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Abstract

The liver is unique in that it is able to regenerate. This regeneration occurs without formation of a 

scar in the case of non-iterative hepatic injury. However, when the liver is exposed to chronic liver 

injury, the purely regenerative process fails and excessive extracellular matrix proteins are 

deposited in place of normal liver parenchyma. While much has been discovered in the past three 

decades, insights into fibrotic mechanisms have not yet lead to effective therapies; liver transplant 

remains the only cure for advanced liver disease. In an effort to broaden the collection of possible 

therapeutic targets, this review will compare and contrast the liver wound healing response to that 

found in two types of wound healing: scarless wound healing of fetal skin and oral mucosa and 

scar-forming wound healing found in adult skin. This review will examine wound healing in the 

liver and the skin in relation to the role of humoral and cellular factors, as well as the extracellular 

matrix, in this process. While several therapeutic targets are similar between fibrotic liver and 

adult skin wound healing, others are unique and represent novel areas for hepatic anti-fibrotic 

research. In particular, investigations into the role of hyaluronan in liver fibrosis and fibrosis 

resolution are warranted.
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1. INTRODUCTION

Liver disease consists of a spectrum of hepatic pathologies beginning with simple steatosis. 

While exacerbations of liver disease can manifest as acute hepatitis superimposed on any 

stage of liver disease, typically, a progression from steatosis to fibrosis, cirrhosis and even 

hepatocellular carcinoma over several decades is recognized [1].

Liver fibrosis is the end result of chronic hepatic injury and inflammation coupled to 

incomplete tissue repair. The net effect of incomplete repair over several cycles of tissue 

injury is accumulation of extracellular matrix (ECM) proteins. When prolonged, excessive 
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hepatic ECM accumulation impacts hepatic architecture and function. Several agents cause 

liver fibrosis including chronic alcohol consumption, viruses, congenital disorders, 

cholestasis, parasites, drugs and toxins [2, 3]. Liver fibrosis is also a common feature of 

obesity and associated metabolic derangements [2]; it is this patient population which is 

expected to increase with the burgeoning number of overweight, obese and morbidly obese 

people found in our over-nourished, sedentary Western societies [4]. Regardless of etiologic 

agent, the progression to liver fibrosis occurs in only a subset of patients and is clearly 

affected by a host of additional factors including genetics, environment, behavior and 

various comorbidities [1]. While removal of the etiologic agent can attenuate disease 

progression and even lead to fibrosis reversal in some patients, no pharmacologic strategy 

yet exists to ‘cure’ liver disease [5, 6]. Indeed, liver transplantation is the only recuperative 

strategy for advanced liver disease not responsive to etiologic agent removal.

There are two therapeutic areas which could have a profound impact on how liver fibrosis is 

managed in patients: preventing fibrosis progression and hastening fibrosis reversal. This 

review will focus on the biology of fibrosis progression and fibrosis resolution with respect 

to the specific involvement that inflammation, hepatic macrophages and hepatic stellate cells 

(HSC) have in this process. This review will also compare the hepatic response to injury 

with scarless wound healing found in fetal skin and the oral mucosa with wound healing in 

adult skin. Through this discussion, the reader will gain an appreciation of how mechanisms 

of scarless wound healing may help us develop novel therapeutic strategies to treat liver 

fibrosis. Steatosis predisposes the liver to fibrosis; some mechanisms contribute to both 

stages of liver disease. Therefore, we will also include a review of those shared mechanisms. 

This review will not cover, in any significant detail, the contributions of reactive oxygen 

species, portal fibroblasts, additional innate or adaptive immunity or various cell death 

pathways to liver fibrosis, in an effort to not recapitulate recent excellent reviews on this 

subject [7–12] and to keep the review relatively concise and focused.

1.1. Wound Healing Overview

Wound healing refers to a generalized response of a tissue, whether it be the skin or a solid 

organ such as the liver, to injury. A cascade of sequential steps are involved in this process 

whose outcome is to reinstate tissue integrity and function. In brief, the steps include: 

hemostasis to prevent prolonged blood loss, inflammation to debride the wound of 

pathogens or dead cellular material, granulation tissue formation (including the activation 

and proliferation of fibroblasts and synthesis of a provisional ECM on which the new tissue 

organizes), angiogenesis, wound contraction and finally, ECM remodeling during which the 

injured tissue is reorganized closely approximating its original architecture and strength 

[13]. This is a very well-described process in the skin, but broadly applicable to other sites 

of tissue injury. Perturbations at any point of this process can lead to abnormally healing 

wounds. For example, in people with diabetes dermal wound healing is impaired due to 

persistent inflammation, reduced growth factor production, fibroblast activation, cell 

migration, angiogenesis and increased matrix degradation leading to wounds which do not 

heal [14]. In contrast, overly robust wound healing is characterized by excessive ECM 

deposition without adequate remodeling the end result of which is a robust fibrotic response 

(e.g. keloid scar formation or solid organ fibrosis) [15]. In the next few sections, we will 

Pritchard and McCracken Page 2

Curr Drug Targets. Author manuscript; available in PMC 2016 April 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



focus on the role of the macrophage and hepatic stellate cell and the ECM in the maladaptive 

wound healing found in liver fibrosis.

1.2. Hepatic Macrophages in Health and Disease

1.2.1. Kupffer Cell Function in Healthy Liver—The liver consists of many different 

immune cell populations involved in both innate and adaptive immunity. In particular, the 

innate immune system predominates as macrophages, natural killer, natural killer T and γδ T 

cells are enriched in this organ and critical for normal hepatic function, protection from 

pathogens and tumor development, and in liver injury and repair [16]. Most organs contain a 

resident population of macrophages [17]. The Kupffer cell, the liver resident macrophage, 

constitutes 20% of the liver non-parenchymal population [18]. Kupffer cells are found in 

greatest numbers in the periportal area of the liver [19]. This is an anatomically critical 

location: portal blood from the intestine enters the liver at this location. Portal blood is rich 

in antigens from dietary sources, but also contains a small amount of antigens derived from 

components of the gut microbiome, including gram negative (lipopolysaccharide, LPS) and 

gram positive (lipoteichoic acid) bacterial cell wall molecules. Broadly speaking, these and 

other molecules derived from bacteria, and other gut residents, are called pathogen-

associated molecular pattern (PAMP) molecules [20, 21]. This perhaps striking inclusion of 

bacterial products in portal blood is due to the fact that the intestine is normally somewhat 

permeable [22–24]. Kupffer cells screen this large antigenic load, in part, via their pattern 

recognition receptors (PRRs) such as Toll-like receptors (TLRs) and under normal 

circumstances, do not initiate an inflammatory response [25]. Macrophage 

hyporesponsiveness of TLR signaling likely evolved due to continuous exposure to 

components produced by normal gut microbiome. Instead of producing proinflammatory 

molecules in response to various antigens from the gut, Kupffer cells respond by producing 

IL10, a cytokine which reduces inflammation [26]. Indeed, Kupffer cells are largely 

responsible for the seemingly immunologically tolerant nature of the healthy liver [27].

