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Abstract

Objective The objective of the review is to examine the

crossroads of autophagy, inflammation, and apoptosis sig-

naling pathways and their participation in liver fibrosis.

Introduction Endoplasmic reticulum (ER) stress was

emerged as a common feature relevant to the pathogenesis

of diseases associated with organ fibrosis. However, the

functional consequences of these alterations on ER stress

and the possible involvement in liver fibrosis were cur-

rently largely unexplored. Here, we will survey the recent

literature in the field and discuss recent insights focusing

on some cellular models expressing mutant proteins

involved in liver fibrosis.

Methods A computer-based online search with PubMed,

Scopus and Web of Science databases was performed for

articles published, concerning ER stress, adaptation,

inflammation and apoptosis with relevance to liver fibrosis.

Results and conclusions Progression of liver fibrosis

requires sustained inflammation leading to hepatocytes

apoptosis through ER stress, whereas associated with

activation of hepatic stellate cells (HSCs) into a fibrogenic

and proliferative cell type. Faced with persistent and

massive ER stress, HSCs adaptation starts to fail and

apoptosis occurs in reversal of liver fibrosis, possibly

mediated through calcium perturbations, unfolded protein

response, and the pro-apoptotic transcription factor CHOP.

Although limited in scope, current studies underscored that

ER stress is tightly linked to adaptation, inflammation and

apoptosis, and recent evidences suggested that these pro-

cesses are related to the pathogenesis of liver fibrosis and

its recovery.
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Introduction

Liver fibrosis is caused by a variety of agents, including

chronic viral hepatitis, alcohol toxicity, autoimmune dis-

ease, hereditary metabolic disorders and the result of the

wound-healing response of the liver to repeated injury [1,

2]. After the liver injury, hepatocytes regenerate and

replace the necrotic or apoptotic cells, accompanying with

an inflammatory response [3, 4]. If liver injury persists,

hepatic stellate cells (HSCs) undergo a phenotypic trans-

formation to become myofibroblast-like with expression of

a-smooth muscle actin (a-SMA) and deposition of extra-

cellular matrix (ECM) [5–7]. Thus, some studies suggested

that the elimination of activated HSCs through cell death

has been proposed as a mechanism to attenuate or reverse

liver fibrosis [8–10]. However, the pathogenesis of liver

fibrosis was so complicated, along with adaptation,

inflammation, and apoptosis [11, 12]. Therefore, a better
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understanding of the pathogenesis of liver fibrosis was very

important for the development of new treatment strategies.

The endoplasmic reticulum (ER) is an important orga-

nelle whose functions include folding and trafficking of

protein, maintaining calcium homeostasis, lipid synthesis,

and participating in a number of crucial cellular functions

[13–15]. ER stress has emerged as a common feature rel-

evant to the pathogenesis of diseases associated with

fibrosis, whereas fibrosis is an integral part of many of the

pathological conditions associated with ER stress; the role

of these pathways in the fibrotic process is only beginning

to emerge [16]. For liver fibrosis, it is assumed that ER

stress has two opposing effects, including adaptation and

apoptosis. Although ER stress serves a protective role that

allows cells to deal with the noxious stimuli, persistent and

immense ER stress contributes to cells apoptosis [17–20].

The apoptosis of hepatocytes by death receptors might be

profibrogenic, while the apoptosis of HSCs would be

expected to be fibrogenic resolution. Recently, a growing

body of research has suggested that the ER is involved in

the progression of liver fibrosis and its recovery [21–23].

Additional research is required to investigate the roles of

the ER and its related signaling in liver fibrosis and to thus

help in developing novel therapeutic strategies.

The unfolded protein response and ER stress

ER is the principal cellular organelle that regulates folding

and trafficking of secretory proteins and an important

storage site for cellular calcium. The dysregulation of

protein synthesis or processing within the ER causes the

accumulation of unfolded proteins, thereby leading to ER

stress and the activation of the unfolded protein response

(UPR) [24, 25].

