with the help of their characteristic retinoid fluorescence. The vitamin A 

fluorescence was higher in HSC from old rats as demonstrated by the corresponding 

histograms, indicating a higher retinoid content in HSC from old compared to HSC 

from young rats (Figure 19A). At the following day, cells were washed and their 

purity was assessed by the retinoid fluorescence after UV light excitation (Figure 

19A). Subsequently, HSC were either collected for analysis by gene expression 

arrays or fresh serum-free medium was added. After two days of culture under 

serum-free conditions, medium was collected and further analyzed with respect to 

secreted cytokines, chemokines, and growth factors released by HSC into the 

culture supernatant using protein arrays (Figure 19A). Blood sera from young and 

old rats were analyzed in a similar way (Figure 19B). Selected cytokines and 

chemokines associated with senescence were also quantified by ELISA in the 

conditioned culture medium of HSC. Moreover, whole liver tissue from 2-months 

and 22-months-old rats was investigated at mRNA level by gene expression arrays 

and by qPCR as well as at protein level by immunofluorescence and Western blot 

(Figure 19C). Finally, livers from young and old rats were decellularized by perfusion 

with detergents and the remaining hepatic matrix was analyzed by a mass 

spectrometric analysis to quantify age-related alterations of the ECM (Figure 19D). 

3.2.1. Quality control of gene expression microarray raw data 

Microarray raw data were first analyzed regarding their quality (Figure 20). The 

signal intensities of microarray raw data of isolated HSC and whole liver tissue from 

three young and three old rats were comparable (Figure 20A, B) and could therefore 

be included in comparative gene expression analysis. Microarray data of HSC 

showed marked differences between both age groups when Pearson correlation 

was calculated (Figure 20C). In contrast, there were no obvious differences in 

Pearson correlation analysis when liver tissues of young and old rats were 

compared (Figure 20D). Nevertheless, in principle component analysis (PCA) HSC 

and liver tissue samples from 2-months and 22-months-old rats clustered together 

according to their respective age group (Figure 20E, F). In addition, data of old rats 

showed a higher variation in PCA indicating individual aging processes. 
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Figure 20: Quality control of microarray raw data. Microarray signal intensities of (A) 
isolated HSC and (B) liver samples from young and old rats were compared and showed 
equal quality necessary for comparison. Pearson correlation analyses of the microarray 
data revealed significant differences between (C) HSC, whereas no obvious differences 
were observed in case of (D) liver tissue from young and old rats. (E) Principal component 
analysis (PCA) of gene expression data of (E) isolated HSC and (F) liver tissue from 2-
months (blue) and 22-months-old (red) rats. Samples clustered according to age groups. 
However, data of liver tissue from old rats showed a higher variation. Each dot represents 
a data set from a single animal (n = 3 for each age group). Figure from Rohn et al. (under 
revision). 

3.2.2. Altered ECM composition in aged rat liver 

Hierarchical cluster analysis of gene expression microarray data from whole liver 

tissue of young and old rats was performed (Figure 21A). Only 130 genes out of 

30,429 analyzed genes showed a significantly different expression when a fold 

change larger than 2 and a p-value smaller than 0.05 was applied. In detail, 63 

genes were significantly upregulated and 67 genes significantly downregulated in 

liver tissue from old compared to young rats (Figure 21A, B). 
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Figure 21: Altered ECM protein-associated gene expression in aged rat liver. 
(A) Hierarchical cluster analysis of differential expressed genes in whole liver tissue 
revealed that 130 genes were differentially expressed in young and old rat liver tissue. Low 
intensities are indicated by a blue color, while high intensities are indicated by a red color. 
(B) Scatter plot of gene expression in whole liver tissue from both age groups demonstrate 
that 63 genes were significantly upregulated (red), while 67 genes were significantly 
downregulated (blue) in liver tissue from 22-months compared to 2-months-old rats (n = 3 
per age group, fold change > 2, ANOVA p < 0.05). (C) Expression analyses of genes 
encoding for ECM proteins by qPCR revealed a significant downregulation of Lama2, 
Lama4, Nid1, Col1a2, Col4a1, and Eln in aged rat liver. All other ECM-associated genes 
investigated tended to decrease in aged liver tissue except for Lama5. Mean expression of 
liver tissue samples from young rats was set to 100%. The data are presented as means ± 
SEM (n = 8-10, * p < 0.05). Modified from Rohn et al. (under revision). 

Interestingly, genes of the aged liver showing significantly reduced expression were 

associated with the ECM (Table 6). This observation was verified by qPCR analyses 

using a higher number of samples and inclusion of additional rats. The qPCR data 

revealed marked downregulation of the ECM-associated genes Lama2, Lama4, 

Lamc1, Nid1, Col1a2, Col4a1, Eln (Figure 21C), and Fn (Figure 25A) in whole liver 

tissue from old compared to young rats. Besides all other ECM-associated genes 

analyzed by qPCR, only Lama5 mRNA expression showed no reduction in whole 

liver tissue of aged rats (Figure 21C). 
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Table 6: Differential expression of genes encoding for ECM proteins and integrin 
subunits in liver tissue from aged rats. Gene expression alterations in liver tissue from 
young (2 months) and old (22 months) rats were investigated by Affymetrix micorarrays 
(n = 3 for each age group). All significantly altered ECM-associated genes, showed a 
reduction in aged rat liver. Among integrins, only integrin α5 (Itga5) was markedly reduced. 
Modified from Rohn et al. (under revision). 

Process Gene Symbol Fold Change1 ANOVA p-value² 

ECM-associated 

Lama2 -1.31 0.026214 

Nid1 -1.82 0.000481 

Col1a1 -1.23 0.002631 

Col1a2 -2.92 0.014069 

Col3a1 -2.50 0.001962 

Col4a1 -1.54 0.011863 

Col5a1 -1.41 0.028843 

Col14a1 -1.20 0.010225 

Eln -1.55 0.022032 

Fn1 -1.05 0.047903 

integrins 

Itga1 -1.09 0.026565 

Itga5 -1.65 0.002914 

Itga6 -1.37 0.049957 

Itgb4 1.17 0.044354 
1Negative fold change indicates lower expression, while positive values indicate higher expression 
in samples from aged rats 
²p < 0.05 considered significant 

Immunofluorescence analysis of liver sections with antibodies against LAMA5, 

COL1, and COL4 revealed no obvious differences in fluorescence signal intensities 

of different age groups (Figure 22A-F). ECM protein amounts in rat liver matrix from 

2-months and 22-months-old rats were quantified by proteome analysis. Here, an 

overall reduction of matrix proteins in the aged rat liver was observed (Figure 22G). 

In detail, the protein amounts of different laminin chains (LAMA2, LAMA4, LAMB2, 

LAMC1), NID2, various collagens (COL1A1, COL1A2, COL3A1, COL6A1, COL6A2, 

COL14A1), ELN, and FN were reduced in liver matrix of old rats (Figure 22G). In 

contrast, COL4A2 (209 ± 78%), COL4A5 (332 ± 185%), COL6A5 (325 ± 103%), 

and COL6A6 (182 ± 27%) protein amounts tended to increase in old compared to 

young rat liver matrix, but only the latter one was significantly elevated (n = 3; 

p < 0.05). Immunofluorescence staining of liver sections with antibodies against FN 

revealed that its fluorescence signal could be only detected around larger vessels 

and was nearly absent in the remaining parenchyma of old compared to young rats 

(Figure 23A, B). In line with this, the fluorescence signal intensity of the FN receptor 

subunit ITGA5 appeared to be reduced in liver sections from 22-months-old rats 
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(Figure 23C, D). In contrast, immunofluorescence staining with antibodies against 

the respective heterodimer ITGB1 indicated no obvious alterations in the protein 

amount of old rat liver (Figure 23E, F). While ITGA5 was more prominent in liver 

sinusoids, ITGB1 could be detected in whole liver tissue (Figure 23C-F). 

 

Figure 22: Altered ECM protein composition in aged rat liver. Immunofluorescence 
staining of liver tissue sections from young and old rats with antibodies against (A, B) 
LAMA5, (C, D) COL1, and (E, F) COL4 (red) showed no obvious changes in fluorescence 
intensity in the aged rat liver. The cell nuclei were stained by DAPI (blue; scale bars: 20 µm). 
Representative images are shown (n = 3). (G) Matrisome analysis of hepatic ECM revealed 
an overall reduction of several laminin chains (LAMA2, LAMA4, LAMB2, LAMC1), NID2, 
and different collagens (COL1A1, COL1A2, COL3A1, COL6A1, COL6A2, COL14A1) in liver 
matrix from old rats. Furthermore, ELN and FN were significantly reduced in the liver matrix 
of 22-months compared to 2-months-old rats indicating altered ECM composition in the 
aged liver. Mean intensities of samples from young rats were set to 100%. The data are 
presented as means ± SEM (n = 3, * p < 0.05). Modified from Rohn et al. (under revision). 

In addition, densitometric quantification of protein bands obtained by Western blot 

also revealed a significant decrease of ITGA5 protein amount by 31 ± 8% in liver 

tissue of old rats, while ITGB1 only showed a trend towards reduction (Figure 23G, 

H). 
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Figure 23: FN and ECM receptors in aged rat liver. Co-staining of liver sections from 
young and old rats with antibodies against (A, B) FN (red) and (C, D) ITGA5 (red) with the 
HSC marker GFAP (green) revealed a weaker fluorescence signal in old rat liver. (B, D) 
Immunofluorescence of (E, F) ITGB1 (red) in young and old rat liver indicated no obvious 
alterations in the protein amount. Cell nuclei were stained by DAPI (blue; scale bars: 
100 µm). Representative images are shown (n = 3). (G) Western blot analyses of whole 
liver samples from young and old rats with antibodies against ITGA5 and ITGB1 as well as 
γ-tubulin as a loading control. (H) Densitometric analysis of Western blots revealed a 
significant decrease of ITGA5, whereas ITGB1 only tended to decrease in liver tissue of old 
rats. (I) Lu/Bcam and integrin subunit mRNA expression analyses by qPCR revealed a 
reduced average expression of Lu/Bcam, Itga5, and Itga6 by about 40% in old compared 
to young rat liver tissue. Values of young rats from qPCR and Western blot were set to 
100%. The data are indicated as means ± SEM (n = 6 for both age groups; * p < 0.05). 
Modified from Rohn et al. (under revision). 
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In line with the protein data, the mRNA amount of Itga5 was also significantly 

downregulated in HSC and liver tissue from old rats as analyzed by microarray 

(Table 6). The mean expression value of Itga5 was markedly reduced in qPCR 

analysis of whole liver tissue but reached no significance (Figure 23I). A similar 

result was obtained for Itgb1 mRNA expression (Table 6, Figure 23I). 