1.2.2. Role of Kupffer Cells and Alterations in the Gut Microbiome in Liver 
Disease—In response to chronic ethanol exposure, or other toxic or metabolic 

perturbations, HCV infection, autoimmune hepatitis or hereditary diseases, the liver will 

exhibit an inflammatory response; this inflammatory response, is generated, at least in part, 

by innate immune effector cells and activation of the complement system, and contributes to 

liver injury and later dysfunction [28, 29]. While many immune cell types are clearly 

involved in chronic hepatic inflammation, one might argue that the Kupffer cell plays a 

predominant role in the initiation and progression of liver disease [30–32]. For example, 

published reports demonstrate a reduction in ethanol-induced steatosis, liver injury and 

inflammation in rats after depleting macrophages using gadolinium chloride [33, 34]. There 

are several mechanisms by which the normally immunologically subdued Kupffer cell shifts 

from a state tolerant of gut-derived PAMPs to exquisitely sensitive to those same, and other, 

PAMPs. In animal models of liver disease, accumulating evidence suggests that the gut 

microbiome changes, favoring ‘pathogenic’ strains and limiting beneficial strains; this is 

referred to as dysbiosis. For example, Fouts et al. have shown a relative increase of 

Firmicutes and Actinobacteria in mice after chronic CCl4 exposure [35]. Similarly, obese 

mice (ob/ob mice) exhibit increased Firmicutes and reduced Bacteroidetes after high fat diet 
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feeding when compared to lean littermate controls [36]. Finally, in obese humans, 

Bacteroidetes is also reduced in comparison to lean people [37–39] providing relevance of 

animal models to human disease.

In addition to bacterial population shifts, bacterial overgrowth is also purported to contribute 

to liver disease; this is observed in mouse models of alcoholic liver disease [40] and non-

alcoholic fatty liver disease [41]. Slower transition time of intestine luminal contents may 

contribute to this observation [42]. The overall impact of these changes is increased PAMP 

delivery to the liver; this is observed in animal models of liver disease as well as in liver 

disease patients [40, 41, 43–45].

The gut microbiome consists of a plethora of commensal organisms which contribute to 

immunity, nutrition, metabolism and behavior [46]. The vast majority of published literature 

focuses on the role of LPS in liver disease. Significant evidence linking LPS and LPS 

signaling to development of steatosis after chronic ethanol exposure has accumulated over 

several years. Specifically, deficiency of TLR4 [47, 48] or CD14 [49], two necessary 

components of the LPS receptor complex, or animals whose gut microbiome is depleted 

using antibiotics, exhibit reduced steatosis after chronic ethanol exposure [50]. Similarly, 

TLR4 contributes to development of non-alcoholic steatohepatitis: liver injury, inflammation 

and steatosis are reduced in TLR4-deficient (C3H/HeJ) mice fed a methionine/choline 

deficient diet [51]. Further evidence suggests that therapeutic modulation of the gut 

microbiome via supplementation with probiotics (live microorganisms that have beneficial 

effects on health), prebiotics (indigestible food ingredients which alter the gut microbiome), 

synbiotics (nutritional supplements which are combinations of pre and probiotics), or even 

fecal transplants may improve liver disease and are therefore attractive therapeutic 

approaches [40, 52–54].

1.2.3. Increased Gut Permeability in Liver Disease—In addition to the increases in 

bacterial load and shifts in the ratio of beneficial to pathogenic bacterial species, additional 

changes in the gut promote liver disease. For example, gut permeability is compromised, 

allowing bacteria or bacterial products increased access to the portal circulation [22, 46, 55]. 

Several proposed mechanisms exist by which the gut becomes leaky. First, in alcoholic and 

non-alcoholic liver disease, presence or synthesis [56] of ethanol in the gut as well as 

ethanol metabolism to acetaldehyde, disrupts tight junctions [57]. In addition, recent 

evidence also suggests that gut permeability induced by chronic ethanol exposure can be 

attenuated by treatment with a probiotic strain of bacteria Lactobacillus rhamnosus GG [58]. 

Regardless of etiology, changes in gut permeability are appreciated to influence alcoholic 

and non-alcoholic fatty liver disease initiation and progression in mouse and man.

Gut permeability is also implicated in other liver diseases. For example, a strong association 

exists between primary sclerosing cholangitis (PSC) and inflammatory bowel disease (IBD), 

with nearly 75% of PSC patients also affected with IBD [59] and are associated with poorer 

outcomes than when either disease occurs in isolation [60]; changes in the gut microbiome, 

and gut permeability are often associated with IBD [61]. Likewise, considerable evidence in 

clinical and preclinical models suggest that increases in gut permeability, intestinal dysbiosis 

and increased delivery of PAMPs to the liver as found in IBD contribute to PSC, although 
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increases in gut permeability are not always found in PSC patients [59]. Additional support 

for a role for the gut in PSC is found in published clinical studies in which patients were 

treated with antibiotics. In many, but not all of these studies, improvements in disease 

parameters were observed [59, 62]. Further optimization with respect to which antibiotic is 

used, dosage and dosing regimen are required to improve response of PSC to antibiotic-

mediated disease therapy.

1.2.4. Changes in Kupffer Cell LPS Sensitivity Contribute to Fatty Liver 
Disease—Inherent changes in the Kupffer cell are also responsible for increased 

inflammation found in liver disease. For example, Kupffer cells from ethanol-fed rats 

accumulate increased TNFα mRNA and secrete more TNFα protein in response to LPS 

relative to Kupffer cells isolated from control rats [63]. Similarly, after chronic ethanol 

feeding to mice, hepatic TNFα mRNA and plasma TNFα protein are both increased relative 

to LPS-stimulated TNFα in controls [64]. Additional studies revealed that the increased 

sensitization of Kupffer cells to LPS is due enhanced ERK1/2 signaling and Egr-1 binding to 

the TNFα promoter [65] and p38-dependent TNFα mRNA stability [66, 67]. Consistently, 

mice deficient in Egr-1 are protected from ethanol-induced steatosis suggesting the 

relevance of in vitro studies to animal models of fatty liver disease [64].

While the studies discussed above as well as others, implicate TLR4 in development of fatty 

liver disease, additional studies demonstrated that the MyD88-independent, also known as 

the TRIF-dependent, pathway downstream of TLR4 is critical for increased TNFα synthesis 

and secretion after chronic ethanol exposure in mice [68, 69]. Consistently, LPS-stimulated 

TNFα protein and steatosis after chronic ethanol exposure are attenuated in Trif−/− mice 

[69, 70]. Finally, although SNPs in the TLR4 gene predispose patients to septic shock and 

gram negative infections [71, 72], those same SNPs confer protection from fibrosis 

progression in people with HCV [73]. Specific anti-inflammatory and anti-fibrotic effects of 

these SNPs were identified in HSC in a subsequent study [74]. Collectively, these data 

suggest a critical contribution of Kupffer cell sensitivity to LPS and TLR signaling to 

inflammation and steatosis, changes which predispose the liver to disease progression.

1.2.5. Role of Kupffer Cells and DAMPs in Liver Disease—In addition to LPS and 

other PAMPs from the gut, an additional class of molecules released during tissue injury 

generates inflammation and alerts the innate immune system to tissue damage or danger. 