The typical UPR consists of three pathways, which are

mediated by three ER-transmembrane transducers: protein

kinase RNA (PKR)-like ER kinase (PERK), Inositol

requiring 1a (IRE1a), and activating transcription factor-6

(ATF6). The UPR are sensed by the binding immuno-

globulin protein (BiP), also called glucose-regulated

protein 78 (GRP78) [26, 27]. The accumulation of unfolded

proteins sequesters BiP so it dissociates from three ER-

transmembrane transducers leading to their activation. The

UPR can alleviate ER stress by reducing protein synthesis,

promoting protein degradation and producing chaperones

to assist with protein folding. Excessive or prolonged ER

stress can lead to cell death mediated by apoptosis [28, 29].

CHOP is expressed at a very low level under physiological

conditions, but its expression level is significantly

increased in the presence of severe or persistent ER stress.

The activation of CHOP, a central mediator of ER stress-

induced apoptosis, was regulated by all three branches of

the UPR; however, activating ATF4 is considered to be a

major inducer of CHOP expression [30].

The Ca21 signaling and ER stress

ER stress occurs when there is an imbalance between

protein load and folding capacity, but can also be induced

by other mechanisms. The ER was an important storage

site for Ca2? and involved in instigating cytosolic Ca2?

signals and plays a major role in signalling pathways.

Many of the ER-resident molecular chaperones are Ca2?-

binding proteins, including GRP78, calpain, calnexin and

calreticulin, which are relevant to protein folding and

protein quality control [31]. When a cell encounters pro-

longed ER stress or is overloaded with accumulation of

proteins in the ER, cell death pathways such as calpain,

caspase-12, CHOP, and c-Jun NH2-terminal kinase (JNK)

are activated. Calcium release from the ER can activate

calpain, which may proteolytically activate caspase-12 to

mediate apoptosis. Calpain, the Ca2?-dependent cysteine

protease, was ubiquitously expressed in cells and trigger

ER stress-induced apoptosis. Caspase-12 was found in the

ER membrane, providing a direct link between ER stress

and activation of the caspase pathway [32–34]. Disturbance

of Ca2? influences ER function and its role in protein

synthesis and folding, including post-translational modifi-

cations which lead to ER stress and to the activation of

UPR [35–37].

To date, studies investigating the adaptability of ER

dysfunction can cause UPR activation, and the UPR and

ER stress are linked to Ca2?-signaling pathways and it may

play an important role in the pathogenesis of liver fibrosis.

ER stress and autophagy

Cells respond to ER stress through a protective mechanism

termed as the unfolded protein response (UPR) to restore

normal ER function. As HSCs were activated and gener-

ated more ECM, this increased protein synthesis imposed a

higher demand on the ER folding capacity that may disturb

ER homeostasis [13, 38, 39]. Autophagy plays an impor-

tant role in maintaining cellular homeostasis through

alleviating stress. Although the role of autophagy in normal

ER function is not established, there are some studies that

have shown that autophagy is associated with the ER and

maybe an important part of normal ER function [40].

In this important and well-designed study, Hernandez-

Gea et al. [21] reported the molecular mechanism of this

response under ER stress conditions. Indeed, blocking the

IRE1a pathway in stellate cells decreases their fibrogenic

potential. IRE1a is the most conserved branch among the
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three, normally kept inactive bound to the ER chaperone

Bip, and could sense perturbation of ER homeostasis. This

study also showed that mouse HSCs with tunicamycin

(TN), a classical ER stress inducer, induced a strong

increase in mRNA expression of Col1a1, Col1a2, b-Pdgfr,

and a-SMA. TN also induced nuclear erythroid 2-related

factor 2 (Nrf2) in HSCs, suggesting that Nrf2 may be

involved in the ER stress response [41, 42]. Nrf2 is an

oxidative stress-mediated transcription factor with a variety

of downstream targets aimed at cytoprotection, which has

recently been implicated as a new therapeutic target for the

treatment of liver fibrosis [43–45]. The aim of this study

was to determine the impact of oxidant and ER stress on

stellate cell activation, along with the IRE1a branch of the

UPR and modulates fibrogenic gene expression through

autophagy.