3.2.3. Impaired HSC characteristics in aged rat liver 

Hierarchical cluster analysis of gene expression microarray data from HSC of young 

and old rats cultured for 24 hours revealed a significant differential expression of 

1,426 genes out of 30,429 analyzed genes (Figure 24A). Here, the expression of 

753 genes significantly increased, whereas the expression of 673 genes 

significantly decreased in HSC from 22-months-old rats when a fold change larger 

than 2 and a p-value smaller than 0.05 was applied (Figure 24B). 

To identify altered biological processes in HSC isolated from aged rat liver, a gene 

ontology (GO) term analysis of all significantly differential expressed genes was 

performed. Interestingly, biological processes associated with “development” and 

“differentiation” as well as with “aging”, “inflammation”, “stress”, and “cell death” 

were mainly altered in HSC by aging (Figure 24D). Furthermore, “cell migration”, 

“extracellular matrix organization”, “cell adhesion”, and “integrin-mediated signaling 

pathway” were among the GO terms of differential expressed genes in HSC from 

old rats (Figure 24D). In line with the GO terms, genes encoding for ECM proteins 

(e.g. collagens, laminins, Fn, Nid1, and Nid2) as well as several integrin subunits 

(e.g. Itga5 and Itgb1) were significantly downregulated in HSC from old rats (Figure 

24C, Table 7). Furthermore, the expression of genes associated with ECM 

remodeling and cell migration such as matrix metalloproteinase 13 (Mmp13) (Table 

7) and Cxcr4 (Table 11) increased. In addition, microarray data of focal adhesion 

elements such as vinculin (Vcl) and talin (Tln1, Tln2) were significantly reduced in 

HSC from old rats (http://www.ebi.ac.uk/arrayexpress; accession number: E-MTAB-

7423). All these results together suggested weakened cellular adhesion and 

integrin-mediated signaling as well as reduced ECM production in HSC from aged 

rat liver, which in turn could lead to an impaired cell-ECM interaction in their stem 

cell niche and increased migration during aging. 
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Figure 24: Gene expression alterations in HSC from aged rat liver. (A) Hierarchical 
cluster analysis of differential expressed genes in HSC from young and old rats revealed 
that 1,426 genes out of 30,429 genes analyzed were differentially expressed. (B) Scatter 
plot of gene expression arrays showed 753 upregulated genes (red) and 673 downregulated 
genes (blue) in HSC from aged rats (n = 3 per age group, fold change > 2, ANOVA 
p < 0.05). (C) The expression of different collagens (Col8a1, Col1a2, Col3a1, Col5a2) 
decreased in HSC from old rats. (D) Gene ontology (GO) term analysis of biological 
processes involving differentially expressed genes in HSC from aged liver. Analysis was 
performed with the software GOrilla (October 2018; fold enrichment > 1.5; p < 0.05). 
Modified from Rohn et al. (under revision). 

Microarray data of HSC from young and old rats was further screened regarding the 

expression of markers associated with HSC quiescence and activation (Table 8). 
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Table 7: Differential expression of genes encoding for ECM-associated proteins and 
integrins in HSC from aged rat liver. HSC isolated from young (2 months) and old 
(22 months) rat livers were investigated by Affymetrix gene expression arrays (n = 3 for 
each group). The expression of Mmp13 increased significantly on mRNA level, while 
Lama2, Lamc1, Nid1, Nid2, collagens, Fn, Itga5, and Itgb1 decreased in HSC from old rats. 
Modified from Rohn et al. (under revision). 

Process Gene Symbol Fold Change1 ANOVA p-value² 

ECM-associated 

Mmp2 -2.68 0.004478 

Mmp28 -1.67 0.004404 

Mmp17 1.21 0.029466 

Mmp16 1.24 0.025820 

Mmp3 1.74 0.000433 

Mmp11 2.37 0.001967 

Mmp13 15.38 0.000619 

Lama2 -3.15 0.000760 

Lamc1 -1.38 0.006252 

Lama4 2.92 0.009783 

Nid2 -3.37 0.002714 

Nid1 -1.58 0.000652 

Col8a1 -9.65 0.002631 

Col12a1 -7.79 0.000108 

Col1a2 -7.47 0.000010 

Col3a1 -4.35 0.000293 

Col1a1 -3.90 0.000268 

Col5a2 -3.23 0.000345 

Col4a1 -2.39 0.000551 

Col4a2 -2.14 0.000920 

Col5a1 -2.12 0.000001 

Col14a1 -1.95 0.017937 

Col6a3 -1.88 0.021628 

Col6a2 -1.56 0.007514 

Fn -7.89 0.000032 

integrins 

Itga2 -2.54 0.005192 

Itga9 -2.12 0.027800 

Itga5 -1.96 0.000357 

Itga6 -1.72 0.027102 

Itga3 -1.50 0.010345 

Itgb1 -1.48 0.000374 

Itga1 -1.29 0.004938 

Itga4 -1.24 0.024648 

Itgax 2.18 0.011056 

Itgb2 2.34 0.003577 

Itgb8 4.88 0.001907 
1Negative fold change indicates lower expression, while positive values indicate higher expression 
in samples from aged rats 
²p < 0.05 considered significant 
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Interestingly, even though typical quiescence markers such as Sparcl1, periostin, 

Pparγ, and reelin as well as activation markers such as Fn, nestin, and desmin 

decreased, the myofibroblast marker α-Sma was not altered (Table 8). 

Table 8: Differential expression of genes associated with quiescence or activation in 
HSC from old rats. HSC isolated from young (2 months) and old (22 months) rat livers 
were investigated by Affymetrix gene expression arrays (n = 3 for each group). The 
quiescence markers Sparcl1, periostin, Pparγ, and reelin as well as the activation markers 
Fn, nestin, and desmin were significantly reduced in HSC from old compared to young rats. 
In contrast, Gfap and α-Sma remained unchanged on mRNA level in array analysis. 
Modified from Rohn et al. (under revision). 

Process Gene Symbol Fold Change1 ANOVA p-value² 

HSC quiescence / activation-
associated 

Fn -7.89 0.000032 

nestin -2.96 0.008251 

Sparcl1 -2.84 0.000004 

desmin -2.22 0.002086 

periostin -2.18 0.002297 

Pparγ -1.60 0.024991 

reelin -1.47 0.007415 

α-Sma (Acta2) 1.04 0.666481 

Gfap 1.20 0.098913 
1Negative fold change indicates lower expression, while positive values indicate higher expression 
in samples from aged rats 
²p < 0.05 considered significant 

The mRNA expression of typical quiescence and activation markers of HSC was 

further investigated by qPCR analysis of whole liver tissue from young and old rats 

(Figure 25A). The average mRNA levels of genes that are associated with the 

quiescent state in HSC (Gfap, Sparcl1, Lrat) tended to decrease in aged liver tissue, 

but reached no significance (Figure 25A). In addition, typical activation markers such 

as desmin or α-Sma showed no differential expression in HSC from young and old 

rats. Quite the contrary, the activation markers nestin and Fn even decreased in 

aged liver tissue. The expression data were further supported by 

immunofluorescence staining and Western blot analyses of liver tissue from 2-

months and 22-months-old rats. Samples from old rat livers showed weaker 

fluorescence intensities (Figure 25B) and reduced protein amounts of GFAP and 

FN in old rat liver (Figure 25C). In line with the mRNA data, also desmin and α-SMA 

protein amounts were not altered in liver tissue from 22-months-old rats (Figure 25B, 

C). Reduction of quiescence but also of several activation markers indicated 

impaired HSC characteristics in the aged rat liver. 
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Figure 25: Expression of HSC-associated markers in aged rat liver. The mean 
expression of genes typically expressed in quiescent HSC (Gfap, Sparcl1, Lrat, reelin) 
tended to decrease in old compared to young rat liver without reaching significance as 
investigated by qPCR of whole liver samples. Furthermore, Fn showed reduced expression 
in aged liver tissue, whereas other activation markers of HSC (desmin, nestin, α-Sma) were 
not significantly changed. Mean expression of HSC markers in liver tissue samples from 
young rats was set to 100%. The data are presented as means ± SEM (n = 10 for 2-months-
old rats, n = 9 for 22-months-old rats, * p < 0.05). (B) Immunofluorescence analysis of liver 
tissue sections (red) revealed less GFAP-positive HSC in liver tissue from old rats, while 
desmin and α-SMA fluorescence showed no obvious differences. The cell nuclei were 
stained by DAPI (blue; n = 3 per age group; scale bars: 20 µm). (C) Western blot analyses 
of liver tissue from young and old rats demonstrated significantly reduced GFAP and FN 
protein amounts in old rat liver, while desmin and α-SMA protein levels were not affected 
by aging. Mean values of liver tissue samples from young rats were set to 100%. The data 
are presented as means ± SEM (n = 10 for 2-months-old rats, n = 9 for 22-months-old rats, 
* p < 0.05). Modified from Rohn et al. (under revision). 
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3.2.4. Differentiation of HSC in aged rat liver 

Since HSC from aged rat liver had downregulated quiescence markers and possess 

a developmental potential, the gene expression array data were screened regarding 

genes that indicate differentiation (Table 9). 

Table 9: Expression of differentiation-associated markers in HSC from old rat liver. 
HSC isolated from young (2 months) and old (22 months) rat livers were investigated by 
Affymetrix arrays (n = 3 for each group). The adipocyte-associated marker fatty acid binding 
protein 4 (Fabp4) increased markedly. No further signs of differentiation were observed in 
HSC from aged rat liver. However, HSC from old rats increased the expression of genes 
associated with endodermal specification (Gata4, Sox17, Hhex). 

