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Abstract. Hepatic fibrosis (HF) is the process of fibrous scar
formation caused by chronic liver injury of different etiolo-
gies. Previous studies have hypothesized that the activation
of hepatic stellate cells (HSCs) is the central process in HF.
The interaction between HSCs and surrounding cells is also
crucial. Additionally, hepatic sinusoids capillarization, inflam-
mation, angiogenesis and fibrosis develop during HF. The
process involves multiple cell types that are highly connected
and work in unison to maintain the homeostasis of the hepatic
microenvironment, which serves a key role in the initiation and
progression of HF. The current review provides novel insight
into the intercellular interaction among liver sinusoidal endo-
thelial cells, HSCs and Kupffer cells, as well as the hepatic
microenvironment in the development of HF.

Contents

Introduction
. LSECs regulate the hepatic microenvironment, activate
HSCs and promote HF

3. Activated HSCs interact with LSECs to regulate the hepatic
microenvironment

4. Macrophages serve a dual role in HF and participate in
pathological angiogenesis

5. Other non-parenchymal hepatocytes also contribute to HF

6. Conclusions

o=

Correspondence to: Dr Yi-Ran Ni, Medical College, China Three
Gorges University, 8 Daxue Road, Xiling, Yichang, Hubei 443002,
P.R. China

E-mail: nyr1986@163.com

Dr Wen-Bing Ai, The Yiling Hospital of Yichang, 31 Donghu Road,
Yiling, Yichang, Hubei 443100, P.R. China
E-mail: 1043642574@qq.com

Key words: hepatic stellate cell, liver sinusoidal endothelial cell,
Kupffer cell, hepatic microenvironment, intercellular interaction

1. Introduction

Hepatic fibrosis (HF) is a common pathological process
that occurs during the development of various chronic liver
diseases, such as liver cirrhosis, which initiates a series of
biochemical and biophysical changes in the hepatic microen-
vironment (1,2). It is characterized by a radial linear deposition
of collagen around a single hepatocyte and in the space of
Disse (3). The progression and regression of HF also relies
on a complex interplay of the hepatic microenvironment (4).
Hepatic sinusoids provide a biochemical environment for the
survival and communication of non-parenchymal hepatocytes,
including liver sinusoidal endothelial cells (LSECs), hepatic
stellate cells (HSCs) and Kupffer cells (KCs) (5). Intercellular
interactions among non-parenchymal hepatocytes are consid-
ered to serve a pivotal role in maintaining normal liver function
and structure (6,7).

Hepatic sinusoids are specialized capillaries located
between liver plates. The wall of the hepatic sinusoid is
composed of LSECs, which are distinctive micro-vascular
cells that are key to the regulation of the liver microenvi-
ronment and represent a permeable barrier to maintain HSC
quiescence (8). Under normal circumstances, differentiated
LSECs are characterized by the presence of fenestrations
and the absence of basement membrane (BM). The fenes-
tration is the most characteristic structure of LSECs and
renders the cells highly permeable (9). It also enables the
bidirectional transport of metabolites between the circula-
tion and liver parenchyma (10). Actin is the cytoskeletal
component of LSECs, which participates in the contrac-
tion and expansion of the fenestrae (11). The narrow space
between LSECs and liver plate is known as the space of
Disse, which contains the extracellular matrix (ECM) and
separates sinusoidal cells from parenchymal cells (5). HSCs
are specialized pericytes with lipid and retinoid droplets in
the cytoplasm that are located in the subendothelial area of
hepatic sinusoids. They directly communicate with hepato-
cytes and LSECs (12). KCs are broadly located in hepatic
sinusoids and have an irregular morphology, protruding into
hepatic sinusoids or remaining unattached (13,14). There
are a number of pseudopods on the surface of KCs, which
attach to LSECs or extend into the space of Disse through
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the fenestrations, and directly interact with hepatocytes and
HSCs (15).