These data implicate mechanisms underlying protein

folding quality control in regulating the fibrogenic response

in HSCs, together with autophagy. Because both autophagy

and the UPR are induced upon perturbation of cellular

homeostasis, we have explored the possibility that they

contribute to the fibrogenic response in stellate cells [45–

47]. These studies bring new insights that ER stress may

play an important role in regulating the fibrogenic response

in HSCs.

ER stress and inflammation

The ability of ER stress to induce an inflammatory

response is considered to play a role in disease pathogen-

esis. Controlling the inflammatory process can therefore be

a potential therapeutic target to inhibit the progress of

diseases [48]. ER stress and UPR signaling pathways are

linked with some of the major inflammation and stress

signaling networks including the IRE1 and the NF-jB–

IKK pathways.

In this review, we represented a conceivable mechanism

that ER stress plays a pivotal role in the onset of inflam-

mation and injury in the liver. Indeed, ER stress has been

linked to several inflammatory response pathways in liver

fibrosis, among these are the activation of NF-jB, JNK,

ROS, tumor necrosis factor-a (TNF-a) and transforming

growth factor-b (TGF-b) [49, 50]. Recently, it was shown

that the IRE1 pathway is also linked with the NF-jB–IKK

pathway, and it has been suggested that specific inflam-

matory activators can transmit signals through different

UPR pathways. Indeed, recent study found that IRE1, a

transmembrane ER protein that contains a cytoplasmic

kinase, links ER stress to ERK phosphorylation and acti-

vation of ATF4, upregulated inflammatory cytokines

through the activation of JNK. Similarly, this study showed

that hepatic NF-jB p65 translocation and eIF2a

phosphorylation were significantly increased in CCl4-

induced mice liver fibrosis [23, 51]. Moreover, CCl4 also

increase TNF-a and TGF-b1 in the model of mice liver

fibrosis. According to several reports from different labo-

ratories, the IRE1 pathway and the NF-jB–IKK pathway

are involved in the regulation of inflammation in the

pathogenesis of liver fibrosis [52, 53].

The tight relationship between ER stress and inflam-

mation integrates ER function which plays a crucial role in

liver fibrosis. In liver fibrosis, how the ER and its inte-

grated stress signaling system associate with the function

of immune cells is unclear. Thus, studies are still needed to

clarify the important roles of ER stress and inflammation in

liver fibrosis.

ER stress and apoptosis

A short-lasting UPR dampens ER stress and ensures cell

survival. However, prolonged and sustained ER stress

cannot be alleviated by the UPR, functional homeostasis of

the ER cannot be reestablished, and this will induce cell

death by apoptosis and activate apoptotic signalling

pathways.

ER stress induced hepatocytes apoptosis

in the progression of liver fibrosis

The ER stress response is an important homeostatic device

for the liver during the onset and progression of chronic

liver disease. Indeed, previous studies demonstrated the

presence of ER stress during fibrosis, the consequently

expected apoptosis of hepatocytes in vivo [54, 55]. There

were some studies showing the antiapoptotic protein Bcl-2

and pro-apoptotic proteins, Bak and Bax, control ER cal-

cium and cell death. Bax Inhibitor-1 also regulates ER

calcium in cell lines, promoting calcium release under

acidic conditions with associated increase in cell death. In

addition, some findings suggested the possibility that ER

stress induced liver injury through modulation of SERCA

and maintaining calcium homeostasis, accompanied by the

increased expression of GRP78, CHOP, SREBP1c and

phosphorylated JNK2. GRP78, which influences Ca2?

homeostasis in the ER is upregulated in mice models and

constitutes a corecomponent of the unfolded protein

response [56, 57]. However, the linkage of ER stress to all

stages of liver injury, including early and advanced liver

disorders, remains poorly understood. In addition, the

survival response activates genes that encode ER-residing

chaperones such as GRP78, which uses the energy derived

from ATP hydrolysis to prevent the aggregation of ER

proteins and is considered the classical marker of UPR

ER stress in liver fibrosis 3
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activation. Recent studies using this novel mouse model

also revealed that liver GRP78 was required for neonatal

survival, and a loss of GRP78 in the adult liver greater than

50 % caused an ER stress response and dilation of the ER

compartment, which was accompanied by the onset of

apoptosis.