Process Gene Symbol Fold Change1 ANOVA p-value² 

adipogenic differentiation 

Lpl -7.24 0.00174 

Pparγ -1.60 0.02499 

Slc2a4 (Glut4) -1.27 0.03516 

Adipoq -1.10 0.03161 

Lep 1.03 0.67908 

Cfd 1.04 0.91551 

Cebpa 1.07 0.51103 

Add1 1.15 0.00175 

Fabp4 15.96 0.00054 

osteogenic differentiation 

Runx2 -4.03 0.00001 

Bmpr2 -1.58 0.00388 

Bmpr1a -1.49 0.06399 

Alpi -1.19 0.04846 

Vdr -1.15 0.12317 

Pth1r -1.03 0.58455 

Bmpr1b -1.02 0.24965 

chondrogenic differentiation 

Prelp -2.79 0.00068 

Bgn -1.36 0.00070 

Acan -1.06 0.15446 

Lum 2.50 0.10504 

hepatic differentiation 

Alb -2.58 0.08396 

Krt18 -1.17 0.89669 

Hnf4a -1.17 0.02725 

Epcam -1.06 0.09450 

Krt19 -1.05 0.16024 

Cyp7a1 -1.00 0.74333 

Afp 1.00 0.83777 

Lgr5 1.00 0.76229 

endodermal specification 

Gata4 1.20 0.04052 

Hhex 2.43 0.00863 

Sox17 6.05 0.00604 
1Negative fold change indicates lower expression, while positive values indicate higher expression 
in samples from aged rats 
²p < 0.05 considered significant 



Results 
 

66 
 

Among marker genes suitable to indicate cell lineage determination, only fatty acid 

binding protein 4 (Fabp4) associated with adipogenic cell differentiation increased 

significantly (Table 9). However, other genes typically expressed by adipocytes 

were not elevated or even decreased such as Lpl suggesting that a differentiation 

along this lineage had not occurred or remained incomplete. Although molecular 

markers of mature hepatocytes were not induced, genes that indicate endodermal 

specification such as Gata4, Sox17, Hhex, and Cxcr4 significantly increased in HSC 

from old rat liver (Table 9, Table 11). 

Even though more than 450 genes involved in biological processes associated with 

“development” and “differentiation” were differentially expressed in HSC isolated 

from aged rat livers (Figure 24D), the data available thus far were not strong enough 

to provide clear evidence for cell differentiation. 

3.2.5. SASP factors in HSC and serum from aged rats 

To assess the state of senescence in old rat liver, microarray data of HSC and whole 

liver tissue from 2-months and 22-months-old rats were analyzed regarding typical 

senescence markers (Table 10). Thereby, p21/Cdkn1a and p53/Tp53 showed 

significantly upregulated mRNA levels, whereas the expression of p16/Cdkn2a, 

senescence marker protein 30/regucalcin (Smp30/Rgn), and Glb1 was not 

significantly altered in HSC from aged rats (Table 10). In whole liver tissue a 

significantly increased expression of p21/Cdkn1a was found, while Smp30/Rgn, 

which is known to be significantly downregulated in aged liver (Fujita et al., 1992), 

significantly decreased in 22-months-old rats (Table 10). The latter was further 

analyzed by qPCR that confirmed the significant downregulation of Smp30/Rgn 

mRNA amounts in aged liver tissue (Figure 26A). However, the expression of 

p21/Cdkn1a assessed by qPCR only showed a slight increase in liver tissue from 

old rats without reaching significance (Table 10). Furthermore, neither by microarray 

nor by qPCR a differential expression of p16/Cdkn2a and p53 in livers from 2-

months and 22-months-old rats could be detected (Table 10, Figure 26A). 

Cellular senescence is further characterized by the secretion of a certain pattern of 

chemokines, cytokines, and growth factors, which together compose the SASP 

factors (Coppé et al., 2010). A significant rise of these factors was detected in HSC 

from old compared to young rats as analyzed by gene expression arrays (Table 11). 
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For instance, diverse growth factors, such as transforming growth factor β (Tgfb1, 

Tgfb2, Tgfb3), fibroblast growth factor 2 (Fgf2), connective tissue growth factor 

(Ctgf), and Hgf, were significantly downregulated, while several inflammatory 

factors, such as interleukin-6 (Il6), interleukin-1α (Il1a), tumor necrosis factor 

receptors (Tnfrsf1a, Tnfrsf1b), and colony stimulating factors (Csf2, Csf3), were 

significantly increased in HSC from old rats (Table 11). 

Table 10: Expression of senescence markers in HSC and liver tissue from young and 
old rats. HSC isolated from young (2 months) and old (22 months) rat livers were 
investigated by Affymetrix arrays (n = 3 for each group). The senescence markers 
p21/Cdkn1a and p53/Tp53 were significantly increased in HSC from aged rats. Moreover, 
p21/Cdkn1a expression was also significantly upregulated in whole liver tissue of aged rats, 
while Smp30/Rgn and Glb1 were significantly downregulated as expected for aging 
processes. 

Sample Gene Symbol Fold Change1 ANOVA p-value² 

HSC 

p16/Cdkn2a 1.02 0.681115 

p21/Cdkn1a 3.97 0.000081 

p53/Tp53 1.79 0.000013 

Smp30/Rgn -1.04 0.384313 

Glb1 1.06 0.297601 

liver tissue 

p16/Cdkn2a 1.04 0.377872 

p21/Cdkn1a 1.81 0.025747 

p53/Tp53 1.22 0.374742 

Smp30/Rgn -1.29 0.010480 

Glb1 -1.27 0.018824 
1Negative fold change indicates lower expression, while positive values indicate higher expression 
in samples from aged rats 
²p < 0.05 considered significant 

To further quantify SASP factors at protein level, blood sera from young and old rats 

were analyzed by a rat cytokine antibody array. Overall, no differences in the 

cytokine concentrations could be measured except for CXCL7, which was 

significantly decreased in the sera from old rats (Figure 26B). In addition, 

conditioned culture medium from HSC of young and old rats was investigated by the 

cytokine array. Unfortunately, the sensitivity of the array was very low. Only CXCL1 

and TIMP1 could be detected in all culture supernatant samples and, thus, could be 

quantified (Figure 27A, B). In accordance to microarray data, mean CXCL1 

concentration was increased two-fold, while TIMP1 was not altered in culture 

supernatants of HSC from 22-months-old rats compared to medium samples of HSC 

from 2-months-old rats (Figure 27C, D; Table 11; http://www.ebi.ac.uk/arrayexpress 

accession number: E-MTAB-7423). 
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Figure 26: Analysis of senescence-associated markers in whole liver tissue and 
blood serum from young and old rats. (A) Expression analyses of senescence-
associated markers in whole liver tissue from young and old rats revealed no significant 
alterations in the expression levels of p16/Cdkn2a, p21/Cdkn1a, and p53 by qPCR. In 
contrast, Smp30/Rgn was significantly downregulated in the liver tissue of old rats. (B) The 
rat cytokine array revealed no obvious differences in cytokine concentration of the blood 
sera from young and old rats except for CXCL7, which was significantly reduced in the 
serum samples from 22-months-old rats. Mean values of samples from 2-months-old rats 
were set to 100% and data are presented as means ± SEM (n = 4-6, * p < 0.05). Modified 
from Rohn et al. (under revision). 

The SASP factors CXCL3 and IL6 were additionally analyzed by ELISA and their 

respective concentrations were both markedly higher in culture medium of HSC from 

old rats (Figure 27E, F). While the average CXCL3 concentration was increased 

ten-fold, the mean IL6 concentration showed a four-fold increase in culture 

supernatants of HSC from old rats. 
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Table 11: Differential expression of SASP factors in HSC from aged rat liver. HSC 
isolated from young (2 months) and old (22 months) rat livers were investigated by 
Affymetrix arrays (n = 3 for each group). Many genes associated with a SASP showed 
differential expression in HSC from old compared to young rats. For instance, the 
expression of many growth factors decreased, but inflammation- (e.g. Il6) and cell 
migration-associated (e.g. Cxcr4) genes were significantly upregulated. Modified from Rohn 
et al. (under revision). 

Process Gene Symbol Fold Change1 ANOVA p-value² 

Senescence-associated secretory 
phenotype (SASP)³ 

Tgfb3 -4.87 0.00547 

Tgfb2 -3.02 0.00121 

Timp2 -2.70 0.00015 

Tgfb1 -2.16 0.00033 

Fgf2 -1.75 0.00054 

Ctgf -1.72 0.00012 

Hgf -1.68 0.03020 

Il15 -1.64 0.02986 

Igfbp7 -1.10 0.00747 

Adipoq -1.10 0.03161 

Ccl26 -1.06 0.04205 

Cxcl3 1.33 0.00091 

Il6st 1.46 0.00021 

Icam1 1.49 0.00853 

Ccl2 1.50 0.02335 

Cxcl12 1.56 0.02179 

Ctsb 1.56 0.00038 

Icam2 1.64 0.01713 

Tnfrsf1a 1.65 0.00060 

Tnfrsf1b 1.76 0.00376 

Ngf 1.91 0.00096 

Cxcl10 1.93 0.00122 

Cxcl9 1.93 0.02212 

Ereg 2.09 0.00989 

Cxcl5 2.28 0.00099 

Cxcl1 3.70 0.00050 

Il6 4.01 0.01542 

Ccl20 4.57 0.00833 

Cxcl13 7.75 0.00124 

Serpinb2 7.90 0.05005 

Csf2 8.87 0.00458 

Cxcr4 10.15 0.00076 

Cxcl2 10.16 0.00308 

Il1a 14.13 0.00098 

Csf3 23.86 0.00169 
1Negative fold change indicates lower expression, while positive values indicate higher expression 
in samples from aged rats 
²p < 0.05 considered significant 
³According to Freund et al. (2010) and Coppé et al. (2010) 
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These observations were also in accordance with the results of the gene expression 

arrays (Table 11, http://www.ebi.ac.uk/arrayexpress accession number: E-MTAB-

7423). 