When the normal hepatic microenvironment is destroyed,
the balance between parenchymal hepatocytes and stromal cells
is disturbed, leading to the capillarization of LSECs, which is
also known as de-differentiation (8). This process increases
intrahepatic blood flow resistance and provides a pathological
basis for portal hypertension (16). Hepatic sinusoidal capil-
larization is characterized by the lack of fenestration and
formation of organized BM. It is not only a precursor of HF,
but also promotes HSC activation. Therefore, the disordered
LSEC phenotype is a key step in the process of HF (17). In the
process of inflammation and tissue repair following chronic
liver injury, HSCs lose their droplets (18). Various signals
lead to the activation of resting HSCs and transformation
into myofibroblasts (MFBs), which increases the expres-
sion of a-smooth muscle actin (a-SMA), thereby enhancing
contractility and hardening tissue (19,20). Activated HSCs are
the main source of stromal MFBs; they lead to an imbalance
between ECM synthesis and degradation (21). Intercellular
interactions among non-parenchymal hepatocytes results
in HSC activation and HF (22). Additionally, activated KCs
produce various cytokines, resulting in neovascularization
and an increase in intra-sinusoid pressure (23). Autocrine
and paracrine signals among non-parenchymal hepatocytes
regulate the progression of HF in unison, as presented in Fig. 1.

2. LSECs regulate the hepatic microenvironment, activate
HSCs and promote HF

LSECs are the first cell type to be affected by various
etiologies in the process of HF (24). They serve a key role in
hepatic sinusoidal capillarization, angiogenesis and vasocon-
striction, and participate in the process of HF in three key
ways (8,17,25).

Direct secretion of ECM by LSECs aggravates tissue hypoxia.
After liver injury, LSECs acquire a fibrogenic phenotype and
participate in HF through the direct secretion of ECM (24).
Capillarization of the hepatic sinusoids results in a narrowing
of the sinusoidal lumen and hypoxia (26). Under hypoxic
conditions, LSECs are hypothesized to produce ECM (27).
Furthermore, LSECs from fibrotic animals have resulted in the
upregulation of type I collagen mRNA, which is 5-fold higher
than that of the normal liver (28). They also secrete a large
number of components to form an organized BM, including
type I'V collagen, laminin, nidogen, entactin and perlecan (27).
Meanwhile, increasing studies have revealed the pivotal role
of hypoxia in the activation of HSCs. Hypoxia induces the
activation of HSCs by different mechanisms, including the
transforming growth factor (TGF)-f, AMPK-mTOR, PKCO
and PVT1 oncogene-microRNA-152-autophagy-related
protein 14 signaling pathways (29-31). Activated HSCs produce
excessive fibrotic mediators, such as a-SMA, type I collagen,
matrix metalloproteinase (MMP)-2 and TGF receptors, which
promote the abnormal accumulation of ECM (26). During
the development of HF, there is an abnormal increase in the
formation of collagen, as well as other ECM molecules, and
the total collagen volume increases nearly 10-fold (32). The
massive accumulation of ECM restricts microvascular blood

flow, accentuates the narrowing and deformation of hepatic
sinusoids, and enhances hypoxia (26).

LSECs indirectly secrete cytokines to promote HSC
activation. In addition to the direct secretion of ECM compo-
nents, LSECs also indirectly contribute to HF by secreting
proinflammatory and profibrogenic factors, including TGF-f1
and platelet-derived growth factors (PDGFs), which activate
HSCs and promote the synthesis of the ECM (11). TGF-f1 is
a polypeptide growth factor that participates in proliferation,
differentiation, migration and apoptosis of HSCs as well as
other cell types, via the TGF-f-receptor/Smads pathway (3).
TGF-pI signaling also stimulates the transformation of HSCs
into MFBs (33). It has been reported that TGF-B1 gene trans-
fection can lead to the rapid development of HF in vivo (3).
The increased expression of TGF-f31 not only recruits inflam-
matory cells and fibroblasts into the injured region causing
subsequent HSC activation, but also induces the synthesis
of certain BM proteins, including laminin, type IV collagen
and entactin in LSECs (34). PDGFs are potent mitogens
for HSCs (35). HSCs express PDGF receptor (R)-a and
PDGFR-f. The PDGF family, including their ligands and
receptors, serve pivotal roles in tissue repair and the formation
of ECM (36,37). PDGF-B and PDGF-D strongly promote the
migration, the conversion of HSCs to MFBs, ECM deposition
and the modulation of the tissue inhibitor of metalloproteinase
(TIMP)/MMP system (37,38). A previous study demonstrated
that PDGFR expression was increased in chronic liver
disease and overexpression of PDGF ligand induced fibrosis
in mice (35). Deletion of PDGFR-3 on HSCs decreased the
expression of a-SMA and type I collagen, alleviating HF (39).
Furthermore, the selective blocking of PDGFR in HF has
been found to reduce the proliferation, survival and migration
of activated HSCs (35). LSECs stimulate HSCs migration
and recruitment to sinusoids by secreting PDGF ligands and
TGF-p (40). The enhanced motility of HSCs can facilitate
their coverage around the hepatic sinusoids (41). In addition,
it has been reported that PDGF promotes the angiogenesis
phenotype of HSCs, regulating vascular tube formation and
increasing the coverage of hepatic sinusoids, thus affecting the
permeability and pressure of hepatic sinusoids (25).