This class of molecules is called danger or damage-associated molecular pattern molecules 

(DAMPs) and DAMP release is likely the earliest event leading to a fibrotic response [75]. 

DAMPs come from injured cells (e.g. HMGB1, mitochondrial and nuclear DNA, ATP, heat 

shock proteins) or the ECM (e.g. low molecular weight (LMW) hyaluronan (HA), laminin 

and elastin) and induce inflammation via binding to PRRs on macrophages and other cells. 

In the liver, considerable evidence links damage or death of hepatocytes and subsequent 

DAMP release to liver inflammation and liver disease progression [10]. In light of Polly 

Matzinger’s Danger Model [76], it is very appealing to implicate these and other molecules 

signaling ‘danger’ to initiation of inflammation and promotion of fibrogenic programs in the 

liver. For a good review on the role of DAMPs and sterile inflammation in the liver see [75].
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1.3. Macrophages and Fibrosis

1.3.1. Kupffer Cells and Initiation of Fibrosis: Lessons from an Animal Model 
of Hepatotoxin-Induced Injury and Fibrosis—Macrophage dysregulation and chronic 

inflammation is a hallmark of liver fibrosis. While Kupffer cells likely initiate hepatic 

response to injury as described above, infiltrating cells clearly contribute to disease 

progression. Chronic exposure to carbon tetrachloride (CCl4), a well-studied hepatotoxicant, 

is used to model liver injury and fibrosis in rodents [77]. Single (acute) exposure to CCl4 

provides a model for hepatotoxicity and complete regenerative response, while multiple 

(chronic) exposures to CCl4 induces hepatic fibrosis [77]. This animal model is also useful 

to explore mechanisms of fibrosis resolution [77]. The pathologic mechanism behind CCl4-

induced hepatotoxicity and fibrosis rely, in large part, on the bioactivation of CCl4 by 

CYP2E1 in the liver [78–81]. Indeed, in the absence of CYP2E1, CCl4-mediated 

hepatotoxicity is significantly attenuated [79]. The reactive trichloromethyl and 

trichloromethylperoxy radicals generated by CCl4 metabolism in vivo cause injury and cell 

death through lipid and protein modification [80, 82]. In particular, lipid peroxidation is 

associated with hepatocyte cell death by necrosis after CCl4 exposure [83] resulting in 

DAMP release. Despite the role for CYP2E1 in CCl4-induced liver injury and fibrosis, 

considerable additional evidence exists that Kupffer cells also contribute. Indeed, after 

Kupffer cell depletion using gadolinium chloride (GdCl3), CCl4-induced liver fibrosis is 

attenuated [84]. These findings were associated with reductions in TGFβ, a Kupffer cell-

synthesized pro-fibrotic molecule. Finally, Nolan and Leibowitz clearly demonstrated that 

concurrent administration of CCl4 with polymyxin B, an antibiotic, could attenuate hepatic 

injury after acute CCl4 exposure [85]. Consistently, antibiotic treatment of mice attenuated 

fibrosis in mice on a choline-deficient diet [86]. Collectively these data strongly implicate 

the Kupffer cell, and response to bacterial components, in the initiation of fibrosis.

1.3.2. Infiltrating Macrophage and Fibrosis Progression—Hepatic inflammation 

and fibrosis are not regulated solely by Kupffer cells. Indeed, macrophage subset analysis 

during progression of liver disease in mice revealed that macrophage populations are 

dynamic, exhibit incredible plasticity and rely on the recruitment of bone marrow-derived 

monocytes to the liver for disease progression. Kupffer cells contribute to this early phase by 

recruiting additional monocytic cells to the liver. The recruited macrophages are 

characterized phenotypically as Gr1hi/Ly-6chi, CD11b+ F4/80+ in mice (CD14hi, CD16lo, in 

humans [87]) and produce TGFβ and TNFα, a cytokine which plays dual roles in 

inflammation and fibrosis [88]; these cells originate from the bone marrow and localize to 

the injured liver in a CCR2-dependent manner and contribute to fibrosis [88]. Therefore, the 

infiltrating macrophages, and the activated Kupffer cells which attract them, exhibit 

phenotypic and functional characteristics of M1 (classically activated) macrophages [89]. In 

addition to TGFβ and TNFα, these M1-like macrophages produce PDGF and IL1β and 

recruit HSC to the area of hepatic injury [90]. Additional mechanisms which contribute to 

HSC activation are discussed in Section 1.4.2 – 1.4.5 below.

When hepatic recruitment of Gr1hi/Ly-6C+ mononuclear cells is inhibited, CCl4-induced 

hepatic stellate cell activation and fibrosis is attenuated [88]. Intriguingly, the recruited cells 

are not pro-fibrotic directly harvested from bone marrow, but require specific cues from the 
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injured and inflamed hepatic microenvironment to fully develop this phenotype [88]. 

Additional evidence exists for a pro-fibrotic role of recruited macrophages. Specifically, 

macrophage depletion using diphtheria toxin in a novel CD11b-human diphtheria toxin 

receptor (DTR) transgenic mouse during progression of liver disease, attenuates fibrosis 

[91]. Collectively, these data support the hypothesis that macrophage phenotype is not static 

and resident and recruited macrophages contribute to progression of fibrotic disease.

1.3.3. Infiltrating Macrophages and Fibrosis Resolution—Macrophages also play 

an integral role in the resolution of fibrosis. In some instances, after chronic liver injury 

ceases, the fibrotic liver can complete the wound healing process [5, 77]. Degradation of 

fibrotic scar is one important aspect of fibrosis resolution and depends upon the activity of 

matrix metalloproteinases (MMPs), Zn-dependent enzymes able to degrade collagen and 

other ECM components [92, 93]. There is convincing evidence linking macrophages to the 

production of MMPs during both the inflammatory and resolution portions of the wound 

healing response. During fibrosis resolution in mice, MMP13, an interstitial collagenase 

(collagenase 3, MMP1 is likely the human functional equivalent of mouse MMP13 [94]), 

appears critical in this regard [95–97]. MMP13 degrades fibrillar collagen and is responsible 

for facilitating gelatinase (MMP2, MMP9) activity necessary for continued collagen 

polymer degradation. Evidence supporting a role of MMP13 in resolution of fibrosis 

includes the observation that MMP13 is localized to fibrotic septae during the recovery from 

CCl4-induced fibrosis. Dual labeling approaches reveal that MMP13 in the scar is localized 

to macrophages [95]. This particular wound-healing macrophage population has different 

names: scar-, or resolution-associated and restorative macrophages (we will use restorative 

macrophages to refer to this population the remainder of this review); the M2 (alternatively 

activated) macrophage nomenclature most closely describes this restorative macrophage 

subset [89].

Restorative macrophages are identified phenotypically as Gr-1−/Ly-6Clo, CD11bhi, F4/80int 

(CD14lo, CD16hi in humans, [87]) and acquire their matrix resolving function after 

phagocytosing cellular debris in the injured liver [98]. Temporal depletion of macrophages 

during fibrosis resolution using CD11b–DTR transgenic mice results in reduced MMP13 

transcript levels and attenuated ECM remodeling [91]. Interestingly, using a model of pig 

serum-induced liver fibrosis which lacks a hepatocyte death and inflammation, Kupffer cells 

express MMP13 and contribute to the degradation of type I collagen in fibrotic liver [99], 

suggesting matrix degradation is not restricted to recruited macrophages. Regardless or 

origin, if restorative macrophages are lost, further resolution ceases and fibrotic scar is 

maintained [95].