 

Figure 27: Senescence- and inflammation-associated factors in conditioned culture 
medium of HSC. (A, B) Cytokines released into culture medium by freshly isolated HSC 
from (A) young (2 months) and (B) old (22 months) rats were analyzed by protein arrays. 
Due to its low sensitivity only TIMP1 (blue) and CXCL1 (pink) could be detected in all culture 
supernatants. Representative immuno blots are presented. The uppermost four and 
bottommost two dots are reference spots. (C) TIMP1 concentration remained unchanged, 
(D) whereas CXCL1 markedly increased by three-fold in culture medium of HSC from old 
rats. (E) Analysis of CXCL3 by ELISA revealed a ten-fold increase in CXCL3 concentration 
in culture supernatants of HSC from old rats. (F) The IL6 concentration in culture media of 
HSC from old rats increased by four-fold as quantified by ELISA. Cytokine array and ELISA 
data were normalized to cell number. Mean values from young rats were set to 100% and 
data are presented as means ± SEM (cytokine arrays: n = 3; ELISA: n = 5 for 2-months, 
n = 3 for 22-months-old rats). Modified from Rohn et al. (under revision). 

3.2.6. Oxidative stress in liver tissue from aged rats 

Gene expression array data of whole liver tissue from young and old rats were 

screened regarding oxidative stress response markers (Table 12). There were no 

signs of increased oxidative stress in liver tissue from old compared to young rats 

as investigated at mRNA level. 
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Table 12: Expression of genes typically associated with oxidative stress response in 
liver tissue from young and old rats. HSC isolated from young (2 months) and old 
(22 months) rat livers were investigated by Affymetrix arrays (n = 3 for each group). The 
array data indicated no obvious signs for increased oxidative stress in the aged rat liver. 

Process Gene Symbol Fold Change1 ANOVA p-value² 

Oxidative stress response³ 

Nox4 -1.43 0.232174 

Gpx7 -1.32 0.031716 

Ncf1 (p47phox) -1.09 0.527824 

Duox1 1.03 0.950471 

nNos 1.12 0.158355 

Duox2 1.14 0.349387 

Nox3 1.24 0.013967 

Gadd45a 1.28 0.927826 
1Negative fold change indicates lower expression, while positive values indicate higher expression 
in samples from aged rats 
²p < 0.05 considered significant 
³According to Sies (1993), Reinehr and Häussinger (2007), and Qvartskhava et al. (2019) 

Furthermore, immunofluorescence staining of liver sections from young and old rats 

with antibodies against the phosphorylated p47phox subunit of the nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase (phospho-p47phox) and against 

8-hydroxy-2’-deoxyguanosine, 8-hydroxyguanine, and 8-hydroxyguanosine (8-

OHG), which detects oxidative damage to DNA and RNA, revealed only slightly 

increased fluorescence intensities in the aged rat liver indicating that no oxidative 

damage occurred during aging (Figure 28). 

 

Figure 28: Markers of oxidative stress in liver tissue from young and old rats. 
Immunofluorescence staining of liver sections revealed that neither (A, B) phospho-p47phox 
nor (C, D) 8-OHG (red) showed and increased fluorescence signal in the aged rat liver. (E) 
In aged liver tissue, no upregulation of phospho-p47phox and 8-OHG was detected by 
quantification of the fluorescence intensities of both oxidative stress markers. Cell nuclei 
were stained by DAPI (blue; n = 3 for each age group; scale bars A-D: 100 µm). 
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3.2.7. Influence of fluid shear stress and ECM composition on HSC function 

Immunofluorescence staining of rat liver sections revealed the presence of HGF in 

liver sinusoids where it co-localized with FN (Figure 29A, B). HGF distribution in 

young rat liver was comparable to the distribution of COL4 (Figure 22E, Figure 29E). 

Furthermore, GFAP-expressing HSC were also positive for HGF 

immunofluorescence (Figure 29C, D). In accordance with FN and GFAP 

fluorescence signals, the fluorescence intensity of HGF was also weaker in liver 

tissue from old compared to young rats (Figure 29A-F). Western blot of matrix-

bound pro-HGF using an antibody that specifically binds this HGF precursor protein 

supported the immunofluorescence and revealed significantly reduced pro-HGF 

amounts by about 62 ± 10% in aged rat liver (Figure 29G, H). However, serum HGF 

levels were not altered by aging (Figure 29I). 

When PHx was performed in 2-months-old rats, HGF immunofluorescence signal 

was weaker in the liver sections compared to control (Figure 30A, B). Quantification 

of the fluorescence intensities revealed a significant reduction of the HGF-positive 

hepatic sinusoidal tissue area by one quarter compared to the control without 

surgery as analyzed one day after PHx (Figure 30C-E). These results indicate HGF 

liberation from the matrix and by sinusoidal cells shortly after PHx. 

In contrast to the situation after liver injury by PHx in which an unchanged blood 

volume has to pass a smaller number of liver sinusoids, there is an age-related 

reduction of hepatic blood flow as explained in sections 1.4 and 1.6. Therefore, it 

was investigated whether fluid mechanical forces such as shear stress influence 

HSC function by exposing them to low (2.9 dyn/cm²), medium (15 dyn/cm²), and 

high (29 dyn/cm²) shear stresses under laminar pulsatile (2.5 Hz / 150 bpm) flow for 

one hour. 

Subsequently, HGF release into the culture medium and mRNA expression 

alterations were investigated by ELISA and qPCR, respectively. The results were 

compared to HSC under static condition (0 dyn/cm²) before shear stress was 

applied. HGF release in response to shear stress significantly increased compared 

to static condition (Figure 31A). 
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Figure 29: HGF in liver tissue and blood serum from aged rats. Immunofluorescence 
staining of liver sections revealed that HGF (red) could be detected in liver sinusoids where 
it co-localized with (A, B) FN (green) and (C, D) GFAP (green). (E, F) In accordance with 
FN and GFAP protein amounts also the HGF immunofluorescence intensity declined in 
aged rat liver. Cell nuclei were stained by DAPI (blue; n = 3 for each age group; scale bars 
A-D: 100 µm and E, F: 20 µm). (G) Representative Western blot of pro-HGF in liver tissue 
from 2-months and 22-months-old rats. γ-Tubulin was used as loading control. (H) Western 
blot analyses of liver tissue from young and old rats revealed age-related significantly 
reduced pro-HGF amounts (n = 6 for each age group; * p < 0.05). (I) HGF concentration in 
blood sera from young and old rats analyzed by ELISA did not differ significantly (n = 4 for 
both age groups). Modified from Rohn et al. (under revision). 

These results were supported by HGF immunofluorescence analysis of HSC before 

and after fluid flow that showed a lower fluorescence intensity in HSC after exposure 

to shear stress (Figure 31B, C). 
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Figure 30: HGF in regenerating rat liver. (A, B) One day (d1) after PHx, HGF (red) 
immunofluorescence was markedly reduced in liver sinusoids of injured compared to normal 
rat liver. (C, D) HGF-positive tissue area (yellow) was quantified with the cellSens 
Dimension 1.16 software (Olympus). (E) Quantification of HGF-positive tissue area from six 
different positions per liver section revealed significantly downregulated HGF levels in liver 
sinusoids of rats that had undergone PHx compared to control rats. Cell nuclei were stained 
by DAPI (blue; n = 3 for both conditions; scale bars: 100 µm). Modified from Rohn et al. 
(under revision). 

In addition, expression levels of several ECM-associated genes (Col1a4, Lamb1, 

Lamb2, Lamc1) and of the integrin subunit Itga5 were significantly increased by 

about 80% in HSC exposed to shear stress (Figure 32A, B). Interestingly, these 

were exactly those genes whose expression was significantly downregulated in 

HSC from aged rat liver (Table 7). However, not all analyzed ECM-encoding genes 

increased in HSC after applying shear stress. Furthermore, shear stress significantly 

downregulated the expression of Il6 by about 65% (Figure 32C) which is opposed 

to the significant upregulation of Il6 during aging (Table 11). In contrast to Itga5, the 

expression of Itga6 and Itgb1 was not altered by fluid flow, while Itgb3 and Itgb4 

expression tended to decrease (Figure 32B). Even though fluid shear stress induced 

the release of HGF (Figure 31B-F), the mRNA expression of Hgf in HSC was only 

minor affected by shear stress (Figure 32C). Neither Hgf mRNA levels nor HGF 

protein release were significantly altered by variation of shear stress (2.9 dyn/cm², 

15 dyn/cm², 29 dyn/cm²). Overall, these results indicate that HGF release can be 

induced in HSC by mechanical stimuli. 
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Figure 31: Fluid shear stress induces HGF release by HSC. (A) Fluid shear stress 
applied for one hour significantly increased HGF concentration in culture supernatants of 
HSC as analyzed by ELISA. HGF amount in culture media from static condition (0 dyn/cm²) 
was set to 100% for each independent experiment. The data are presented as 
means ± SEM (n = 4; * p < 0.05). Immunofluorescence analyses of HGF (red) in HSC 
showed a strong fluorescence intensity under (B) static condition (0 dyn/cm²), while after 
the exposure to (C) fluid shear stress (15 dyn/cm²) the intracellular HGF storages markedly 
decreased. Cell nuclei were stained by DAPI (blue; n = 3; scale bars: 20 µm). Modified from 
Rohn et al. (under revision). 

In addition to fluid mechanical forces, the effect of ECM proteins on HGF expression 

and release was analyzed since the composition of the hepatic ECM exhibited age-

related alterations (Figure 21, Figure 22) and it was shown that matrix proteins 

influence HSC function (see section 3.1). Therefore, HSC from mid-aged rats were 

seeded on PS dishes coated with different ECM proteins (LN-211, LN-521, COL4, 

FN) and cultured for one week under serum-free conditions. Expression of Hgf in 

HSC on uncoated and ECM protein-coated PS surfaces was analyzed by qPCR and 

HGF protein release into the conditioned culture medium by an ELISA. Interestingly, 

Hgf mRNA levels and HGF protein release were significantly upregulated in HSC 

cultured on LN-521 compared to cells on uncoated PS and LN-211, respectively 

(Figure 33). HGF expression and release were also elevated on FN (Figure 33A, 

C), while cells maintained on LN-211 and COL4 showed no altered Hgf expression 

compared to HSC on uncoated dishes (Figure 33A). Furthermore, the expression of 

Il6 was significantly upregulated when HSC were cultured on LN-211 compared to 

uncoated PS and markedly elevated compared to cells on LN-521, COL4, and FN 

(Figure 33A). 



