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Chapter 55
Stiffness and Hepatocytes Function 
In Vitro

Srivatsan Kidambi

�Introduction

Liver damage as a consequence of liver injury or disease (e.g., chronic hepatitis C 
virus (HCV) infection, alcohol abuse, and nonalcoholic steatohepatitis (NASH)) is 
extremely prevalent worldwide and results in a huge economic burden on patients 
[1, 2]. Several liver diseases can lead to fibrosis, which results from an imbalance 
between production and resorption of extracellular matrix (ECM) and restructuring 
of the liver microenvironment (LME). The earliest changes in LME as a result of 
liver disease occur in response to ECM remodeling, resulting in accumulation of 
ECM proteins and an increase in liver stiffness. Furthermore, the balance of matrix 
production and degradation is compromised, leading to deleterious effects on the 
liver function. Clinically, stiffness measurement is considered as the best read-out to 
monitor, stage and diagnosis, clinical outcomes of new drugs, and survival correla-
tion in liver diseases. Furthermore, clinical studies have shown that liver stiffening 
provides a permissive milieu for the development of cellular dysplasia and is a key 
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feature of liver dysfunction that leads to cirrhosis and hepatocellular carcinoma 
(HCC) [3–5].

Noninvasive elastography techniques and direct rheometry measurements of 
the whole liver have established that the liver stiffness increases as fibrosis pro-
gresses [6–9]. Clinical research assessing liver stiffness by transient elastography 
has revealed that the stiffness of normal, early, and late stage liver fibrosis are 
<6 kPa, 6–12.5 kPa, and 12.5–75 kPa, respectively (Fig. 55.1) [10, 11]. For more 
details, see also other book parts, namely, book Part IV “Important (Patho)physio-
logical Confounders of LS.” Studies of both humans and rats suggest that increased 
liver stiffness is associated with progression of fibrosis [12–14]. In patients with 
chronic hepatitis C infection, magnetic resonance elastography studies have shown 
that livers at stage F0 (with no detectable fibrosis) are stiffer than the livers of unin-
fected patients; similarly, in rats with carbon tetrachloride-mediated injury, increased 
liver stiffness preceded fibrosis [8]. Despite these data, there is lack in the complete 
understanding of the role of the mechanical cues elicited by the varying stiffness on 
the fate of liver cells, including hepatocytes.