As mentioned above, macrophages gain fibrosis resolution activity after phagocytosing 

cellular debris and upregulating MMP13 [100]. Removal of debris, such as apoptotic bodies, 

limits HSC activation and fibrosis [90], providing a second way by which macrophage-

mediated phagocytosis is anti-fibrotic. Macrophages also limit the number of activated HSC 

by inducing their apoptosis [101]; this apoptosis requires cell contact, caspase 9 and perhaps 

tumor necrosis factor-related apoptosis-inducing ligand receptor 2 after LPS stimulation 

[102]. Interestingly, macrophage-synthesized MMP9 also promotes myofibroblast apoptosis 
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[90]. Once the HSC are removed, overproduction of ECM synthesis and TIMPs is reduced, 

facilitating fibrosis resolution.

1.3.4. Macrophage Recruitment to the Liver—As discussed above, recruitment of 

monocytes to the liver contributes to liver fibrosis and fibrosis resolution. Signals facilitating 

monocyte recruitment emanate from the liver; in part, these signals are mediated by 

chemokines. Several chemokines are synthesized in the injured liver and actively participate 

in cell recruitment; monocyte chemoattractant protein (MCP1), also known as CCL2, is 

recognized as a major player. MCP1 expression is increased after toxin-induced fibrosis or 

fibrosis induced by nutritional deficiencies [29, 100] while interventions which reduce 

fibrosis, such as activation of PPARβ/δ, also reduce MCP1 [103]. Conversely, in studies 

which block MCP1 activity via over expression of a dominant-negative MCP1 [104] or use 

of MCP1 receptor (CCR2)-deficient mice [105], liver fibrosis is attenuated. Modulation of 

MCP1 levels is also important for fibrosis resolution. Indeed, when MCP1 is blocked using a 

Spiegelmer-based inhibitor (mNOX-E36) during the resolution phase after toxic or 

metabolic fibrosis, further infiltration of Ly-6Chi cells is reduced favoring a shift toward the 

restorative Ly-6Clo subset [106]; this shift facilitates accelerated fibrosis resolution. The 

relevance of MCP1 in human inflammation and fibrosis is also under investigation. The 

available literature suggest that MCP1 levels are positively correlated with disease severity 

[107, 108].

In addition to MCP1, recent evidence suggests that another chemokine, macrophage 

migration inhibitory factor (MIF) is critically important in liver fibrosis. Despite its 

seemingly contradictory name, MIF is required for restorative macrophage recruitment to 

liver and fibrosis resolution [109]. Barnes, et al. have recently demonstrated that female 

MIF-deficient mice exhibit reduced CCl4-induced type I collagen gene expression but not 

frank fibrosis when compared to wild-type mice. This apparent discrepancy is associated 

with a reduced capacity for restorative macrophage recruitment. Consistently, matrix 

metabolism mediated by MMP13 is also reduced in female Mif−/− mice. These data contrast 

with those of Heinrichs, et al. who demonstrated enhanced fibrosis in Mif−/− mice after 

CCl4 and thioacetamine-induced liver fibrosis. Reduced fibrosis in this study was associated 

with an increase in HSC activation, inhibitable by MIF supplementation, in vitro [110]. 

Differences between the two studies may involve the genders of the mice employed, or the 

nature of MIF deletion (whole gene deletion vs deletion in exon 3 alone).

MIF also participates in high-fat diet (HFD) induced insulin resistance associated with fatty 

liver disease. Indeed, in the absence of MIF, recruitment of inflammatory macrophages to 

adipose tissue is reduced after HFD feeding [111]. These data parallel MIF’s role in 

macrophage recruitment after CCl4 shown by Barnes, et al. [109]. Strikingly, the changes in 

adipose inflammation are associated with improved insulin sensitivity in obese Mif−/− mice 

assessed by insulin-stimulated 3H-glucose uptake into adipose tissue, ex vivo. Consistently, 

obese Mif−/− mice exhibit reduced hepatic steatosis, increased insulin sensitivity and 

reduced inflammation. These data are consistent with other reports linking liver 

pathobiology to infiltration of macrophages into adipose tissue [112]. While fibrosis was not 

examined in these animal models of obesity and metabolic syndrome, an additional study in 

humans found an association between MIF expression in mononuclear cells and fibrosis 
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stage [113]. Finally, MIF promoter polymorphisms associated with increased MIF 

production in inflammatory diseases of the liver and other organs may have critical impact 

on disease pathogenesis and progression [114, 115]. Additional studies evaluating MIF in 

liver disease in humans are underway. Taken together, these data strongly suggest that 

macrophages are integral not only to the establishment of fibrosis, but also the resolution of 

fibrosis.

1.4. Contribution of Hepatic Stellate Cells to Liver Fibrosis

1.4.1. Hepatic Stellate Cell Biology—Signals emanating from activated macrophages 

and other innate immune effector cells and dead or dying hepatocytes are clearly required 

for the inflammatory stages of the wound-healing response after tissue injury. Another 

subset of cells is required for the later, wound-healing stages. Regardless of organ identity, 

tissue-resident fibroblast populations contribute to ECM remodeling after tissue injury and 

parenchymal cell loss [9]. Hepatic stellate cells (HSC) and portal fibroblasts (PF) are the 

main fibroblast populations which synthesize extracellular matrix in response to liver injury 

[9]. In general, experimental evidence suggests a predominant role for HSC in hepatic 

fibrosis, but important contributions by PFs cannot be ignored, particularly in hepatic injury 

involving the periportal area of the liver [116]. Excellent reviews on this important cell 

population were recently published [116–118].

HSC account for approximately 5–8% of the total cells, and 30% of non-parenchymal cells 

in healthy liver [119, 120]. HSC localize to the space of Dissé, an anatomical location 

between hepatocytes and liver sinusoidal endothelial cells. HSC are analogous to the 

pericytes of normal blood vessels in that they wrap around the hepatic sinusoids and 

participate in normal LSEC function [121]. However, HSC are unique from pericytes in 

many ways including their ability to store vitamin A. Indeed, 80% of our vitamin A is stored 

as retinyl esters in HSC [122]. In addition to vitamin A storage, HSC also synthesize ECM 

in normal liver. Specifically, HSC synthesize type III and IV collagen, laminin and low 

amounts of type I collagen [121]. These and other ECM proteins are found in several areas 

of the liver including the space of Dissé, portal triads and Glisson’s capsule. Even under 

normal circumstances, ECM proteins are remodeled. HSCs, and other cell types, are 

involved in normal hepatic EMC turnover [121]. Finally, and similar to vascular pericytes, 

anatomical and experimental evidence exists that HSC regulate sinusoidal blood flow [121].