Results 
 

76 
 

 

Figure 32: Fluid shear stress influences HSC function. Fluid shear stress applied for 
one hour significantly upregulated the expression of (A) several genes associated with the 
ECM (Col1a2, Lamb1, Lamb2, Lamc1) and of (B) Itga5 in HSC. In contrast, Itgb3 and Itgb4 
tended to decrease, while Itga6 and Itgb1 expression remained unchanged in HSC after 
exposure to shear stress. (C) Il6 was significantly downregulated when HSC were exposed 
to laminar pulsatile flow. The mRNA expression of HSC under static condition (0 dyn/cm²) 
was set to 100% for each independent experiment and data are presented as means ± SEM 
(n = 3; * p < 0.05). Modified from Rohn et al. (under revision). 

To provide a more defined laminin coating, a nanostructured culture surface was 

used on which laminin molecules were bound to gold dots with a defined spacing 

(70 nm, 100 nm, 150 nm). Culture on these nanostructured surfaces functionalized 

with LN-521 significantly upregulated Hgf expression in HSC and the mRNA amount 

reached its highest level when a gold dot spacing of 150 nm (FS/150nm) was used 

(Figure 33B). In contrast, Hgf expression in HSC cultured on LN-211 coated 

surfaces did not differ significantly (Figure 33B). 

Dependence of Hgf and Il6 expression and HGF release on ECM protein coating 

indicate that the ECM composition influences HSC function. Additionally, these 

observations were in line with the results in section 3.1, which indicated support of 

HSC characteristics by culture on LN-521-coated surfaces. 
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Figure 33: LN-521 supports HSC function. (A) Expression of Hgf and Il6 in HSC was 
observed to be dependent on ECM protein coating of culture dishes (LN-211, LN-521, 
COL4, or FN). Hgf expression was significantly upregulated in HSC on LN-521 and tended 
to increase on FN after one week of culture under serum-free conditions. Moreover, Il6 
expression was significantly higher in HSC on LN-211 compared to uncoated surfaces. The 
mRNA expression of HSC cultured for one week on uncoated dishes was set to 100% 
(dashed line) for each experiment (n = 8 for PS, LN-211, and LN-521; n = 6 for COL4; n = 4 
for FN; * p < 0.05). (B) Nanostructured surfaces functionalized with LN-521 further 
upregulated Hgf expression compared to laminin-coated and uncoated PS especially when 
a gold dot spacing of 150 nm (FS/150nm) was used. The mRNA expression of HSC cultured 
for one week on uncoated dishes was set to 100% (dashed line) for each experiment (n = 5; 
*p < 0.05). (C) Relative HGF concentration in conditioned culture medium normalized to cell 
number from HSC (mid-aged rats) on different ECM protein-coated surfaces (LN-211, LN-
521, COL4, FN) analyzed by ELISA on day seven after isolation. HSC cultured on LN-521, 
COL4, and FN released significantly more HGF compared to cells on LN-211. HGF 
concentration of HSC on LN-211 was set to 100% for each independent experiment. The 
data are presented as means ± SEM (n = 4, * p < 0.05). Modified from Rohn et al. (under 
revision). 

3.2.8. Itga5 and Itgb1 knockouts in HSC impair mechanosensing 

ITGA5 protein amount showed a significant reduction in HSC and liver tissue from 

aged rats (Figure 23, Table 6, Table 7) and its expression could be induced when 

HSC were exposed to shear stress under laminar pulsatile flow for one hour (Figure 
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32B). Western blot and immunofluorescence analyses of HSC on day one after 

isolation showed presence of ITGA5 suggesting that this integrin subunit is already 

present in their quiescent state (Figure 34A-D). Based on this observation it was 

investigated whether ITGA5 might function as a mechanosensor in HSC. Therefore, 

this integrin subunit was knocked out by CRISPR-Cas9 with two different gRNA. 

HSC were incubated under standard culture conditions for three days and the 

knockout efficiency was investigated. Densitometric analysis of Western blots 

revealed that the knockout efficiency of gRNA 1 was 73 ± 14%, while gRNA 2 

yielded a higher knockout efficiency of 87 ± 5% (Figure 35A, B). Both gRNA led to 

a significant reduction in ITGA5 protein amounts in HSC. 

 

 

Figure 34: Expression of 
ITGA5 in HSC. (A, B) 
ITGA5 was expressed by 
isolated HSC as analyzed 
by Western blot. ITGA5 
protein amount in HSC on 
day 1 was set to 100%. The 
data are presented as 
means ± SEM (n = 3; 
* p < 0.05). (C, D) HSC one 
day after isolation (d1) were 
positive for ITGA5 (red) and 
GFAP (green). Cell nuclei 
were stained with DAPI 
(blue; scale bars: C 100 µm, 
D 20 µm). Modified from 
Rohn et al. (under revision). 

The CRISPR/Cas9-mediated Itga5 knockout using the more efficient gRNA 2 led to 

a significant reduction of HGF released into the culture medium by HSC under static 

condition compared to culture supernatants from the mock control (Figure 35C). 

When HSC without ITGA5 were exposed to medium shear stress of 15 dyn/cm², 

HGF was still released into the culture supernatant but the total amount of HGF 

decreased markedly with increasing knockout efficiency suggesting the involvement 

of ITGA5 in HGF release by HSC (Figure 35C). Since HSC lacking ITGA5 showed 

an impaired cell adhesion (Figure 35D), HGF concentration was normalized to cell 

number. The significantly lower number of adherent cells in case of HSC with Itga5 

knockout compared to mock control (Figure 35D) indicated that ITGA5 is important 

for focal adhesion in HSC. The reduction of HGF release as well as the decreased 

number of adherent cells correlated to the Itga5 knockout efficiencies. 
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Figure 35: Influence of shear stress on HSC with CRISPR/Cas9-mediated Itga5 
knockout. (A, B) Western blot analyses of CRISPR/Cas9-mediated Itga5 knockout in HSC 
after three days of culture. The efficiencies of two different gRNA were compared to ITGA5 
protein amount in mock controls. The gRNA 1 yielded a lower knockout efficiency than 
gRNA 2. γ-tubulin served as a loading control. ITGA5 protein amount from mock was set to 
100% for each independent experiment (n = 3; * p < 0.05). (C) Relative HGF concentration 
analyzed by ELISA and normalized to cell number in culture supernatants from HSC with 
Itga5 knockout after shear stress compared to mock. The HGF release into the culture 
supernatants by HSC with Itga5 knockout was markedly lower compared to mock in 
response to shear stress. HGF concentration from mock static condition was set to 100% 
for each independent experiment. Significant differences are indicated by letters (a, b, c, d, 
e) and groups sharing the same letters did not differ significantly (n = 5; p < 0.05). (D) 
Relative cell number was assessed before and after shear stress experiments and revealed 
a correlation between Itga5 knockout efficiency and HSC number. Cell number from mock 
static condition was set to 100% for each independent experiment and data are presented 
as means ± SEM (n = 5; a, b: p < 0.05; groups sharing the same letters did not differ 
significantly) (E) Genes differentially expressed by HSC under shear stress (see Figure 
32A) remained unchanged in HSC with Itga5 knockout (gRNA 1). Only the Il6 mRNA levels 
were significantly downregulated as observed in genetically unmodified HSC (see Figure 
32C). The mRNA amount of the static condition was set to 100% for each independent 
experiment. The data are presented as means ± SEM (n = 3; * p < 0.05). Modified from 
Rohn et al. (under revision). 
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Finally, the expression of genes that could be induced in genetically unmodified 

HSC by shear stress (Figure 32A, C) were analyzed in HSC with Itga5 knockout 

(gRNA 1) by qPCR. Interestingly, there were no alterations in the mRNA expression 

of ECM-associated genes (Lamb1, Lamb2, Lamc1, Col1a2), while the expression 

of Il6 was still significantly reduced by 64 ± 16% in HSC with Itga5 knockout after 

exposure to shear stress (Figure 35E). The mRNA yield obtained from HSC with 

Itga5 knockout using gRNA 2 was insufficient for qPCR-based expression analysis. 

The expression of Itgb1 was also reduced in HSC from aged rats (Table 7). In 

contrast to ITGA5, ITGB1 protein is not detectable in HSC shortly after isolation but 

appears early during activation as described previously (Kordes et al., 2013). ITGA5 

dimerizes with ITGB1 to form a functional integrin heterodimer (Tamkun et al., 1986; 

Nagae et al., 2012). Therefore, CRISPR/Cas9-mediated Itgb1 knockout was also 

performed in freshly isolated HSC (gRNA 3), resulting in a knockout efficiency of 

about 98% (Figure 36A, B). After three days of culture, when HSC are positive for 

ITGB1 protein (Kordes et al., 2013), HSC with Itgb1 knockout were either collected 

to assess the knockout efficiency or exposed to medium shear stress (15 dyn/cm²) 

under serum-free conditions as described above. HSC with Itgb1 knockout released 

significantly less HGF into the culture medium compared to mock control under 

static (0 dyn/cm²) and under shear stress conditions as analyzed by ELISA (Figure 

36C). In addition, the Itgb1 knockout impaired adhesion of HSC significantly (Figure 

36D). Since ITGA5 and ITGB1 decrease in HSC, as observed in aged rat liver, 

significantly diminished HGF release, an important function of these integrin 

subunits in mechanosensing of HSC could be assumed. The mRNA yield obtained 

from HSC with Itgb1 knockout was insufficient for qPCR-based expression analysis. 