�Hepatocytes as Key Players of Liver Parenchyma 
and Function

The liver is the largest solid organ in the body comprising about 3% of the adult 
body weight and can be considered the metabolic center that performs hundreds of 
vital functions necessary for maintaining homeostasis [15]. The different functional 
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Fig. 55.1  Etiologic factors and changes in liver stiffness in the pathogenic development of hepatic 
diseases. Increase in liver stiffness is the major pathogenic event occurring in several liver disorders. 
Chronic liver injury due to HBV and HCV infection, inadequate alcohol consumption, and meta-
bolic disorders results in a gradual and dramatic increase in liver stiffness and corresponds to higher 
hepatocytes damage, necrosis, apoptosis, and proliferation. Instauration of hepatocyte oxidative 
stress condition results in liver fibrosis and cirrhosis, which may lead to hepatocellular carcinoma
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roles of the liver can be grouped into categories of synthesis, storage, detoxification, 
and metabolism [16]. The highly metabolic nature of the organ demands approxi-
mately 30% of the total oxygen consumption. Some of the major functions carried 
out by the liver are bile synthesis, regulation of blood glucose, detoxification of 
xenobiotic substances, maintenance of serum oncotic pressure, nitrogen disposal, 
lipid synthesis and breakdown, and regulation of blood clotting [17]. The liver is a 
complex organ built by at least seven different resident cell types—hepatocytes, 
liver sinusoidal endothelial cells, dendritic cells, Kupffer cells, stellate cells, biliary 
epithelial cells, and lymphocytes of multiple types that are organized in a precise 
manner for maximal functional stability. Hepatocytes comprise the majority (~85%) 
of tissue mass in the liver as the liver parenchyma that performs several key liver 
functions. Hepatocytes perform the bulk of metabolic and synthetic functions of the 
organ. They synthesize the majority of circulating proteins in the plasma such as 
albumin, protease inhibitors, clotting factors, and inflammatory complexes [18]. 
They metabolize biomolecules such as cholesterol, heme, triglycerides, vitamins, 
glucose, and bilirubin for homeostasis [18]. Hepatocytes are large polygonal, mul-
tinucleated cells of about 20 microns in size and are connected to adjacent hepato-
cytes through adhesion complexes such as tight junctions, and desmosomes [15]. 
These cells have distinct polarity; along with a distinct signature of cell surface 
receptors, carrier proteins and pumps, the cell-layer surface that faces the space of 
Disse has microvilli extensions, allowing for maximum surface area for transport of 
molecules from the lumen. Due to their high metabolic nature, they contain a high 
density of intracellular machinery such as mitochondria, peroxisomes, lysosomes, 
and endoplasmic reticulum. In a healthy liver, hepatocytes possess a superior capac-
ity for proliferation, thereby allowing for regeneration of the organ under manage-
able stress. Along with the complex functional profile, maintenance of the replicative 
capacity of hepatocytes is highly dependent upon the upkeep of the intricate ele-
ments of the liver microenvironment such as mechanical stresses, cell–cell interac-
tions, and cell–ECM interactions. Consequently, primary hepatocytes isolated from 
the liver and disconnected from their natural environment experience a drastic loss 
in functions and a complete loss in proliferative capacity.

�Liver Microenvironment in Normal and Diseased Livers

The liver microenvironment (LME) is essential for the maintenance of tissue func-
tionality. The various components that constitute the LME are the parenchymal 
cells, non-parenchymal cells, spatial organization of the heterogeneous cell popula-
tion, liver-specific ECM, soluble factors, oxygen gradient, and several mechanical 
cues [19–22]. Numerous studies have investigated the various aspects of LME and 
incorporated the findings towards creating in  vitro liver models. Uygun et  al. 
employed derivative of decellularized liver matrix to demonstrate the importance of 
the chemical composition of the ECM in the maintenance of hepatocyte function for 
a prolonged duration [23]. Kidambi et al. established that high oxygen regulates the 
stability of hepatocyte function in vitro. Similarly, a study by Wong et al. showed 
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that the autocrine signaling between hepatocytes forming tight cell–cell junctions is 
essential towards maintaining their synthetic functions in vitro [24]. Paracrine sig-
naling is equally important in prolonging the hepatocyte health, as shown through 
multiple co-culture studies of hepatocytes with the stellate cells, fibroblasts, and 
endothelial cells [21, 25–27]. Interestingly, the LME changes drastically in the 
event of liver pathological conditions such as fibrosis.

�Liver Fibrosis

Liver fibrosis is a sustained wound-healing response in the organ resultant of chronic 
stressors such as viral infections, autoimmune disorders, metabolic disorders, or 
alcohol abuse [28]. During liver fibrosis, stellate cells and other hepatic cell types 
acquire a pro-fibrogenic phenotype that primarily results in (1) excessive production 
of ECM molecules forming scar tissue (2) increased inflammatory response and (3) 
loss of parenchymal function [29]. The reversibility of liver fibrosis depends on the 
nature and severity of the stressor, and irreversible fibrosis can result in fatal condi-
tions such as cirrhosis, kidney failure, and hepatocellular carcinoma [30]. The most 
critical challenges in liver fibrosis intervention are the following: (1) absence of 
noninvasive biomarkers, (2) lack of mechanistic studies on the reversibility of liver 
fibrosis, and (3) absence of effective anti-fibrosis therapies.