In addition to TGF-f and PDGFs, fibronectin-splice
variant containing extra domain A (Fn-EDA) induce the
trans-differentiation of HSCs to MFBs, which takes place in
the initial stages of HF (27). In vitro studies have revealed that
Fn-EDA promotes the differentiation of proto-myofibroblasts
into MFBs (27,42). Furthermore, the increased expression
of a-SMA, which is the cellular marker of MFBs. TGF-f
activation of a-SMA expression results from the cooperation
of different signal transduction pathways raised respectively
by TGF-p and Fn-EDA (43). It has been demonstrated that
TGF-f acts on LSECs to upregulate the rapid production of
Fn-EDA (43). Although HSCs produce Fn-EDA, LSECs are
the first responders and therefore may serve a key role in the
early stages of HF (27).

LSECs regulate the vascular tension of hepatic sinusoids via
paracrine action. LSECs regulate vascular tone by secreting
certain vasodilators or vasoconstrictors, such as endothelin 1
(ET-1), thromboxane A2, cyclooxygenase 1 and nitric oxide



MOLECULAR MEDICINE REPORTS 23: 364, 2021 3

\

Hepawcy} .;) .f\ . {\{ /
Mummmm( Wmlrrmn( R \mwumrm] et

Space of disse

Alcohol
Drugs
Virus Hepatitis

=

‘e @ ®]

.{. | )

[

Toxins

etc

Quiescent HSC

Fenestrated LSEC

NASH

Inflammatory cells

Capillarized LSEC

Figure 1. Hepatic sinusoids microenvironment alterations are induced by various chronic liver injuries. In the process of hepatic fibrosis, the morphology and
function of LSECs, HSCs and KCs are abnormal, forming the subendothelial basement membrane, and decreasing endothelial cell fenestrations. HSC and
KC cause a series of inflammatory responses, ECM deposition and angiogenesis. HSCs, hepatic stellate cells; KCs, Kupffer cells; ECM, extracellular matrix;

LSEC, liver sinusoidal endothelial cells; NASH, non-alcoholic steatohepatitis.

(NO), all of which can act on HSCs to regulate their contrac-
tion, thus regulating hepatic sinusoidal pressure (25). For
example, ET-1 belongs to a family of potent vasoconstrictor
peptides and is produced by LSECs or activated HSCs in a
paracrine or autocrine manner (44). It was originally identi-
fied from endothelial cells (45). Elevated serum ET-1 levels
have been identified in all stages of HF (45). In rat livers, the
ET receptor is detected in all cell types, but most abundant
in HSCs. Under normal conditions, HSCs express both
endothelin A receptors (ETARs) and endothelin B receptors
(ETBRs) (45). In the process of cirrhosis, ET-1 may have a
stronger effect on HSCs by enhancing ETARs and ETBRs,
resulting in increased microvascular tone in the hepatic
sinusoids (46). ET-1 has also been revealed to upregulate the
expression of procollagen I and TGF-f1 through ETARs (47),
suggesting that the biological effects of ET-1 on HSCs include
not only increasing intra-sinusoidal pressure via the activation
of mitogen-activated protein kinases, increased Ca2* influx
and reversible cell contraction, but also by increasing collagen
synthesis and secretion (Fig. 2) (48).

3. Activated HSCs interact with LSCSs to regulate the
hepatic microenvironment

The interaction between LSECs and HSCs is crucial for main-
taining the structure and function of hepatic sinusoids (49).
HSCs interact with LSECs in a bidirectional manner (49).
As aforementioned, LSECs produce signals that activate
HSCs (17,25), which contributes to the capillarization of
LSECs (24). HSCs promote the loss of LSEC fenestrations
and the formation of continuous BM through inflammatory
factors, cytokines, chemokines and vasoactive mediators (50).
HSCs also induce angiogenic vascular tissue remodeling and
increase vascular resistance (51,52).