In conclusion, the results presented in section 3.2 indicate that HSC from old rat 

liver lose their typical characteristics and show signs of senescence. Furthermore, 

the interaction with important elements of their niche such as ECM composition and 

sensing of mechanical stimuli seem to be severely affected by aging. ITGA5 and 

ITGB1 apparently play an important role for the focal adhesion, mechanosensing, 

and signal transduction in HSC. Especially these integrin subunits are reduced in 

HSC and liver tissue from aged rats suggesting an impaired cell-ECM interaction as 

well as impaired mechanosensing in the liver during aging. 
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Figure 36: Influence of shear stress on HSC with CRISPR/Cas9-mediated Itgb1 
knockout. ITGB1 is not detectable in HSC during their quiescent state but appears early 
during their activation (Kordes et al., 2013). (A, B) Western blot analyses of ITGB1 in HSC 
with CRISPR/Cas9-mediated Itgb1 knockout. The efficiency of gRNA 3 was assessed in 
comparison to the ITGB1 protein amount of the mock control, which was set to 100% for 
each independent experiment. γ-tubulin served as a loading control (n = 3; *p < 0.05). 
(C) HSC with Itgb1 knockout were exposed to medium shear stress (15 dyn/cm²) for one 
hour and the HGF concentration of the culture supernatant was measured by ELISA and 
normalized to cell number. The HGF concentration from mock static condition (0 dyn/cm²) 
was set to 100% for each independent experiment. The data are indicated as means ± SEM 
(n = 3; a, b, c: p < 0.05; groups sharing the same letters did not differ significantly). 
(D) Relative cell number determined before and after application of shear stress. Knockout 
of Itgb1 in freshly isolated HSC significantly reduced the number of adherent cells. The cell 
number from mock static condition was set to 100% for each independent experiment. The 
data are indicated as means ± SEM (n = 3; a, b: p < 0.05; groups sharing the same letters 
did not differ significantly). Figure from Rohn et al. (under revision). 
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4. Discussion 

This study provides new insights into fundamental mechanisms responsible for liver 

homeostasis involving MSC. The composition of the hepatic ECM as well as fluid 

mechanical forces were identified as key factors that govern the behavior of HSC 

and are altered during liver injury and aging. Particularly, the LAMA5 chain and 

shear stress were found to be important stem cell niche factors that support HSC 

maintenance and function. Evidence was provided that LAMA5 also supports stem 

cell characteristics of HSC and that this laminin chain is present in their stem cell 

niche, the space of Disse. Furthermore, it has previously been shown that the 

hepatic blood flow and the fenestration of the endothelium are reduced during aging 

(Le Couteur and McLean, 1998; McLean et al., 2003) suggesting that HSC in the 

aged liver are exposed to lower shear stress. This study provides an interesting link 

between shear stress and HSC function since ECM-associated gene expression 

and HGF release were observed to be dependent on fluid flow. Moreover, it could 

be shown that important matrix proteins are reduced in the hepatic ECM from aged 

rats, which might lead to an impaired cell-ECM interaction. This interpretation is 

further supported by the observation that ITGA5 and ITGB1, which are significantly 

downregulated in HSC from aged rats, are involved in mechanosensing as well as 

-transduction leading to the increased expression of ECM protein-encoding genes. 

Finally, HSC from the aged rat liver were observed to develop a SASP, which could 

be explained (I) by reduced contact of HSC to their surrounding ECM and (II) by 

lowered ITGA5 and ITGB1 expression and shear stress as discussed in the 

following. 

4.1. LN-521 promotes quiescence in HSC 

In normal rat liver, LAMA5 was detected as a component of the basement 

membrane-like structure in liver sinusoids where it was co-localized with GFAP-

positive HSC. Moreover, LAMA5 was found to be the most abundant α chain in the 

rat liver matrix as determined by proteome analysis of decellularized liver tissue from 

normal rats. Furthermore, LAMB2 and LAMC1 were the dominant β and γ chains in 

hepatic ECM. These results confirmed an earlier study by Li et al. (2016) that 

describes LAMA5, LAMB2, and LAMC1 as major laminins of the normal rat liver 

matrix. These three laminin chains together compose the LN-521 trimer. During liver 
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regeneration associated with the appearance of putative progenitor cells, LAMA5 

was also present in areas of ductular reaction indicated by CK19-positive cells. Chiu 

et al. (2009) made a similar observation in another rat liver injury model leading to 

proliferating putative progenitor cells associated with LAMA5 after 2AAF/carbon 

tetrachloride treatment. While LAMA5 was observed, LAMA2 – another laminin α 

chain reported to occur in stem cell niches (Kazanis et al., 2010) – was nearly 

undetectable in liver sinusoids and in areas of ductular reaction. Furthermore, 

LAMA2 was not detectable by proteome analysis of normal rat liver matrix. Since 

the LAMA2 and LAMA5 protein chains showed a distinct distribution in the 

2AAF/PHx liver injury model, different functions of the two laminin α chains during 

liver regeneration could be assumed. Overall, the observations of this work indicate 

an important role of LAMA5 during liver homeostasis and regeneration. Since 

LAMA5 was observed to be co-localized with GFAP-expressing HSC, the influence 

of the LAMA5-containing LN-521 on HSC was investigated. 

Under standard culture conditions on PS, HSC activate and develop into 

myofibroblast-like cells. Thereby, HSC lose their retinoid-containing lipid droplets 

and reduce the expression of GFAP, while they upregulate the expression of α-SMA 

and fibrillar collagens (Sawitza et al., 2009; Reister et al., 2011; Coll et al., 2015; 

Schumacher et al., 2017). Interestingly, adhesion and quiescence was promoted 

when HSC were cultured on LN-521-coated surfaces. Here, HSC maintained their 

retinoid-containing lipid droplets and significantly increased the expression of Gfap, 

Notch1, reelin, Sparcl1, Lrat, and Pparγ compared to cells cultured on uncoated or 

on LN-211-coated surfaces which, in contrast, showed a myofibroblast-like cell 

morphology. It has been shown previously that LAMA5 is present in stem cell niches 

(Klaffky et al., 2001) and that laminins containing this α chain support stem cell 

characteristics in vitro (Laperle et al., 2015). Since HSC are liver-resident MSC 

(Kordes et al., 2013) that require a stem cell niche to preserve their characteristics 

(Sawitza et al., 2009; Kordes and Häussinger, 2013; Kordes and Häussinger, 2019), 

it could be concluded from the results of this study that LAMA5 is an important niche 

element in the space of Disse. This is further supported by the increased expression 

of the stem cell-associated markers CD133, Notch1, e-cadherin, and nestin in HSC 

on LN-521. Even though the expression of the two activation markers α-Sma and 

nestin were not altered at the mRNA level in HSC on different culture surfaces, the 

protein amount of α-SMA was lower and that of nestin was higher when HSC were 
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cultured on LN-521 suggesting the presence of additional inversely regulated control 

mechanisms for translation. Furthermore, the culture of HSC on LN-521 did not only 

maintain quiescence but also re-established a quiescent-like state in stellate cell-

derived myofibroblasts. However, quiescence could not be completely restored 

since only the expression of α-Sma, Gfap, and e-cadherin was significantly altered 

among all analyzed markers. Nevertheless, re-establishing of a quiescent state in 

activated HSC has been shown to occur in vivo when the underlying etiological 

agent is removed in a mouse model for liver fibrosis (Kisseleva et al., 2012). 

Therefore, additional factors such as retinoids, a softer culture substrate or co-

culture with other hepatic cell types might be essential for complete re-establishment 

of quiescence in stellate cell-derived myofibroblasts. 

For a defined laminin coating as well as for a better three-dimensional presentation 

of the laminin molecules a nanostructured surface was generated. On this laminin-

functionalized surface a defined distance between single laminin molecules was 

provided since laminin was only bound to gold dots with defined spacing. This 

approach further improved HSC maintenance as demonstrated by the significantly 

upregulated mRNA expression of the quiescence markers Sparcl1, Lrat, and reelin 

in HSC on FS/LN-521. Surprisingly, HSC formed spheroids on FS/LN-211, which 

maintained retinoid-containing lipid droplets and expressed the quiescence marker 

SPARCL1. Huang et al. (2011) demonstrated spontaneous spheroid formation of 

MSC on biomaterials. These three-dimensional spheroids had been shown to 

maintain stem cell characteristics (Frith et al., 2009). However, culture of HSC on 

FS/LN-521 further improved HSC quiescence compared to cells on PS/LN-521 and 

FS/LN-211. Interestingly, the number of adherent cells was inversely proportional to 

the spacing between the gold dots. In a different approach using another protein, 

namely a cyclic peptide of arginine-glycine-aspartic acid, for functionalization of 

nanostructured surfaces, Huang et al. (2009) also demonstrated that the adhesion 

of osteoblasts negatively correlates to the distance between the gold dots. 

Nevertheless, mRNA levels in HSC were not significantly affected by varying 

spacing which might be due to the small variation of the distance between gold dots 

in relation to the laminin molecule size of 100 nm (Doi et al., 2002). Therefore, it was 

not possible to use a spacing below 70 nm because to prevent binding of one 

laminin molecule to several gold dots. On the contrary, a spacing larger than 150 nm 

would have exposed HSC to a larger PEG area and, thus, would have impaired cell 
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adhesion. However, the laminin-functionalized nanostructured surface further 

improved the supporting effect of LN-521 on HSC maintenance in a way that 

expression levels of quiescent HSC were obtained. This could be explained with a 

more natural and flexible presentation of the laminin proteins bound to the gold dots 

which provides better access of the cells to the laminin structure. 

Different receptors might be responsible for the binding of HSC to LN-521 and for 

transducing signals, which lead to the maintenance of quiescence. This study 

investigated the expression of diverse laminin-specific receptors. Especially ITGB4 

and LU/BCAM were found to be elevated on mRNA and protein level in HSC on 

PS/LN-521 compared to cells on PS and PS/LN-211. In contrast, the laminin-

specific receptors SDC1 and DAG1 showed no altered mRNA expression in HSC 

on PS/LN-521 compared to PS. DAG1 has a higher binding affinity to LAMA1 and 

LAMA2 but lower to other laminin chains (Durbeej, 2010). However, DAG1 was not 

upregulated in HSC cultured on PS/LN-211. In case of ITGB4 it has been claimed 

previously that this integrin subunit is involved in the adhesion of human pluripotent 

stem cells to LN-521 (Kanninen et al., 2016) and, furthermore, that ITGB4 together 

with ITGA6 might be responsible for the binding of K562 leukemic cells to LAMA5 

(Kikkawa et al., 2000). In line with this, the mean expression of Itga6 was slightly 

increased in HSC cultured on PS/LN-521 suggesting an involvement of integrin α6β4 

in the maintenance of HSC quiescence on LN-521. Moreover, LU/BCAM is a 

receptor that specifically mediates the binding to the LAMA5 chain (Mankelow et al., 

2007) and its presence has been described in ductular reaction during liver 

regeneration associated with progenitor cells (Miura et al., 2018). In the present 

study, this LAMA5-specific receptor was also detected in liver sinusoids of normal 

rat liver and additionally in areas of ductular reaction in the 2AAF/PHx liver 

regeneration model. Furthermore, HSC on PS/LN-521 showed a stronger LU/BCAM 

immunofluorescence than cells on PS and PS/LN-211. Based on these results it is 

concluded that either integrin α6β4 and/or LU/BCAM are involved in the adhesion of 

HSC to LN-521. 