Functional maintenance of the liver in a healthy state and the rate of progression 
of liver fibrosis are both regulated by the complex factors of the LME. Researchers 
anticipate that restoration of the healthy liver milieu will determine the success of 
anti-fibrosis therapies. Establishing the role of these individual liver-specific cues 
such as mechanical stiffness on different hepatic cell types is crucial for a system-
atic bottom-up approach towards (1) functional tissue engineering and (2) creating 
physiologically relevant disease models. A gaping hole in the literature of LME is 
that a majority of these studies focused primarily on maintaining the hepatocyte 
functions but the correlation of stiffness on hepatocytes dysfunction is limited.

�Role of Mechanical Environment in Liver Function 
and Fibrosis

Tissue development and function are driven by several mechanical elements of the 
microenvironment such as shear stress, compression forces, surface tension, trac-
tion, and osmotic pressure [31]. In the context of the liver, matrix elasticity (stiff-
ness) has been a particularly important aspect correlating to the healthy and the 
diseased state of the organ. Over the last decade, clinicians have routinely been 
using direct and noninvasive elastography techniques to determine the stiffness of 
the liver as a diagnostic measure for establishing the occurrence/severity of liver 
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fibrosis [9, 32–34]. The cells that build tissues are viscoelastic in nature, and their 
anchorage dependence with adjacent cells and matrix is essential for the regulation 
of events such as proliferation, apoptosis, differentiation, and stress response [35–
37]. The short range forces that the cells experience as a result of this adhesion are 
sensed by the cells through focal adhesion and cytoskeleton-mediated pathways 
[38]. Studies demonstrate that integrins, the heterodimeric receptors on the cell 
surface that mediate anchorage with the ECM, are the principle mechanosensors of 
the cells. The bi-directional signaling between integrins and the cytoskeletal mole-
cules regulates changes in the cellular phenotype [39, 40].

In the event of pathological conditions in the liver such as liver fibrosis, the stiff-
ness of the organ can increase dramatically [28]. The occurrence of liver fibrosis is 
considered synonymous with a malfunctioning ECM production and maintenance. 
The increase in the stiffness of the organ can be attributed to the ECM changes, both 
through the sheer amount of ECM components such as collagen 1 and proteogly-
cans that are deposited and by the modification of the existing components through 
posttranslational modification and cross-linking [41, 42]. Research shows that 
adherent cells can sense mechanical changes, but the implications of mechanical 
changes that accompany liver fibrosis on hepatocytes are not well established.

�Significance of Mechanobiology for Hepatocyte Function

A majority of the mechanotransduction studies of the liver have focused on hepatic 
stellate cells due to their importance in liver fibrosis progression [43, 44]. Recent 
advancement in liver fibrosis research has established that the liver parenchyma and 
other non-parenchymal cells are also critical in the progression of liver disease. 
Zeisberg et al. demonstrated that epithelial to mesenchymal transition in hepato-
cytes results in an accumulation of activated fibroblasts in animal models with CCl4-
induced liver fibrosis [45]. Similarly, a study shows that hepatocellular carcinoma 
cells have shown a difference in resistance towards chemotherapeutic drugs when 
subjected to varying mechanical stiffness [46]. These studies suggest that it is vital 
to establish the nature of mechanosensitivity in hepatocytes to provide a better 
understanding of the various mechanistic triggers that regulate liver fibrosis.

From a different perspective, consideration of the mechanical microenvironment 
is equally important for improving the functionality of in vitro liver tissue model. 
By mimicking the mechanical properties of the healthy liver, we could achieve 
superior hepatotoxicity screening, bio-artificial livers and potential to expand cel-
lular population for cell-based therapies [47, 48]. The conventional in vitro model 
for these purposes is hepatocytes cultured on polystyrene dishes that are a few 
gigapascals in elastic modulus and cells exposed to such a physiologically irrelevant 
stiffness demonstrate a functional compromise. An in vitro model that recapitulates 
the mechanical stiffness of the liver as seen in physiological and pathological condi-
tions will prove to be valuable towards (1) advancing the field of mechanobiology 
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of the liver, (2) modeling fibrotic phenotype in vitro, and (3) elucidating the role of 
stiffness on the phenotypic regulation of hepatocytes.