1.4.2. Hepatic Stellate Cell Activation and Hepatic Extracellular Matrix 
Accumulation during Fibrosis—When the liver is injured, quiescent HSC are 

‘activated’. Activation results in an HSC phenotypic change from a vitamin A storage cell to 

a contractile, highly proliferative and migratory myofibroblast capable of increasing matrix 

remodeling enzyme (MMPs and TIMPs) and matrix protein (collagen, elastin) synthesis 

required for reorganization of damaged hepatic tissue [123]. At first glance, the induction 

and activity of MMPs and TIMPs by HSC during fibrosis may appear like a contradiction, 

but even in the face of frank fibrosis, matrix remodeling occurs, but favors ECM 

accumulation over degradation [90].
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In addition to macrophages (see Section 1.3.2), several molecules participate in HSC 

activation, including, but not limited to, reactive oxygen species, LPS and hepatocyte 

apoptotic bodies [120, 123]. These early mediators prepare the HSC to better respond to 

later signals required for fibro-genesis; this early stage of HSC activation is called initiation 
[120]. Initiation, is associated with loss of vitamin A and increased expression platelet-

derived growth factor receptor β chain (PDGFRβ), a component of the PDGF receptor [124–

126]. Activated HSC, also called myofibroblasts (MFB), proliferate in response to PDGF, 

the primary HSC mitogen, and produce additional molecules which promote full 

engagement of the fibrotic response; this stage of HSC activation is called perpetuation 
[120]. Molecules produced by activated HSC include chemokines which recruit additional 

immune cells and HSC to site of hepatic injury (e.g. MCP1 and RANTES) and profibrotic 

molecules (e.g. TGFβ, PDGF, CTGF) which facilitate HSC proliferation and ability to 

synthesize matrix proteins [127–129]. Critically, if signals perpetuating HSC activation are 

maintained, development of fibrosis is favored. When stimuli promoting perpetuation of 

HSC activation subside, HSC undergo NK cell-mediated apoptosis [130], senescence [131] 

or reversion [132], limiting further ECM production. Reduced expression and activity of 

HSC-derived TIMPs subsequently allows increased macrophage-mediated MMP activity, 

facilitating matrix degradation [90].

1.4.3. Role of PAMPs and DAMPs in Hepatic Stellate Cell Activation—In addition 

to a role in macrophage activation, LPS contributes to HSC activation. A relationship 

between LPS and HSC activation was revealed in 2007 when Seki et al. demonstrated that 

HSC express high levels of TLR4, and when exposed to LPS, expression of BAMBI, a 

pseudoreceptor for TGFβ, is reduced, facilitating better TGFβ signaling in HSC [133]. 

Mechanistically, LPS-mediated sensitization of HSC by LPS requires TLR4, MyD88, ERK 

phosphorylation and NFκB activation. In addition, LPS-stimulated HSC leads to the 

expression and secretion of MCP1, TGFβ1 and IL6 [134]. HSC activation is not limited to 

TLR4 or TLR4 ligands. For example, HSC stimulation with lipoteichoic acid or 

peptidoglycan fragment (N-acetyl muramyl peptide) results in the production of the same 

effector molecules downstream of TLR2 [134], suggesting profibrotic roles for other gut-

derived PAMPs.

Despite the clear links between LPS, and other bacterial products, and HSC activation and 

fibrosis, it is intriguing to note that some gut-derived molecules may provide protection from 

liver disease. Indeed, a very recent study demonstrated that germ-free mice had worse 

thioacetamide and CCl4-induced fibrosis than conventional mice [135]. In parallel, mice 

deficient in MyD88 and Trif, two important adaptor proteins downstream of TLR4, also 

exhibit worse fibrosis when compared to wild-type mice [135]. These data suggest that the 

commensal microbiota, or other gut-derived molecules dependent on those microbiota, help 

protect the liver against heptotoxin-induced liver fibrosis.

Finally, direct contribution of DAMPs to HSC activation is currently unknown [136], but 

implicated. However, the indirect activation of HSC by DAMP-stimulated macrophages is 

clearly relevant to fibrosis. Future work should focus on DAMP-mediated HSC activation 

and fibrosis.
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1.4.4. Role of the Extracellular Matrix in Facilitating HSC Activation and 
Fibrosis—The ECM is a critical component of normal organ architecture. It provides 

structural support to cells and is necessary for establishing and maintaining cell polarity in 

epithelial cell sheets. In the liver, the ECM is composed of proteins such as fibrillar and non-

fibrillar collagens, elastin, fibronectin, laminin, tenascin and thrombospondin as well as 

glycosaminoglycans with (heparan sulfate, chondroitin sulfate) or without (HA) core 

proteins [137, 138]. Each of these molecules is altered in liver fibrosis, the most striking 

changes of which occur in increased synthesis of type I and type III, fibrillar collagens; the 

hepatic stellate cell is a major producer of theses ECM components. Overall, it is estimated 

that up to a 10-fold increase in ECM components occurs in fibrotic liver [137] and this can 

ultimately lead to hepatic dysfunction and disease progression.

The fibrotic ECM is not static and is constantly remodeled. Indeed, production of ECM 

fragments exhibit different physiological or pathophysiological properties when compared to 

native ECM proteins. These bioactive fragments are able to affect fibroblast and macrophage 

function and can promote inflammation and fibrosis. For example, LMW-HA fragments 

generated from high molecular weight (HMW)-HA when tissues are injured promote 

inflammation after binding to TLRs on the surface of macrophages [139–141]. Likewise, 

laminin [138, 142] and elastin [143, 144] protolytic fragments bind to EGFR and facilitate 

cell migration and proliferation. While no studies to date have explored the effect of ECM 

degradation products on HSC function, sufficient evidence from other in vivo and in vitro 
systems which explore how these fragments affect fibroblasts isolated from other tissues 

would suggest similar changes occur in the HSC.

Changes in structural ECM components are paralleled by changes in the synthesis of growth 

factors and other molecules. Many of these molecules are intimately associated with the 

ECM and are sequestered and protected by the ECM or whose activity is enhanced by ECM 

interactions. For example, fibroblast growth factor (FGF) 2, a molecule involved in HSC 

activation, binds to heparan sulfate and is required for FGF’s activity [138]. Likewise, 

certain isoforms of vascular endothelial cell growth factor (VEGF), a growth factor 

associated with pathogenic angiogenesis in fibrosis, are also sequestered by heparan sulfate 

in the ECM. ECM-sequestered VEGF is released by plasmin found in wounded tissue 

thereby facilitating angiogenesis [138, 145]. ECM-growth factor interactions are not limited 

to FGF2 and VEGF. Indeed, TGFβ, found in a large latent complex with latency-associated 

peptide and latent-TGFβ–binding protein, is anchored to the ECM and is required for proper 

TGFβ activation. Release of active TGFβ can be mediated by thrombospondin 1, αvβ6 

integrin, MMP2 and MMP9, and plasmin each of which contribute to activation of resident 

fibroblast populations and synthesis of ECM [146]. Taken together, the dynamic nature of 

ECM remodeling during fibrosis has considerable capacity to affect HSC function and 

should be explored in future studies.