Capillarization of hepatic sinusoids is partially associated
with the accumulation of ECM. In response to liver injury,

quiescent HSCs transform into MFBs, which are the primary
producers of ECM (53). MMPs serve a crucial role in ECM
degradation, which is antagonized by TIMPs. Therefore, the
homeostasis of ECM is coordinated by its secretion and degra-
dation, the latter of which is partially determined by the balance
between MMPs and TIMPs (54). When HSCs are activated,
the expression of type I collagen, a-SMA and TIMP-1 are
upregulated, and the expression of MMP-2 is downregulated,
reversing the TIMP-1/MMP-2 ratio and resulting in excessive
ECM deposition and HF (55).

Under normal conditions, the hepatic sinusoids lack BM.
In chronic liver disease, activated HSCs in the space of Disse
produce various ECM components, including collagen IV,
laminin and perlecan (27). Type IV collagen, laminin, nidogen
and perlecan are the major components of BM (56,57). The
network of type IV collagen and laminin is linked by nidogen,
which is hypothesized to be the main driving force for BM
assembly (58). The co-distribution of type IV collagen and
laminin is a histochemical marker of BM formation in liver
disease (59). With the increase of ECM deposition in hepatic
sinusoids, the number of LSEC fenestrations decreases (60).
Along with BM formation, LSECs lose their fenestrae and
transform into vascular type endothelium. These changes lead
to hepatic sinusoidal capillarization, which seriously impedes
hepatic function (59). The capillarization of LSECs is also
characterized by the decrease of LSEC defensive function and
the increase of platelet endothelial cell adhesion molecule-1
and Laminin 1 protein surface expression (61). The physical
barrier produced by the newly formed BM impairs the inter-
cellular exchange between parenchymal hepatocytes and the
lumen (62).

In addition to ECM oversecretion, the off switch of certain
signals that maintain hepatic microenvironment homeostasis
in activated HSCs and LSECs contribute to the capillarization
of hepatic sinusoids (63). In the healthy liver, physiological
shear stress can activate the transcription factor Kriippel-like
factor 2 in exposed LSECs, resulting in the increase of
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Figure 2. Effect of LSECs on HSCs, hepatic microenvironment and HF. LSECs are involved in the process of HF in three aspects: i) Secreting extracellular
matrix directly; ii) secreting growth factors to promote the activation of HSCs and their trans-differentiation to myofibroblasts; and iii) releasing vasoconstric-
tors to regulate the pressure of hepatic sinusoids. LSECs, liver sinusoidal endothelial cells; HSCs, hepatic stellate cells; HF, hepatic fibrosis; gHSCs, quiescent
hepatic stellate cells; aHSCs, activated hepatic stellate cells; MFB, myofibroblast; ET-1, endothelin 1; COX-1, cyclooxygenase 1; TXA2, thromboxane A2; NO,
nitric oxide; Fn-EDA, fibronectin-splice variant containing extra domain A; BM, basement membrane; TGF-f, transforming growth factor-3; PDGF, platelet

derived growth factor.

vasodilators, including NO, and the downregulation of vaso-
constrictor molecules, including ET-1, thereby alleviating
the intra-sinusoidal pressure, reducing the shear stress and
avoiding further injury (8). Bone morphogenetic protein 9 is
a paracrine factor produced by HSCs, which maintains the
quiescent state of LSECs, as well as their fenestration and
terminal differentiation by binding to activin receptor like
kinase 1 (64). In the process of HF, LSECs lose their afore-
mentioned defensive signals, resulting in their impaired ability
to degrade ECM, as well as the reduction of fenestrations and
the formation of a continuous BM (11).

HSCs regulate the contraction of hepatic sinusoids. HSCs
belong to hepatic sinusoidal pericytes and are in close contact
with LSECs, meaning that their contractility regulates
the contraction of hepatic sinusoids and portal vein pres-
sure (52,65). A single HSC can surround up to four individual
sinusoids, and when activated, can extend itself to cover these
cells (5). Previous studies have demonstrated that junctional
adhesion molecule-C (JAM-C) expressed in HSCs interacts
with junctional adhesion molecule-B (JAM-B) expressed in
LSECs (66,67). The enhanced contractibility of HSCs, which
is modulated by JAM-C/JAM-B interaction, contributes to
hepatic sinusoidal vasoconstriction, thereby increasing hepatic
sinusoidal resistance and subsequently inducing portal hyper-
tension (66). C-X-C chemokine receptor 4 (CXCR4) is also
expressed in activated HSCs, which combines with C-X-C
motif chemokine ligand 12 (CXCL12), inducing HSCs to
enhance the production of type I collagen and a-SMA (68).
Moreover, CXCLI12 promotes HSC migration, chemotaxis,
contraction and the phosphorylation of myosin light chain in