Taken together, the results of this study demonstrate that LAMA5 is the most 

abundant α chain in normal rat liver matrix. Furthermore, this α chain is detectable 

in the sinusoids of normal rat liver where GFAP-positive HSC reside (Figure 37). As 

shown for other stem cell types, LN-521 also supports the quiescent state of isolated 

rat HSC, which are liver-resident MSC. This effect can be further improved with a 
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defined spacing between laminin molecules on LN-521-functionalized gold dots that 

provide a better three-dimensional presentation of the laminin trimer. 

 

Figure 37: Laminin α5 is an element of the HSC niche. In normal rat liver, LAMA5 chain 
was observed together with collagen IV in the liver sinusoids harboring HSC. The quiescent 
state of HSC was maintained when they were cultured on LN-521-coated plastic. This effect 
could be further improved by defining the distance between single LN-521 molecules on a 
bio-functionalized nanostructured surface. Furthermore, LN-521 could re-establish a 
quiescent-like state in HSC-derived myofibroblasts. Modified from Rohn et al. (2018). 

LN-521 could not only preserve HSC quiescence but also re-established a 

quiescent-like state in stellate cell-derived myofibroblasts although HSC activation 

could not be completely prevented since the mRNA expression of α-Sma and 

Col1a2 was still on a high level when activated HSC were cultured on LN-521. It has 

been shown previously that the expression of these genes is induced in HSC by the 

culture on a stiff surface (Wells, 2005). Since surface stiffness of PS culture dishes 

is not lowered by LN-521 coating, the expression of activation markers remained 

elevated. However, the signs of HSC activation were markedly reduced by culture 

on LN-521. Overall, these results demonstrate that LAMA5 is a key factor in the 

microenvironment of HSC in the space of Disse. 
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4.1. Mechanosensing of stellate cells from aged liver is impaired 

A large set of genes and proteins was significantly altered in HSC and liver tissue 

from aged rats. Among them the expression of diverse genes associated with HSC 

quiescence such as Sparcl1, Pparγ, Gfap, and Lrat was markedly downregulated. 

However, HSC from aged rats had more retinoid-containing lipid droplets which was 

in line with previous observations (Warren et al., 2011). Markers that are typically 

expressed in activated HSC, such as Col1a2, Col3a1, Col4a1, Fn, α-Sma, and 

desmin, were not differentially expressed or even reduced in HSC from aged livers. 

The reduced expression of ECM-encoding genes in HSC isolated from aged rats 

was summarized in the GO term “extracellular matrix organization”. These results 

indicate that the downregulated expression of quiescence-associated markers in 

HSC from old rats cannot be related to their myofibroblast-like phenotype in acute 

and chronic injured liver since ECM-encoding gene expression was also significantly 

reduced. Similar observations were made by other groups that demonstrated that 

senescence in activated HSC leads to decreased ECM deposition (Schnabl et al., 

2003; Krizhanovsky et al., 2008) and reduced liver fibrosis in mice (Krizhanovsky et 

al., 2008). HSC from aged rats had lost their typical expression pattern and 

biological processes associated with the GO terms “development” and 

“differentiation” were significantly altered. However, HSC did not show clear signs 

of cell lineage determination. Further GO term analysis of significantly altered genes 

in HSC from young and old rats revealed that the biological processes “cell 

migration”, “cell adhesion”, and “integrin-mediated signaling pathway” were affected 

by aging. A significant upregulation of Cxcr4 and Mmp13 expression and 

downregulation of Vcl, Tln, and Itga5 expression indicated increased migration and 

impaired focal adhesion of HSC isolated from old rats and, thus, suggested impaired 

cell-ECM contact. Furthermore, biological processes associated with “inflammatory 

response” were altered in HSC from aged rat liver. This was in line with the 

increased expression and release of various cytokines by HSC from old rats such 

as CXCL1, CXCL3, and IL6. This specific pattern of SASP factors has been 

described to determine senescent cells (Coppé et al., 2008; Coppé et al., 2010; 

Freund et al., 2010), which induce senescence in neighboring cells in a paracrine 

manner (Acosta et al., 2013). Therefore, HSC from aged rats showed clear signs of 

senescence. 
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Comparison of senescence-associated factors in whole liver tissue from young and 

old rats revealed only an increased expression of p21/Cdkn1a and a downregulated 

expression of Smp30/Rgn. Fujita et al. (1992) also reported on the reduction of 

SMP30/RGN in the aged rat liver. In contrast to isolated HSC, analyses of liver 

tissue and serum samples obtained no signs of increased inflammatory processes 

during aging. Moreover, no increase in oxidative stress could be detected in liver 

tissue from old compared to young rats. These results indicate that the rats included 

in this study aged under healthy conditions since inflammation and oxidative stress-

associated tissue damage is mostly associated with a diseased state (Reuter et al., 

2010). 

In addition to the increase of inflammatory factors, HSC from old rat liver significantly 

decreased the expression of various growth factors such as Ctgf and Hgf – both 

crucial for proper liver regeneration (Nakamura et al., 1984; Yang et al., 2013). The 

main alteration in human and rodent liver during aging is its decreased regenerative 

potential (Biondo-Simões Mde et al., 2006; Timchenko, 2009; Zhu et al., 2014; 

Enkhbold et al., 2015). As a possible mechanism reduced HGF and c-Met 

expression had been suggested (Zhu et al., 2014). Since HSC are critically involved 

in liver regeneration by the release of growth factors as proliferative stimuli for 

neighboring cells or by direct differentiation into hepatocytes and cholangiocytes, 

the loss of quiescence, increase of SASP factors, and reduction of growth factors 

(Figure 38) in HSC from old rat livers could explain the impaired regeneration 

capacity of the aged liver. 

As described in section 1.4, HGF is necessary for proper liver regeneration. Already 

one hour after PHx, HGF reaches its maximum plasma concentration, which 

declines during the first 24 hours after surgery but remains elevated for more than 

three days (Lindroos et al., 1991), while synthesis of new HGF starts three hours 

after injury (Michalopoulos, 2007). Two mechanisms leading to the fast HGF release 

had been proposed. First, HGF was claimed to be bound to the ECM as pro-HGF 

(Masumoto and Yamamoto, 1991) from where it is rapidly released and activated 

due to matrix degradation by MMPs shortly after liver injury (Kim et al., 1997). 

Second, fluid mechanical forces acting on SEC by an increased blood flow induces 

the release of HGF (Lorenz et al., 2018). In line with this, a pronounced reduction of 

HGF in liver sinusoids one day after PHx was observed in the present study. Since 

an age-related hepatic ECM reduction was demonstrated in this work, less HGF 



Discussion 
 

89 
 

might be bound to the matrix and is, therefore, available for liver regeneration. This 

is confirmed by the observation that the matrix-bound pro-HGF amount was 

significantly reduced in liver tissue from aged rats which further indicated a 

decreased HGF protein pool even though the Hgf mRNA levels remained 

unchanged in whole liver tissue. 

One pronounced effect of aging in the liver is the decrease of blood flow by 20-55% 

as well as a reduced fenestration of the endothelium (Le Couteur and McLean, 

1998; McLean et al., 2003). Both observations could lead to a decreased fluid flow 

reaching HSC in the space of Disse and, thus, to reduced shear stress since the 

blood flow is positively proportional to shear stress (see formula in section 1.7). 

Interestingly, exposure of HSC from mid-aged rats to laminar pulsatile fluid flow led 

to an increased expression of ECM-encoding genes (i.e. Col1a2, Lamb1, Lamb2, 

Lamc1) that were downregulated in HSC of the aged rat liver. Furthermore, Itga5 

and Il6 expression were significantly up- and downregulated, respectively, in 

response to shear stress suggesting that fluid mechanical forces can counteract 

some age-related processes. The results of this study are in line with previous 

observations in which reduced fluid mechanical forces led to decreased ECM 

protein deposition and Itga5 expression, while increased shear stress 

downregulated Il6 expression in endothelial cells (Urbich et al., 2000; Lund et al., 

2010; Espinosa et al., 2018). Since the liver represents a blood reservoir (Lautt and 

Greenway, 1976), it is especially exposed to blood flow alterations. The present 

study demonstrates that the function of HSC as liver-resident MSC is particularly 

affected by fluid shear stress and that there are universal mechanisms applying to 

different cell types concerning the response to these mechanical stimuli. 

Furthermore, in this work evidence is provided that fluid mechanical forces also 

trigger the release of HGF by HSC as demonstrated for SEC (Lorenz et al., 2018). 

However, Hgf expression in HSC was only slightly influenced by shear stress, but 

was significantly increased by LN-521. Overall, no significant differences between 

low, medium, and high shear stresses were observed at Hgf mRNA or released 

HGF protein level. This could be explained by the limitations of the perfusion system 

in which the lowest possible shear stress is 2.9 dyn/cm². Noh et al. (2012) calculated 

that liver SEC are exposed to a shear stress of 3.7 dyn/cm². In contrast to SEC, 

HSC are not directly exposed to the blood stream and the physiologic shear stress 

in the space of Disse might be lower. Nevertheless, this study provides an 
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interesting correlation between shear stress and HSC function. Furthermore, these 

results indicate that SEC in concert with HSC release HGF upon increased shear 

stress exposure due to enhanced blood flow shortly after PHx. 

 
Figure 38: The HSC niche is impaired by aging leading to senescence and loss of 
typical characteristics in HSC. The hepatic ECM composition is altered due to aging. For 
instance, fibronectin, different collagens as well as laminins, and elastin are reduced in the 
aged rat liver. Thereby, also the HGF binding capacity of the matrix is lowered. Furthermore, 
during aging the fluid flow in the space of Disse is decreased since hepatic blood flow and 
fenestration of the endothelium are reduced. HSC from old rats exhibit a senescence-
associated secretory phenotype (SASP) and typical characteristics such as growth factor 
synthesis (e.g. HGF) and expression of quiescence-associated markers are impaired. 
Moreover, HSC from old liver tissue reduce the fibronectin binding subunits ITGA5 and 
ITGB1 that are involved in cell adhesion and growth factor release. Modified from Rohn et 
al. (under revision). 