�Need for Bioengineered In Vitro Liver Models

Despite the accuracy of animal models in capturing several vital physiological 
parameters, it is challenging to capture the dynamic changes in physiological and 
pathological liver stiffness at various stages of disease progression. Functional 
in vitro liver models are alternative and simplistic research tools towards establish-
ing a fundamental understanding of the microenvironmental regulation of the liver. 
Additionally, in vitro models provide the opportunity to utilize human-derived cells/
tissues, which tremendously improves their physiological relevance. A vast section 
of novel drugs fail in the clinical trial phase due to rodent/human biological differ-
ence in the preclinical stage, and this could potentially be reduced by employing 
in vitro liver models as preclinical screening platforms [49]. Most popular in vitro 
model for the liver utilized in pharmaceutical industry and research setting is the 
simple monoculture of primary hepatocytes or hepatic cell lines (HepG2 or 
Huh7) [50, 51]. These models are typically used to study liver metabolism or drug 
screening, and they suffer from critical limitations in the form of altered phenotypic 
drift and loss in functions [52]. Advanced engineering techniques that can mimic 
the vital microenvironment elements of the liver will be required to create func-
tional in vitro models of the liver.

�In Vitro Substrates for Recreating Liver Stiffness

In vitro tools have been instrumental in the advancement of mechanobiology 
research. A significant portion of these in vitro studies utilizes protein-based sub-
strates for creating platforms of tunable stiffness [53, 54]. The impact of extracel-
lular matrix on the differentiated functions of hepatocytes has been widely studied. 
In general, the efficiency of hepatocyte attachment is enhanced by coating sub-
strates with simple extracellular matrix proteins (typically collagen); however, 
in most cases, a concomitant increase in hepatocyte spreading leads to a loss of 
liver-specific functions [55]. Presentation of extracellular matrices of different com-
positions and topologies can stabilize hepatocyte morphology and a limited set of 
phenotypic functions. For instance, hepatocyte culture on biomatrix, a complex 
mixture of extracellular matrix components extracted from liver, has been shown to 
improve hepatocyte function compared with monolayers on collagen [55, 56]. 
When sandwiched between two layers of gelled collagen whose stiffness parallels 
physiological liver stiffness, hepatocytes from a variety of species maintain a cuboi-
dal shape, secrete albumin, and synthesize urea (marker of nitrogen metabolism) 
[57]. Rat hepatocytes, in particular, secrete albumin at a high rate for 40 days in 
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sandwich cultures, exhibit improved cytochrome P450 induction, and form a con-
tiguous, anastomosing network of bile canaliculi indicative of polarity [52]. The 
disadvantages of using biological substrates to create tunable stiffness are their lack 
of reproducibility in the physical characteristics, cost-ineffectiveness and, most 
importantly, unwanted variability in chemical and topographic cues [27]. Recent 
study demonstrates that the liver during fibrosis experiences shear strain softening 
and compression stiffening, whereas collagen gels display the opposite phenome-
non with respect to shear stress and compression [58].

Among the synthetic materials that are at our disposal for stiffness modeling, 
polyacrylamide gels have been a popular choice due to the tunability of stiffness in 
the physiologically relevant stiffness range [59–61]. The limitation of polyacryl-
amide gels lies in the possible toxicity of unpolymerized acrylamide and difficulty 
in uniform surface functionalization [62]. Hyaluronic acid (HA) gels were used for 
the stiffness study by altering the gel concentration through a cross-linking process. 
HA hydrogels contained liver extracellular matrix (ECM), which were used to study 
the cells morphology of human hepatocytes due to the tremendous medical applica-
tions of HA used [54, 63]. Just like HA hydrogels, polyvinyl alcohol (PVA) hydro-
gels were also developed to study the effect of stiffness on hepatocytes [64]. 
Polydimethylsiloxane (PDMS) has emerged as a novel alternative synthetic sub-
strate to study mechanical properties of biological tissues. PDMS is a bio-inert, 
versatile inorganic silicone material widely used in micro/nano fabrication tech-
niques [65, 66]. Conventionally, stiffness in PDMS substrates has been modified by 
varying the ratio of cross-linker to elastomer in Sylgard 184, but the drawback here 
is that the cellular toxicity due to non-crosslinked PDMS has not been established 
[67]. We have developed an attractive alternative to this stiffness tunability as well 
as developing a protein-free matrix for primary hepatocytes attachment to tease out 
the effect of stiffness as a sole parameter on hepatocytes function. Here we utilized 
varying weight ratios of Sylgard 184 and Sylgard 527 to create resultant sub-
strates of different stiffness and integrated a polymer-based interface on PDMS to 
overcome its hydrophobic and cell-resisting nature to facilitate cell-based studies 
(Fig. 55.2) [51, 68–70].