1.4.5. Matrix Stiffness and Hepatic Stellate Cell Activation—In addition to 

biochemical signals, mechanical signals contribute to initiation and perpetuation of HSC 

activation. Specifically, matrix rigidity or stiffness is an important factor. In vitro, quiescent 

primary HSC spontaneously activate over time in culture (7–10d for full activation) on tissue 

culture plastic, a stiff environment compared to a healthy liver. Culturing quiescent HSC on 
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a basement membrane-like substrate (Matrigel), maintains quiescence, while culturing 

myofibroblasts on a similar Matrigel substrate attenuates their activated phenotype [147–

149]. Following these observations, Olsen et al. carefully dissected the effect of defined 

polyacrylamide stiffness on HSC activation and found that soft substrates (0.4–1.0 kPa) 

maintained quiescence while stiff substrates (8–12 kPa) promoted activation. These effects 

where independent of the matrix protein coating the different polyacrylamide supports. 

Substrate stiffness did not just slow down the activation/differentiation process, for even 

cells cultured on substrates with intermediate stiffness (1.75–2.5 kPa) exhibited an 

intermediate activation phenotype even after 2 weeks of culture [150].

A relationship between matrix stiffness and activation of HSC, in vivo, is also appreciated. 

For example, Georges et al. convincingly demonstrated that increased liver stiffness occurred 

before indications of myofibroblast differentiation and ECM synthesis [151] and that this 

early increase in mechanical stiffness is absolutely required for HSC and PF activation [150, 

152]. Subsequent work by the same group showed using a mouse model that the early 

increase in hepatic stiffness was due to induction of lysyl oxidase (LOX) activity and not 

simply edema after CCl4 exposure. These data are supported by the observation that 

treatment of mice with β-aminoproprionitrile (BAPN), an inhibitor of LOX family cross-

linking enzymes, reduces early increases in liver stiffness, fibrosis and numbers of 

myofibroblasts [151]. Finally, HSC and PF are the major sources of LOX isoforms prior to 

their activation and differentiation into myofibroblasts [153] suggesting that they are major 

catalysts to their own activation upon liver injury. Taken together, these data clearly 

demonstrate that HSC are able to sense the mechanical properties of the microenvirontment 

and respond by engaging either an activation or quiescence program based on substrate 

stiffness.

1.4.6. Role of Liver Sinusoidal Endothelial Cells (LSECs) in Hepatic Stellate 
Cell Activation—Changes in LSECs are also critical determinants of HSC activation. 

Indeed, LSECs lose their fenestrae and develop a basement membrane akin to that found in 

blood capillaries in other places of the body [154]. This phenotypic change is called 

capillarization. Changes in LSEC morphology are associated with increased expression of 

CD31, a marker for vascular endothelial cells, and laminin, a protein found in vascular 

endothelium [155–157]; these changes contribute to fibrosis. Critically, LSECs regulate 

HSC activation independent of capillarization status. For example, when quiescent HSC are 

co-cultured with differentiated (noncapillarized) LSECs, with or without cell contact, HSC 

quiescence is maintained [158]; this effect is mediated, at least in part, by VEGF-induced 

nitric oxide production. Likewise, when differentiated LSEC are co-cultured with activated 

HSC, HSC revert to a quiescent phenotype. Taken together, these data suggest that cross-talk 

between LSEC and HSC is a critical determinant of liver fibrogenesis.

1.5. What Can We Learn About Liver Fibrosis from Fetal/Oral vs Dermal Wound Healing?

The wound-healing response, as described earlier in this review, is very well characterized in 

the adult skin, the end result of which is imperfect repair characterized by scar formation 

and reduced tissue strength. In that earlier discussion, three outcomes of tissue injury were 

discussed: normal repair in which tissue equilibrium is reestablished, deficient healing as 
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found in chronic wounds from diabetic patients and excessive healing associated with 

fibrosis [15]. However, there is a fourth outcome in which complete replacement of injured 

tissue occurs in the absence of scar formation. This describes “ideal tissue repair” [159] or 

regeneration and occurs without scar formation. While this is most clearly demonstrated in 

limb regrowth in lower vertebrates such as salamanders [160], scarless wound healing is 

maintained under some circumstances in more recently evolved vertebrates including mouse 

and man [161]. Specifically, cutaneous wounds in fetal skin, especially in the first 24 weeks 

of gestation in humans or first 18 days in mice, and in oral mucosa, heal without scar 

formation [162–164]. In the dermal wound healing literature, considerable attention is given 

to this special response to tissue injury. The expectation is that understanding how wounds 

heal without a scar should provide insights on how to limit dermatologic scarring and its 

associated functional, structural and aesthetic deficits. It is important to point out that liver 

repair should also be classified in this special category of scarless wound healing in the 

context of non-iterative tissue injury. Therefore, the insights revealed from examination of 

fetal/oral wound healing could also apply to non-iterative wound healing in the liver. By 

contrast, adult skin wound healing more closely reflects liver fibrosis after chronic liver 

injury. Interestingly, this association has not yet been explored.

In the discussion which follows, a comparison between fetal/oral wound healing and dermal 

wound healing will be presented. Several differences between the two processes are 

illustrated which shed light on why scars are established in adult skin, but not in fetal skin or 

oral mucosa. In the liver, injury is repaired completely as long as liver injury does not persist 

paralleling fetal skin and oral wound healing. Conversely, unrelenting cycles of injury and 

coupled to incomplete repair favor fibrotic wound healing and morphologically reflect 

wound repair in adult skin. It is possible that novel insights into why and how the liver shifts 

from a regenerative process after acute liver injury to an unrelenting fibrotic response in 

response to chronic liver injury could be achieved through a careful examination of the skin 

wound healing literature.

1.5.1. Role of Inflammation in Scarless vs. Scarring Wound Healing—Relative to 

adult wound repair, the hallmark of fetal repair is reduced inflammation [165, 166]. For 

example, proinflammatory cytokines such as interleukin (IL)1, IL6 and IL8 are reduced in 

fetal wound repair [167]. Consistently, if inflammation is increased in fetal wounds, those 

wounds recruit macrophages, induce fibroblast proliferation and collagen deposition similar 

to adult wounds [168]. In part, increased production of IL10, a cytokine with potent anti-

inflammatory activity, may be responsible for reduced inflammatory cytokine production in 

fetal wounds [169]. Indeed, fetal wounds in IL10 knockout mice heal with scars [170], 

supporting an important role of IL10 in scarless wound healing. Conversely, in adult tissues, 

over-expression of IL10 attenuates inflammation and scar tissue formation [171]. In addition 

to differential cytokine production, fundamental differences in wound cellular infiltrate exist 

between fetal and adult wounds. Specifically, wounds which heal without a scar exhibit 

reduced or absent neutrophil and macrophage infiltration [165]. Interestingly, although 

wounds in the aged heal more slowly, they do so with less inflammation and reduced scar 

formation [163]. In the liver, persistent inflammation after chronic injury parallels adult skin 

wound healing, while a temporally-regulated inflammatory response after acute injury 
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parallels fetal/oral wound healing. Collectively, these data suggest that reduced humoral and 

cellular inflammation is critical for scarless wound healing.