Interestingly, stretching of HSC for one hour by about 30% also leads to an elevated 

HGF concentration in the culture supernatant of about 250% compared to 

unstretched HSC (Rohn et al., under revision). This relative increase is comparable 

to the HGF amount released by HSC after the exposure to shear stress (Figure 
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31A). These observations suggest that different mechanical stimuli exerted by blood 

flow alterations trigger the release of HGF by HSC. 

Although prevalence of liver fibrosis increases with advanced age (Mahrouf-Yorgov 

et al., 2011), the results of the present study revealed that ECM proteins declined in 

the aged rat liver matrix (Figure 38) including fibrillar collagen types I (COL1A1, 

COL1A2) and III (COL3A1). Since MMP13 is known to cleave these fibrillar 

collagens (Freije et al., 1994) and HSC from old rats significantly increase Mmp13 

and reduce Ctgf expression, it could be assumed that HSC are involved in the age-

related matrix degradation in the liver. Even though LAMA5 protein amount was not 

altered during aging, the two other laminin chains of the LN-521 trimer (LAMB2, 

LAMC1) were reduced indicating an impaired stellate cell niche, since LN-521 was 

shown to play an important role for their maintenance and function as demonstrated 

in section 3.1 (Rohn et al., 2018). 

In addition to diverse collagens and laminins, especially ELN and FN were 

significantly downregulated in the aged rat liver. The reduction of FN in liver tissue 

from old rats had also been described in an earlier study by Singh and Kanungo 

(1993). Interestingly, FN was more prominent around larger vessels and nearly 

undetectable in the remaining liver parenchyma of old rats. In line with this, ITGA5 

was significantly reduced in old compared to young rat liver. ITGA5 together with 

ITGB1 forms the FN receptor integrin α5β1 (Tamkun et al., 1986; Takagi, 2004; 

Nagae et al., 2012) and the mRNA expression of both integrin subunits were 

markedly downregulated in HSC from old rats. Interestingly, ITGA5 was prominent 

in liver sinusoids, while the β1 subunit was detectable in whole liver tissue 

suggesting a unique role of ITGA5 for sinusoidal cells in normal rat liver. This integrin 

subunit is essential for embryonic development and its relevance becomes obvious 

by an abnormal development of mesodermal structures in Itga5 knockout mice 

(Yang et al., 1993). 

CRISPR/Cas9-mediated knockout of Itga5 and Itgb1 in isolated HSC decreased 

HGF release and impaired cell adhesion. Furthermore, Itga5 knockout in HSC 

abolished the shear stress-induced expression of matrix-associated genes. 

Integrins do not only mediate cell adhesion but can also act as mechanosensors 

and -transducers (Häussinger et al., 2003; vom Dahl et al., 2003; Katsumi et al., 

2004; Schliess et al., 2004). For instance, in hepatocytes cell volume changes are 



Discussion 
 

92 
 

transmitted via integrins to downstream signaling pathways (Häussinger et al., 2006; 

Reinehr et al., 2010). In the present study, the heterodimer integrin α5β1 was 

identified as an important mechanosensor in HSC involved in growth factor release, 

cell adhesion, and control of ECM synthesis. Since ITGA5 and ITGB1 decrease in 

old rat liver tissue, the aforementioned functions are impaired in the aged liver. 

Interestingly, the signaling pathways activated by physical forces via integrins are 

dependent on the specific ECM proteins to which the cells are attached (Katsumi et 

al., 2004). For instance, ERK2 signaling is activated when fibroblasts are cultured 

on FN, JNK1 signaling on FN and laminin, whereas the incubation on collagen does 

not activate any MAP kinase (Katsumi et al., 2004). Nevertheless, activation of 

diverse signaling pathways might vary in different cell types. However, these 

findings highlight the sensitive interaction between different elements of the 

microenvironment that show severe alterations in the aged liver as demonstrated in 

this study, such as sensing of mechanical stimuli and the matrix composition. 

It has been shown previously that in endothelial cells mechanosensing by integrins 

containing the β1 subunit is involved in lymph vessel expansion and liver growth 

during embryogenesis as well as in liver maintenance (Planas-Paz et al., 2012; 

Lorenz et al., 2018). In quiescent HSC only ITGB1 mRNA but not its protein can be 

detected as demonstrated one day after isolation (Kordes et al., 2013). As soon as 

they activate, HSC markedly increase ITGB1 protein amount (Kordes et al., 2013). 

In contrast, this study confirmed the presence of ITGA5 protein in quiescent as well 

as in activated HSC. This raises the question whether another integrin β subunit 

interacts with ITGA5 to form a mechanosensor in quiescent HSC. However, the 

shear stress experiments presented in this study were performed three days after 

HSC isolation. At this time point HSC have already been activated (Schumacher et 

al., 2017). Therefore, activation of HSC, as it is the case during liver disease and 

regeneration, might be essential for proper mechanosensing via the integrin α5β1 

dimer. Batra et al. (2012a) demonstrated that integrin α5β1-mediated signaling due 

to mechanical forces induced the opening of the hemichannel connexin 43 in 

osteocytes leading to the release of factors which are essential for bone formation 

and remodeling, such as calcium and prostaglandin E2 (Batra et al., 2012b). In 

normal liver, connexin 43 is mainly expressed by stellate cells (Fischer et al., 2005) 

and it is significantly downregulated in HSC but not in whole liver tissue from aged 

rats (http://www.ebi.ac.uk/arrayexpress, accession number: E-MTAB-7423) 
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suggesting that direct cell-cell communication between HSC and neighboring liver 

cells might be impaired. However, connexin 43 is responsible for the shuttling of 

molecules smaller than 1.2 kDa between neighboring cells (Batra et al., 2012b). In 

contrast, HGF is released into the extracellular space and its molecular weight is 

82.9 kDa (https://www.uniprot.org/uniprot/P17945). Thus, it is not clear yet how 

ITGA5 is involved in the release of HGF and whether HGF also passes through a 

channel or is released by fusion of intracellular vesicles with the cell membrane. 

Batra et al. (2012a) also observed that integrin α5β1-mediated opening of 

hemichannels did not depend on binding to FN and the authors suggested an 

alternative function of ITGA5. A similar observation has been made in this study, 

since Itga5 knockout in HSC led to impaired cell adhesion on COL4-coated surfaces 

indicating that integrins containing the ITGA5 subunit do not only bind to FN but are 

important for cellular adhesion in general. Since this work demonstrates an 

important link between ITGA5, focal adhesion, HGF release, and shear stress, a 

significant decrease of ITGA5 in HSC from aged liver could lead to an impaired 

anchorage to the basement membrane-like structure in the space of Disse and to 

reduced mechanosensitivity in HSC from old liver. Consequently, HSC lose their 

typical characteristics such as the supply of neighboring cells with growth factors. 

Overall, this study demonstrates that fluid mechanical forces induce the expression 

of ITGA5. The reduced fluid flow in the space of Disse during aging might lead to 

the significant reduction of ITGA5 in the old rat liver. Since this study shows a 

correlation between the presence of ITGA5 and the release of HGF by HSC, 

affected mechanosensing might contribute to the impaired regenerative potential of 

the aged liver. In addition, ITGA5 seems to be important for the shear-stress induced 

expression of several ECM components suggesting that a decrease of ITGA5 in the 

aged rat liver could clarify age-related matrix alterations. This in turn, could result in 

fewer pro-HGF amounts bound to the aged hepatic ECM. Furthermore, ECM 

proteins that are essential for the maintenance of HSC characteristics such as 

LAMB2 and LAMC1 are diminished in the old liver matrix. This might lead to an 

impaired cell-matrix interaction and, thus, to weakened anchorage and increased 

migration accompanied by senescence. In addition, reduction of LAMB2 and 

LAMC1 in hepatic ECM during aging might contribute to the loss of HSC function 

since LN-521 promotes HGF synthesis by HSC. Consequently, less HGF is 

available for liver homeostasis or after liver injury.  
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5. Conclusion and Future Research 

The insights gained in this research project demonstrate that several components 

in the microenvironment influence HSC function, for instance, proteins of the ECM, 

such as LN-521, and physical factors, such as shear stress. Alterations of the listed 

elements during aging seem to impair HSC characteristics which might contribute 

to the lowered regenerative capacity of the aged liver. Since the hepatic blood flow 

is decreased and the sinusoidal endothelium shows reduced fenestration during 

aging, the fluid flow reaching HSC in their niche might be lowered. Hence, HGF 

release by HSC might be also decreased in the aged liver. ITGA5 and ITGB1 are 

involved in the shear stress-induced release of HGF. Whether it is essential that 

HSC are activated and express ITGB1 protein to sense and transduce mechanical 

stimuli in vivo should be investigated in future studies. This work only included 

culture-activated HSC three days after isolation. No significant differences in HGF 

release using varying shear forces were observed indicating that upstream 

mechanisms are important for the response to mechanical forces in HSC such as 

the presence of ITGB1, which is only weakly present in their quiescent state. This 

question should be addressed by future research. Moreover, HGF release by HSC 

was apparently independent from the type of mechanical force applied, since the 

relative proportion of released HGF was the same when HSC were exposed to 

shear stress or stretched (Rohn et al., under revision). Whether this is also true for 

other factors released by HSC or whether varying mechanical stimuli induce 

different cellular responses should be investigated in the future. Other possible age-

related changes in the HSC niche such as the impact of an altered endothelium are 

also reasonable subjects of future research. Furthermore, it could also be 

investigated whether HSC innervation by the sympathetic nervous system is 

reduced during aging since HSC are in close contact to nerve endings. A first hint 

was obtained in this study by a significantly elevated expression of nerve growth 

factor (Ngf) in HSC (Table 11). Upregulation of Ngf might be a compensatory 

mechanism to guide nerve endings towards the space of Disse in the aged liver. 

Maryanovich et al. (2018) unveiled reduced innervation of bone marrow MSC by the 

sympathetic nervous system as a driving force for hematopoietic stem cell aging. 

Future research in this field will provide deeper insights into mechanisms that 

contribute to altered liver functions during aging and in chronic disease. 
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