a Rho kinase-dependent manner (68). The latter is necessary
for actin stress fiber assembly, as well as HSC contraction and
chemotaxis (69). Vasodilators, including ET-1 and NO, are
involved in the regulation of HSC contraction after activation
of the Rho/rock signaling pathway (65).

HSCs participate in pathological angiogenesis. HSCs
produce various biological molecules to co-regulate LSEC
capillarization and angiogenesis, including vascular endothelial
growth factor (VEGF), placental growth factor (PLGF) and
angiopoietin (Ang) (56,65,70).

VEGEF is a key regulator of angiogenesis. VEGF, as well
as its receptor VEGFRI, are reported to be expressed in
hypoxia-stimulated activated HSCs (71). Overexpression of
VEGEF promotes HF by secreting ECM, whereas inhibition of
either VEGFR-1 or VEGFR-2 significantly attenuates HF and
angiogenesis (72). VEGF disrupts the balance of intercellular
contact at the adhesion junction, enhancing permeability and
leading to BM formation (50). VEGF can also stimulate LSEC
proliferation and migration (73). In a normal liver microen-
vironment, differentiated LSECs suppress HSC activation
and convert activated HSCs to the quiescence state through
enhanced NO production induced by VEGF. However, when
LSECs are de-differentiated or capillarized, they lose this
effect (74,75). Additionally, LSEC fenestration is maintained
by the paracrine secretion of VEGF by HSCs and its own
production of NO (63). Therefore, VEGF maintains endothelial
fenestrations under physiological conditions. However, under
pathological conditions, VEGF promotes the microcirculation
disorder and the capillarization of hepatic sinusoids, resulting
in dysfunction and structural changes in hepatic sinusoids (50).
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Figure 3. Activated HSCs interact with LSECs to regulate the hepatic microenvironment. HSCs are activated by various liver injuries, during which stationary
HSCs are transformed into activated HSCs, leading to the remodeling of hepatic sinusoids through a series of steps. The interaction between HSCs and LSECs
mainly manifest in the following ways: i) The secretion of extracellular matrix reduces the number of fenestrations in the LSECs; ii) HSCs act as pericytes
to regulate the pressure of hepatic sinusoids; and iii) HSCs secrete a series of mediators that regulate angiogenesis. HSCs, hepatic stellate cells; LSECs, liver
sinusoidal endothelial cells; gHSC, quiescent hepatic stellate cell; aHSC, activated hepatic stellate cell; MFB, myofibroblast; VEGF, vascular endothelial
growth factor; ANG, angiopoietin; PLGF, placental growth factor; ET-1, endothelin 1; JAM-, junctional adhesion molecule.

PLGF is a member of the VEGF family and a specific
ligand of VEGFRI. It was first isolated from human placenta
and was demonstrated to participate in pathological angiogen-
esis during chronic liver disease (76). It has been demonstrated
that PLGF levels are increased in patients with cirrhosis and
CCl,.induced cirrhotic mice, and are mainly distributed in
activated HSCs and macrophages (77). PLGF also promotes
hepatic inflammation, angiogenesis and HF by mediating
macrophage recruitment and activation (78). PLGF induces
HSC activation and proliferation via the phosphatidylinositol
3-kinase/Akt signaling pathway (79). Furthermore, PLGF
silencing can effectively alleviate inflammation and HF,
inhibiting the activation of HSCs (76). Suppression of PLGF
activity also alleviates the severity of HF, inflammation and
portal hypertension (80). PLGF may therefore serve as a novel
target for HF therapy.

The Ang/tyrosine kinase with immunoglobulin-like and
EGF-like domains (TIE) signaling pathway participates in
vascular homeostasis (81). Additionally, Ang family members,
including Ang-1 and Ang-2, regulates angiogenesis. Their
receptors, TIE-1 and TIE-2, are tyrosine kinase that are
expressed on LSECs. Ang-1 secreted by HSCs can bind to
TIE-2, stabilizing newly formed vessels (26). TIE-1 maintains
the structural integrity of endothelial cells, while TIE-2 is
involved in angiogenesis (26). Ang-1 and Ang-2 also modulate
vascular stability and vascular permeability by competitively
binding to TIE-2 receptors (Fig. 3) (82).