�Stiffness and Hepatocytes In Vitro

The in vitro culture of hepatocytes can exhibit many hepatic functions for a finite 
period. Studying the loss of hepatic functional markers such as urea and albumin, 
supplementing study of the non-specific end points, can be utilized as the tool to 
evaluate the effect of an external stimulus on the cellular behavior. Studies investi-
gating the role of matrix stiffness on hepatocyte biology have observed that hepato-
cytes remain differentiated (functional) on soft supports and dedifferentiate 
(lose their functions) on stiff supports [71–73]. Studies have also demonstrated that 
when cultured on stiff, thin films of monomeric collagen, hepatocytes spread, pro-
liferate, and otherwise adopt a dedifferentiated phenotype, whereas on soft gels of 
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Fig. 55.2  (a) Design of PDMS-based substrate coated with polymer films for tunable substrates 
for mechanical stimulation for primary hepatocytes. (b) Phase contrast images of primary hepato-
cytes on soft, stiff and TCPS substrates; Quantification of urea synthesis by primary hepatocytes 
on soft, stiff and TCPS substrates; Quantification of albumin synthesis by primary hepatocytes 
cultured on soft, stiff and TCPS substrates using ELISA

S. Kidambi



653

fibrillar collagen or matrigel, they remain differentiated and growth arrested [74, 
75]. The primary goal of these studies was to extend the differentiated function of 
hepatocytes in order to use these as platforms for drug screening and toxicity studies 
and the effect of stiffness was not investigated in detail. Furthermore, it is inherently 
difficult to utilize bio-responsive materials to study the isolated effect of mechanical 
cues, independent of the ligand density. Accumulating evidence demonstrates the 
differential effect of matrix components on cultured hepatocytes. When isolated 
mature hepatocytes are cultured on type I collagen-coated dishes, the cells appear as 
a flattened monolayer and express low levels of liver function-specific mRNA and 
proteins. In dramatic contrast, when hepatocytes are cultured on a model basement 
membrane Engelbreth–Holm–Swarm (EHS) gel, hepatocytes retain their normal 
polarity and structure, and the products of liver-specific genes continue to be 
secreted for prolonged periods of culture [76, 77]. Cell–matrix interaction influ-
ences the determination of the differentiated phenotype of hepatocytes in cell cul-
ture, and maintains liver-specific functions for long-term culture, which effects have 
been associated with upregulation of liver-enriched transcription factors, including 
hepatocyte nuclear factor (HNF). Upregulation of liver-specific genes induced by 
ECM is mediated via upregulation of HNF-4α and HNF-1 induced by ECM. A col-
lagen gel matrix increased the levels of HNF-3α in the hepatocyte-derived cell line 
H2.35, but not those of HNF-3β and -3γ, responsible for the transcription of liver-
specific genes. ECM regulates HNF-4 and tissue-specific gene expression in fetal 
hepatocytes as well as adult hepatocytes [78, 79].