Recent data suggest that another mechanism by which fetal wounds heal scarlessly involves 

the absence of microbial colonization. Evidence for this hypothesis is provided in a study 

which used germ-free (GF) mice. Indeed, germ-free mice exhibit scarless dermal wound 

healing which can be reversed by bacterial colonization [172]. Even though the parallel 

between skin bacterial colonization and gut-derived PAMP delivery to the liver is not 

perfect, it is tempting to speculate that changes in the gut microbiome and increased 

bacterial product delivery to the liver in liver disease may somewhat mimic the role the 

dermal microbiome has in skin wound healing. While intrahepatic sources of inflammation 

also exist (e.g. cell death/DAMP-mediated sterile inflammation), limiting the contribution of 

extrahepatic sources of inflammation-inducing molecules (i.e. gut-derived PAMPs) may still 

limit hepatic inflammation and fibrogenesis. Many additional features are associated with 

scarless wound healing in GF mice including high expression of IL10 and TNFα, sustained 

wound-healing macrophage infiltration and reduced TGFβ suggesting additional 

mechanisms are critically important in scarless wound healing [172].

It is not just the accumulation of proinflammatory or profibrotic mediators which dictates 

whether or not the wound heals with or without a scar, but, perhaps more importantly, the 

temporal expression pattern of those molecules. For example, a low-level TGFβ1 is induced 

in fetal wounds. However, its expression is rapid and transient, in contrast to adult wounds 

where expression of TGFβ1 is delayed and sustained [173]. The importance of sustained 

TGFβ1 and TGFβ2 to scar formation is revealed when both isoforms are blocked using 

neutralizing antibodies; in dermal wounds receiving this treatment, scar formation is reduced 

[174]. Another TGFβ isoform, TGFβ3, appears to have anti-fibrotic roles. For example, 

addition of TGFβ3 can reduce scarring in animals and humans [174]. Also, while TGFβ3 

induction is delayed in adult wounds, its levels are increased in fetal wounds and its 

expression is prolonged [175, 176]. Indeed, fetal wounds exhibit an increased ratio of 

TGFβ3 to TGFβ2 or TGFβ1, presumably favoring reduced scar formation after wounding 

[177, 178].

Regulation of profibrotic growth factor expression is not limited to TGFβ. For example, 

PDGF levels are reduced in fetal wounds relative to adult wounds [179] and exposure of 

fetal wounds to PDGF not only increases inflammation but also recruitment of fibroblasts 

and results in a fibrotic response [180]. Taken together, this evidence suggests that wound 

healing in the absence of scar formation (e.g. in fetal/oral tissues or after acute liver injury) 

is associated with precisely regulated inflammation and pro-fibrotic growth factor 

production. By contrast, in adult wounds which heal with a scar or in liver in the context of 

chronic liver injury, persistent inflammation and profibrotic growth factor production 

predominate.

1.5.2. ECM Composition and Remodeling in Scarless Wound Healing—In 

addition to altered inflammatory and fibrotic processes described above, differences in the 

wound ECM composition dictate whether or not wounds heal with a scar. In particular, 

increased content of type III collagen relative to type I collagen is characteristic of scarless 
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wound healing [181]. In fetal wounds, type III collagen is rapidly deposited in a reticular 

network similar to that found in unwounded tissue. By contrast, collagen synthesis is 

delayed in adult wounds and consists of more type I collagen than type III collagen [164, 

182]. Generally speaking, a type I collagen matrix provides more strength but impedes cell 

migration and regeneration relative to a matrix consisting predominantly of type III collagen 

[164]. Collectively, these data are consistent with differential roles for type I and type III 

collagen in the outcome of the wound healing response.

Other ECM components differentially participate in scarring vs scarless wound healing. For 

example, fibronectin (Fn), an ECM protein expressed early after wounding, provides a 

provisional matrix on which the wounded tissue can regenerate and also participates in 

crosstalk between the ECM and cells [183, 184]. Fn has splice variants with distinct roles in 

wound healing and fibrosis; up to 20 different variants are observed in humans [184]. In 

particular, prolonged Fn extra domain A (Fn ED-A) tissue accumulation is associated with 

tissue fibrosis. Fn ED-A can activate ECM-bound latent TGFβ [183], which is crucial for 

myofibroblast differentiation [185]. In this way, Fn ED-A directly supports fibrogenesis. For 

example, Fn ED-A is increased in scarring dermal and non-scarring oral wounds in pigs and 

humans, but its levels are reduced more rapidly in oral wounds of both species [186]. 

Likewise, the accumulation and maintenance of Tenacsin C, another ECM component, in 

wounded tissues is also associated with scarring in human and pig wounds [186].

How wounded tissue remodels its ECM dictates the outcome of wound healing. Fetal 

wounds are characterized by an increase in MMPs compared to TIMPs, favoring complete 

tissue regeneration instead of ECM accumulation [187, 188]. By contrast, fibroblasts found 

in keloid scars and keratinocytes found in hypertrophic scars exhibit increased production of 

TIMP1 favoring scar accumulation [189, 190]. This is also found for urokinase-type 

plasminogen activator and its inhibitor plasminogen activator inhibitor 1 [191]. Finally, fetal 

scarless wounds have reduced expression of LOX, a matrix stabilizing molecule which is 

also a current target of liver fibrosis therapies. Consistently, in transition from scarless fetal 

wound healing to adult wound healing, type I collagen crosslinking increases [192].

The proteases involved in ECM remodeling also play important roles in the activation of 

latent growth factors [138, 162, 169]; activation of these growth factors could therefore be 

differentially regulated in wounds which heal with or without a scar. However, aside from 

data linking activation of TGFβ by MMPs and other enzymes during wound healing [146], 

direct studies which compare matrix-associated enzymes with growth factor sequestration, 

activation or deactivation in wounds which heal with or without a scar have not yet been 

conducted. However, based on differences in temporal accumulation of various growth 

factors including platelet derived growth factor and FGF which are intricately associated 

with the ECM, this is an important area for investigation.

These and other studies suggest that fundamental differences in ECM components, content, 

crosslinking and remodeling determine whether or not wounds heal with a scar. HA is 

another ECM component with differential roles in fetal vs adult wound healing. The 

remainder of this review article will concentrate on HA, and its roles in wound healing, and 
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conclude with how this information may be leveraged to explore how HA content and 

molecular mass could be manipulated to attenuate liver fibrosis.

1.6. Hyaluronan: A Novel Target for Therapeutic Manipulation in Liver Fibrosis?

1.6.1. Basic Biology of HA—HA is an anionic glycosaminoglycan consisting of 

repeating N-acetylglucosamine and glucuronic acid disaccharide units [193]. It is a 

ubiquitous molecule found predominantly in the ECM and is a major component of articular 

joints, vitreous humor of the eye and skin. Three mammalian HA synthases exist: (HAS)1, 2 

and 3 [194]. They differ based on biosynthetic capacity, induction profiles and also based on 

tissue expression levels [194–196]. In healthy tissue, HA is a large molecule, upwards of 1 

MDa and is purported to exhibit homeostatic and anti-inflammatory activity [139]. However, 

HA can be degraded by hyaluronidases or reactive oxygen species into LMW fragments 

with considerable polydispersity [140]; this occurs when tissues are injured and contributes 

to inflammation through HA’s DAMP function [140]. LMW-HA fragments signal through 

TLR2, TLR4 and CD44 to promote inflammation and fibrosis [141]. Indeed, in an animal 

model of idiopathic pulmonary fibrosis, mice deficient in CD44, and therefore unable to 

clear LMW-HA fragments, exhibit increased inflammation and fibrosis when compared to 

wild-type mice.