4. Macrophages serve a dual role in HF and participate in
pathological angiogenesis

Previous studies have indicated the significant role of macro-
phages in the regulation of HF (83-85). Macrophages are

myeloid-derived immune cells that can engulf and degrade
dead cells or foreign substances and coordinate the inflamma-
tory process in response (86). Macrophages not only secrete
various cytokines and growth factors, which act on HSCs and
LSECs to induce the progression and regression of hepatic
fibrosis (23), but they also promote the secretion of angiogenic
factors, thus promoting neovascularization (87).

KCs interact with HSCs and other non-parenchymal cells to
aggravate HF. Intrahepatic macrophages include KCs and
infiltrating macrophages (IMs). KCs are the dominant type that
aggravate liver injury and fibrosis by mediating inflammatory
response (88).

KCs interact closely with other non-parenchymal cells in
hepatic sinusoids and mutually interact with HSCs (89). When
the liver is damaged, the number of macrophages increases
dramatically, and they rapidly secrete various proinflam-
matory cytokines and chemokines, including interleukin
(IL)-1, IL-17, tumor necrosis factor-a (TNF-a), TGF-f, C-C
chemokine ligand (CCL)-2 and CCL-5, leading to the para-
crine activation of HSCs (90,91). HSCs express vascular
cell adhesion molecular-1, intercellular adhesion molecule
(ICAM)-1, E-selection and other adhesion molecules to
recruit KCs, thereby infiltrating macrophages and circulating
monocytes (92).

ILs are a group of cytokines secreted by a broad spectrum
of cells, including CD4-positive T lymphocytes, monocytes,
macrophages and endothelial cells (91). Additionally, KCs
and LSECs produce ILs rapidly after injury. Previous studies
have demonstrated that mRNA levels of IL-1, IL-6 and
TNF are significantly increased in isolated KCs 2-4 weeks
after CCl, injection in rats (93). ILs serve a complex role in
the immune response, inflammatory reaction and HF (91).
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They directly induce the activation of HSCs and upregulate
the production of TIMP-1, resulting in ECM deposition and
HF (90). In addition to the direct stimulation of ECM secre-
tion, macrophages may promote the survival of HSC via the
NF-«B signaling pathway induced by IL-1 (94). Via NF-xB
signaling, macrophages also increase the resistance of HSCs
to cell death, thus promoting the persistence of activated
HSCs and HF (90). KCs can also convert HSCs into MFBs by
secreting IL-17 (95). The expression of IL-17 and its receptor
IL-17RA are increased in HF mice (96). IL-17 activates
NF-«B and signal transducer and activator of transcription
(STAT)3 signaling in KCs and HSCs (97). IL-17 also induces
the transformation of HSCs to MFBs through the upregulation
of TGF-B1, TNF-a and type I collagen a subunit, which is
dependent on the STAT3 signaling pathway (98).

Additionally, macrophages can release a large quantity
of VEGF and induce angiogenesis during wound healing,
inflammation and tumorigenesis (99). They secrete chemokine
CXCLI16 to recruit natural killer T (NKT) cells, thus aggra-
vating the inflammatory response. NKT cells also promote
fibrogenesis in a CXCR6-dependent manner (89).

Macrophages contribute to the termination of HF.
Macrophages serve an important role in the progression and
resolution of HF (100). MFBs are generally considered to be
the ‘master mediators’ of fibrosis, as they are the main cell
types that synthesize ECM components (83). Additionally,
previous studies have verified that macrophages serve an
important role as the ‘major regulator’ of MFBs function (83).
Macrophages secrete TGF-f1, PDGF and other fibrogenic
mediators to recruit and activate HSCs, as well as inflamma-
tory cells to transform HSCs to MFBs (83,85). Macrophages
derived from Ly-6C monocytes, which accumulate during
liver injury, and mediate the transformation of HSCs into
MFBs (85). Fibrogenic macrophages can transform into
antifibrotic macrophages under low expression of Ly-6C
and high expression of anti-inflammatory mediators (23).
Antifibrotic macrophages not only remove debris directly, but
also secrete factors that stimulate the production of MMPs,
including gelatinases matrix metalloproteinase (MMP2 and
MMPY), metalloelastase (MMP12), matrilysin (MMP7) and
collagenases (MMP1 and MMP13), all of which are involved
in matrix degradation, thus contributing to the resolution of
fibrosis (79,96). Macrophage-mediated changes in the ECM
also induces apoptosis and represses the survival of MFBs,
thereby reducing the ECM synthesis and contributing to the
termination and even reversion of HF (85).