Recently, there has been more study of the relationship between substrate stiff-
ness and cellular functions, such as adhesion, migration, cell differentiation, and 
proliferation [13, 51, 61, 80–82]. Studies have explored the use of synthetic sub-
strates of varying mechanical properties to examine hepatic phenotype expression. 
Chen and co-workers demonstrated that primary hepatocytes cultured on varying 
elastic modulus of polyelectrolyte multilayers had decreasing albumin production 
with increasing film stiffness [83]. Semler and co-workers investigated the effects of 
graded mechanical compliance on the function of primary hepatocytes using modi-
fied polyacrylamide gels with cell adhesive ligands and demonstrated that increas-
ing hydrogel compliance resulted in increased albumin secretion [84]. You and 
co-workers utilized heparin-based hydrogels to investigate the effect of varying 
stiffness on primary hepatocytes function [54]. This study demonstrated that hepa-
tocytes cultured on a softer heparin gel (10 kPa) were synthesizing five times higher 
levels of albumin compared to those on a stiffer heparin gel (110 kPa) after 5 days. 
Also, the study confirmed that softer gels promoted better maintenance of the 
hepatic phenotype as determined by hepatic markers (albumin and E-cadherin) 
demonstrating the importance of substrate mechanical properties on hepatocyte 
function. Xia and co-workers used RNA-Seq technology to study the transcriptome 
of hepatocytes cultured on soft, moderate, stiff, and plastic substrates [64]. 
Compared to soft substrate, their RNA-Seq results revealed 1131 genes that were 
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upregulated and 2534 that were downregulated on moderate substrate, 1370 genes 
that were upregulated and 2677 downregulated genes on stiff substrate. Further 
analysis indicated that differentially expressed genes were primarily associated with 
the regulation of actin cytoskeleton, focal adhesion, tight junction, adherens junc-
tion as well as antigen processing and presentation. In another study, three levels of 
stiffness were used that corresponded to the stiffness levels found in normal liver 
tissue (4.5 kPa), the early (19 kPa) and late stages (37 kPa) of fibrotic liver tissues 
[85]. This study showed that cytoskeleton of hepatocyte was influenced by substrate 
stiffness and soft substrates promoted the cellular migration and directionality. 
Integrin-β1 and β-catenin expression on cytomembrane were upregulated and 
downregulated with the increase of substrate stiffness, respectively. This study sug-
gests that hepatocytes were sensitive to substrate stiffness and potential relationship 
among substrate stiffness, cellular Young’s modulus and the dynamic balance of 
integrin-β1 and β-catenin pathways. Chang and co-workers demonstrated that 
fibrotic levels of matrix stiffness significantly inhibit hepatocyte-specific functions 
in part by inhibiting the HNF4α transcriptional network mediated through the Rho/
Rho-associated protein kinase pathway [80]. Fibrotic levels of matrix stiffness acti-
vated mechanotransduction in primary hepatocytes through focal adhesion kinase. 
In addition, blockade of the Rho/Rho-associated protein kinase pathway rescued 
HNF4α expression from hepatocytes cultured on stiff matrix. However, these exper-
iments were carried out using polyacrylamide gels which has few limitations: (1) 
covalently crosslink proteins using harsh chemicals is necessary for cell adhesion, 
(2) protein structure is regulated in varying stiffness [86–88], and (3) elastic creas-
ing instability of the softer polyacrylamide gel that may lead to surface artifacts 
capable of contributing to non-specific cell behavior beyond stiffness [89].