1.6.2. Differential Roles for Hyaluronan in Scaring vs. Non-Scaring Wounds—
HA’s synthesis and function differs between scarless and scar-forming wounds [169]. For 

example, Has enzyme expression differs between oral mucosa and adult skin: oral mucosal 

fibroblasts do not express Has1 mRNA, while Has3 mRNA is abundant [197]. Conversely, 

Has1 is, while Has3 is not, expressed by dermal fibroblasts [197]. Accumulation of Has2 
mRNA is not different between these two fibroblast populations. Has enzyme expression, 

therefore, is associated with scarless (Has3) vs scar-forming (Has1) wound healing 

responses. Our unpublished data support these observations. Specifically, HSC activation, 

measured by hepatic type I collagen and αSMA mRNA accumulation, is increased in livers 

from mice deficient in HAS3 after acute CCl4 exposure [198].

Differences in HA polymer content in wounded tissue also help differentiate between 

wounds that heal with or without a scar. For example, HA is persistently enriched in fetal 

wounds in comparison to adult wounds [199, 200]. This is, in part, regulated by IL10, and 

requires STAT3 [201, 202]. Interestingly, a specific HA synthesis-stimulating activity is 

found in fetal wounds, but not adult wounds [203, 204] consistent with increased HA 

accumulation in fetal tissue. Oral wounds also exhibit increased HA [186], supporting the 

idea that similarities in HA content exist between fetal and oral scarless wound healing. 

Another mechanism which supports HA persistence in fetal wounds is reduced 

hyaluronidase activity. Reduced hyaluronidase activity limits HA degradation and maintains 

high levels of HMW-HA [159]. These changes foster an extracellular environment which is 

permissive of cell motility and cell proliferation facilitating tissue regeneration [203, 205].

On its own, HMW-HA exhibits anti-inflammatory and homeostatic properties [139]. Given 

reduced inflammation and reduced presence of HA-degrading enzymes, it is likely that the 

HA found in fetal wounds is predominantly HMW while adult wounds likely contain 
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proportionally more LMW-HA [206]. Consistently, fibrotic healing of adult and late 

gestational fetal wounds is associated with increased hyaluronidase activity relative to fetal 

wounds. Notably, LMW-HA has potent proinflammatory and angiogenic activity [207] as 

found in adult dermal wound healing. In further support of a beneficial role for HMW-HA in 

wound healing, it is possible to attenuate scar formation in adults through application of HA 

to dermal wounds [169]. Beyond these rolls for HA in scarless wound healing, one might 

argue that increasing a wound’s content of HMW-HA creates a mechanically soft 

environment limiting fibroblast activation. Collectively, these data suggest that increasing 

the content of HA in a wound promotes scarless wound healing and phenocopies complete 

tissue regeneration [208].

1.6.3. Hyaluronan in Liver Disease—Despite a well-appreciated role for plasma HA as 

a biomarker for liver disease [209], few studies have explored the role of HA in the 

pathogenesis or resolution of liver disease. Importantly, no studies determined HA 

polydispersity in plasma or liver tissue from healthy people or patients with liver disease. 

What is known includes the observation that HSC can synthesize HA and do so in response 

to partial hepatectomy, a surgical model of liver regeneration [210]. In addition, treating 

mice with HMW-HA, but not LMW-HA, can prevent apoptotic liver injury (concanavalin A 

and galactosamine + LPS models) and is associated with reduced proinflammatory 

cytokines, including TNFα, interferon gamma, macrophage inflammatory protein 2 and IL4, 

in mice [211]. HA also exerts some protection against CCl4-induced liver injury, lipid 

peroxidation and fibrosis in rats [212], but this study is not clear on the molecular mass of 

HA employed, making clear interpretation of the results difficult. Additional evidence 

suggests that LMW-HA promotes the expression and function of MMP13 [213, 214] as well 

as MMP9 [215], suggesting a possible target for HA-mediated therapeutic intervention in 

liver fibrosis. Our own work supports this hypothesis. Has3−/− mice who exhibit an increase 

in LMW-HA relative to HMW-HA after CCl4 exposure exhibit increased MMP13 mRNA, 

active form of the protein and MMP13-mediated matrix metabolizing activity [198]. 

Collectively, these data provide strong rationale for continued explorations into the role HA 

may play in liver fibrosis, the modulation of which may provide a novel therapeutic avenue 

to explore in the future.

CONCLUSION

The liver is unique in that it can fully regenerate after non-iterative injury. This is most 

clearly demonstrated in liver regeneration after acute hepatotoxicant exposure or after partial 

hepatectomy [216, 217]. It is only after chronic injury that the liver loses this ability, 

becomes fibrotic and loses its functional capacity. Macrophages, both resident and 

infiltrating, as well as HSC, play critical roles in fibrogenesis, fibrosis progression and 

fibrosis resolution; the temporal regulation of macrophage and HSC function dictates the 

outcome of hepatic wound healing response. In this review, several parallels between 

wounds which heal with or without a scar and the regenerative vs fibrotic wound healing of 

the liver were presented. Evaluation of the mechanisms by which scarless wound healing 

occurs in fetal and oral wounds provides additional support for the development of 

therapeutic approaches targeting the microbiome, inflammation, macrophage recruitment 
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and phenotype, HSC activation and the ECM composition and remodeling to halt fibrosis 

progression and accelerate fibrosis resolution. While additional therapeutic approaches 

which target each of these distinct aspects of scarless wound healing, could be (or are being) 

developed, focusing attention on HA which may unify several of those profibrotic features 

makes it an attractive therapeutic target. Specifically, evidence from the scarless wound 

healing literature suggests that HA could dampen inflammation (both cellular and humoral) 

by shifting the balance away from sustained tissue injury and towards tissue homeostasis as 

well as through altering matrix composition and remodeling. Each of these could be 

therapeutically manipulated to attenuate fibrogenesis, halt fibrosis progression, or accelerate 

fibrosis resolution (Fig. 1). Therefore, additional studies which interrogate HA’s protective 

and pathogenic roles in the context of liver injury, inflammation, fibrosis and fibrosis 

resolution are warranted and may support further development of HA-based therapeutic 

strategies which target liver disease.
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Fig. (1). 
Therapeutic targets for liver fibrosis. Several intervention points exist for which therapeutic 

strategies for liver fibrosis can be or are being developed. Some of the factors which 

contribute to liver fibrosis are written in black and found outside the circle. Some therapeutic 

strategies/targets are written in red and found inside the circle. From the discussion 

presented in this review, published evidence suggests that the extracellular matrix 

glycosaminoglycan, hyaluronan (HA), in its native, high molecular weight form, has the 

potential to reduce chronic inflammation, facilitate tissue repair and improve the 

extracellular matrix compliance. Leveraging HA’s anti-inflammatory and pro-homeostatic 

functions may ‘fetalize’ the liver response to chronic injury and therefore improve hepatic 

wound healing and attenuate fibrosis or facilitate fibrosis resolution.
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