It could therefore be concluded that macrophages serve a
dual role in HF and that fibrogenic macrophages contribute
to the progression of fibrosis. However, anti-inflammatory
macrophages are essential sources of MMPs. Therefore,
macrophages function differently depending on the stage
of the injury, either aggravating fibrosis or facilitating the
resolution (13,101).

Macrophages stimulate LSECs during angiogenesis. Fibrosis
and angiogenesis may occur in parallel in multiple diseases
as they share a common process with ECM accumulation and
fiber formation (23). KCs are phagocytes that reside at the
sinusoidal side of the endothelium. They capture signals from

the blood and are involved in regulating blood flow (85). KCs
and LSECs form the first barrier of the portal vein system.
KCs are located along the neovascularization and secrete
cytokines, ILs and growth factors, including VEGF, PLGF and
PDGF, promoting LSEC and HSC proliferation and migration,
thereby inducing pathological angiogenesis (22,83).

KCs not only regulate vascular tension and growth
through paracrine signaling during HF, but they also recruit
IMs into the surrounding spouting spots by releasing mono-
cyte chemoattractant protein-1 and TNF-a, enhancing their
pro-angiogenesis activity by multiplying their population (102).
ICAM-1/macrophage-1 antigen (Mac-1)-mediated IM
adhesion promotes LSEC proliferation (103). Additionally, the
interaction between IMs and LSCEs though ICAM-1/Mac-1
promotes vascular endothelial (VE)-cadherin phosphorylation
at the specific sites that control the passage of leukocytes, which
delivers growth factors to stimulate vascular sprouting (102).
IMs can also activate tyrosine-protein kinase Met or TIE-2
pathways in LSECs, which are independent of adhesion
molecules, to regulate angiogenesis (102,104).

Angiogenesis is initiated by a single leader endothelial cell
called the ‘tip cell,” which is followed by vessel elongation
by ‘stalk cells’ (105). Endothelial tip cells are located in the
front end of vascular branches, which are highly polarized and
extend via a large number of pseudopodia to explore the poten-
tial environment from which they migrate, thereby stimulating
angiogenesis (106). IMs can stimulate the proliferation of
tip cells by releasing Wnt family member SA (Wnt5a) and
stimulating the proliferation of selected stem cells by releasing
Notch-1 or Ang-1 (102). IMs co-localize with Wnt5a, Ang-1
and Notch-1 at the contact point, which corresponds to the
phosphorylation level of VE-cadherin and the degree of
adherin-mediated intercellular junction uncoupling, driving
endothelial tip cell migration and elongation (102).

To conclude, by abundant secretion of angiogenic factors,
macrophages broadly participate in angiogenesis (Fig. 4).

5. Other non-parenchymal hepatocytes also contribute
to HF

Non-parenchymal hepatocytes include HSCs, LESCs and
KCs as aforementioned, in addition to natural killer (NK)
cells, NKT cells, dendritic cells (DCs) and biliary epithelial
cells (BECs), all of which have been reported to serve diverse
roles in the development of liver fibrosis (107-109).