Kidambi and co-workers demonstrated that stiffness impedes hepatic urea and 
albumin production, expression of drug transporter gene and epithelial cell pheno-
type marker, hepatocyte nuclear factor 4 alpha (HNF4a) (Fig. 55.2) [26, 51]. It was 
observed that hepatocytes cultured on soft substrates displayed a more differenti-
ated and functional phenotype for a longer duration as compared to stiff substrates 
and TCPS. It was also demonstrated that hepatocytes on soft substrates exhibited 
higher urea and albumin synthesis. Cytochrome P450 (CYP) activity, another criti-
cal marker of hepatocytes, displayed a strong dependence on substrate stiffness, 
wherein hepatocytes on soft substrates retained 2.7-folds higher CYP activity on 
day 7 in culture, as compared to TCPS. Recently, Kidambi and co-workers further 
observed that increase in stiffness induces downregulation of key drug transporter 
genes (NTCP, UGT1A1, and GSTM-2). In addition, they observed that the epithe-
lial cell phenotype was better maintained on soft substrates as indicated by higher 
expression of hepatocyte nuclear factor 4α, cytokeratin18, and connexin 32. It was 
also demonstrated that hepatocytes cultured on NAFLD-like stiffness showed an 
induction of lipogenic genes, and lowered-oxidation genes expression, mitochon-
drial respiration, and glycolytic capacity, (2) increased ROS production, and (3) 
disruption of the mitochondrial fusion process and dynamics. Furthermore, signifi-
cant increase in oxidized glutathione (GSSG) and reduced glutathione (GSH) in 
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hepatocytes cultured on NAFLD-like stiffness compared to healthy liver stiffness 
was observed (Fig. 55.3) [90]. Similar effect was observed in hepatocytes isolated 
from fatty liver rat models indicating correlation to physiological conditions. 
Ganesan and co-workers demonstrated that levels of HIV and HCV mono- and co-
infections were more prominent in primary hepatocytes cultured on substrates mim-
icking fibrotic stiffness (25  kPa-stiff) compared to substrates mimicking healthy 
liver (2.5 kPa-soft). Also the hepatocytes apoptosis due to viral infection was sig-
nificantly higher in stiffer matrix compared to softer matrix. This study concluded 
that the increased matrix stiffness is not only a consequence of liver inflammation/
fibrosis, but the condition that further accelerates liver fibrosis development. These 
studies suggest a plausible mechanism that increased stiffness modulates hepato-
cyte function causing liver functional failure. These results indicate that the sub-
strate stiffness plays a significant role in modulating hepatocyte behavior. 
Understanding the impact of stiffness on hepatocytes biology will provide signifi-
cantly more nuanced data to aid drug development for liver diseases.

�Conclusions and Future Directions

Although many challenges remain for the improvement of in vitro models to study 
the effect of stiffness on liver function, substantial progress has been made towards 
a thorough understanding of the necessary components. The parallel development 
of highly functional in  vitro systems mimicking physiological and pathological 
liver stiffness is based on contributions from diverse disciplines, including regenera-
tive medicine, developmental biology, transplant medicine, and bioengineering. In 
particular, novel technologies such as scaffold chemistries, high-throughput plat-
forms, and micro/nano technologies represent enabling tools for investigating the 
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critical role of the liver microenvironment including stiffness in liver function and, 
subsequently, the development of structurally complex and clinically effective engi-
neered liver systems. Despite these developments, the following things are still 
required to address this gap in knowledge; (1) the need to develop mechanically 
tunable technology capable of pressure-mimicking conditions with varying stiffness 
without any biochemical or protein intervention, (2) a better understanding of the 
effect of stiffness on hepatocyte metabolic changes during various stages of cirrho-
sis, (3) dissect the effect of stiffness in driving hepatocytes-mediated stellate cell 
activation, and (4) a high-throughput method to investigate the impact of stiffness 
on hepatocytes-non-parenchymal cell communication. Understanding the effect of 
increased matrix stiffness during the course of liver fibrosis on hepatocyte function 
will provide more insight in the role of matrix rigidity as a contributor to the disease 
progression and hepatic functional failure. Given that change in stiffness regulates 
cell function independent of the biochemical signals, in vitro study of stiffness and 
understanding its impact on hepatocytes function is critical for new therapeutic 
interventions for liver fibrosis and liver failure. Together, all these studies demon-
strate the plausible role of stiffness in regulating hepatocytes function and contrib-
ute to metabolic dysregulation. Understanding the impact of stiffness on hepatocytes 
biology will provide significantly more nuanced data to aid drug development for 
liver diseases.
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