NK cells are located in hepatic sinusoids and are in
close proximity to non-parenchymal cells of the liver (110).
Previous studies have demonstrated that NK cells inhibit the
progression of fibrosis (110,111). Under various pathological
conditions, the number of NK cells increases (107). In vivo
and in vitro evidence has suggested that NK cells selectively
kill early activated HSCs, but not quiescent or fully activated
HSCs (107). Activated NK cells produce IFN-y, which not
only directly induces HSC death, but also further enhances
NK cell cytotoxicity against HSCs (112). Quiescent and fully
activated HSCs do not express elevated NK cell-activating
ligands and are resistant to NK cell killing (107). Other
studies have suggested that NK cells can kill stressed
hepatocytes through natural killer group 2 member D,
natural cytotoxicity triggering receptor 3 or TNF-related
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Figure 4. Effect of macrophages on HSCs and LSECs during HF. Macrophages serve a dual role in the progression and resolution of HF, and participate in
angiogenesis. Macrophages activate HSCs via ILs and growth factors. When resolving HF, KCs secrete MMPs and participate in the degradation of extracel-
lular matrix. Macrophages also induce pathological angiogenesis. HSCs, hepatic stellate cells; LSECs, liver sinusoidal endothelial cells; HF, hepatic fibrosis;
VEGF, vascular endothelial growth factor; PLGF, placental growth factor; PDGF, platelet-derived growth factor; MFB, myofibroblast; aHSC, activated hepatic
stellate cell; gHSC, quiescent hepatic stellate cell; ICAM-1, intercellular adhesion molecule-1; Mac-1, macrophage-1 antigen; KC, killer cells; IL, interleukin;
MMP, matrix metalloproteinase; TNF-a, tumor necrosis factor-a; TGF-f, transforming growth factor-f3; CCL-, C-C chemokine ligand.

apoptosis-inducing ligand-dependent pathways, and aggravate
liver damage (112,113).

In addition to NK cells, NKT cells are also enriched
among liver lymphocytes (107). NK cells are important for
killing virally infected or transformed hepatocytes, while
NKT cells are capable of rapidly aggravating inflammatory
responses under damaging conditions (94). The function
of NKT cells in the pathogenesis of liver fibrosis appear
more complex than NK cells. NKT cells not only produce
pro-fibrotic cytokines [such as IL-4, IL-13, hedgehog (Hh)
ligands and osteopontin] to promote liver fibrosis, but also
produce anti-fibrotic cytokines (such as IFN-vy) to inhibit
hepatic fibrosis (107).

DCs are professional antigen-presenting cells (92). After
liver injury, DCs gain the capacity to induce inflammation via
HSCs and NK cells. Previous studies have demonstrated that
DCs induce HSC proliferation and produce various cytokines
and chemokines, such TNF-a and IL-6 (108,114). DCs have
also been found to induce NK cell-mediated cytotoxicity
in vitro by producing TNF-a in the livers of mice (108).
Additionally, DCs are involved in the regression of fibrosis
after liver injury by producing MMP9 (115).

BECs sense and respond to their surrounding microenvi-
ronment to maintain homeostasis (109). In bile duct ligation
modeled mice, Hh ligand expression in HSCs and BECs
increases, and cross-talk between MFBs and BECs is promoted
by the Hh pathway (116). Activation of the Hh pathway stimu-
lates BEC:s to specifically secrete CXCL16, which recruits NK
cells into the portal vein, further promoting the inflammatory

process (117). In addition, BECs secrete VEGF, which can
activate the production of HSCs and collagen (109).

6. Conclusions

As the liver is cellularly diverse, HF is a dynamic, highly
integrated process involving molecules, cells and tissues (118).
Non-parenchymal hepatocytes and their interactions are
broadly involved in events of the hepatic microenvironment,
including hepatic sinusoid capillarization and the inflammatory
reaction of the space of Disse in the development of HF (8,83).

Following an increased number of studies, the reversibility
of HF has been demonstrated, and effective approaches for its
reversal require urgent elucidation (119). It is broadly accepted
that the activation of HSCs is the primary mechanism of
HF (120). Other studies have concluded that the etiology of HF
is the decisive factor in its development (121). Based on those
considerations, the majority of the therapeutic strategies for
HF focus on inhibiting the activation of HSCs and removing
its etiology (24). However, it has been revealed that other
non-parenchymal hepatocytes, including LSECs and macro-
phages also contribute to HF, either dependent or independent
on HSCs activation (122). Non-parenchymal hepatocytes and
their interaction are broadly involved in events of the hepatic
microenvironment, including hepatic sinusoids capillarization
and inflammatory reaction in the space of Disse during HF
development. Therefore, targeting one aspect of this complex
and dynamic process may not be enough to achieve its
reversal (1).
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In the future, the maintenance of the de-differentiation
phenotype of LSECs, as well the anti-fibrotic phenotype of
macrophages, is worth being considered for the treatment of
HF. This necessitates comprehensive analysis of the interac-
tions of various liver cell types and how they influence the
hepatic microenvironment. Further understanding of the
underlying mechanisms of these events could provide novel
insight into the discovery of effective antifibrotic therapies,
thus reducing the incidence of portal hypertension and hepatic
encephalopathy, and blocking the formation of end stage liver
disease.
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