ER stress induced HSCs apoptosis in the regression

of liver fibrosis

The roles of each UPR initiation factor in recognition

and response to various types of ER stress are not

completely understood. There is also a need for further

research to establish how the different UPR pathways

function under particular conditions and different cellular

environments and to determine whether they participate

in different reactions and produce different effects on

cells.

GRP78 is responsible for maintaining the inactive state

of UPR signaling arms by preventing their dimerization.

Elevation of misfolded/unfolded proteins occupies more

GRP78 interacting sites and results in dissociation of

GRP78 from signaling molecules and their subsequent

dimerization. Upon release from GRP78, ATF6 is cleaved

and translocated to the nucleus to induce CHOP and XBP1

expression [55–59]. Tashiro et al. [59] revealed that Nogo-

B (Reticulon 4B) was a member of the reticulon protein

family that is localized primarily to the ER. Nogo-B could

accentuate hepatic fibrosis progression though the sup-

pression of HSCs apoptosis. Furthermore, tunicamycin

increased cleaved caspase-3 and -8 levels in Nogo-A/B

knockout (Nogo-B KO) activated HSCs compared with

wild-type (WT) activated HSCs, accompanying with

increased GRP-78 expression.

Additionally, there was a study showing that cannabidiol

(CBD), a major non-psychoactive component of the plant

Cannabis sativa, elicits an endoplasmic reticulum (ER)

stress response, characterized by changes in ER morphol-

ogy and the downstream activation of the pro-apoptotic

IRE1/ASK1/c-Jun N-terminal kinase pathway, leading to

HSC apoptosis. Furthermore, this study investigated the

effect of CBD on the ER in the activated HSCs by exam-

ining changes in the expression of calnexin, as well as

CHOP, a major marker of prolonged ER stress [60].

Indeed, the expression of CHOP is involved in the pathway

of ER stress-induced apoptosis, and while being normally

undetectable in proliferating cells, it becomes highly syn-

thesized in cells exposed to conditions that perturb the

homeostasis of ER and is linked to the development of

apoptosis. These results suggested that the higher degree of

apoptosis observed in UPR and ER stress-induced activated

HSCs apoptosis.

Although the major function of the ER is protein pro-

cessing, factors in addition to protein overload can trigger

UPR; interruption of ER calcium homeostasis can also

induce ER stress and lead to apoptosis. Perturbations in ER

calcium are also linked to apoptosis effectors. ER stress-

inducing agents led to sustained and prolonged Ca2?

release from the ER, mitochondrial Ca2? accumulation

followed by mitochondrial permeabilization and release of

apoptosis effectors from mitochondria into the cytosol [61].

Calpains are calcium-activated proteases that trigger ER

stress-induced apoptosis. In addition, calpastatin represents

the specific endogenous inhibitor of calpains and is pro-

vided with four inhibitory domains (CAST 1, 2, 3 and 4)

simultaneously acting in calpains inhibition [62]. De

Minicis et al. [22] demonstrated that ER stress sensitized

HSCs to apoptosis by increasing in calpain/calpastatin ratio

both in bile duct ligation (BDL) and subsequent bile duct

diversion (BDD). Moreover, the study also showed that ER

stress inducers (tunicamycin and thapsigargin) could

induce HSCs apoptosis in vitro, completely reversing the

calpain/calpastatin pattern expression compared with qui-

escent HSCs from normal rats. The experiments also

showed that both tunicamycin and thapsigargin incubations

in HSCs determine a phosphorylation of JNK and an

increased expression of CHOP and caspase-12, as main

indices in the process of cell apoptosis. These findings

suggested that ER stress may play a crucial role in the

regression of hepatic fibrosis, by converting quiescent

HSCs to apoptosis-sensible phenotype. Similarly, Lin et al.

previously showed that mYGJ (Modified Yi Guan Jian)

may induce ER stress in activated HSCs, resulting in an

increased cytosolic calcium concentration and activation of

caspase-12 concomitant with the increased GRP-78

[63, 64]. Thus, it was concluded that ER stress-induced

activated HSCs apoptosis may be used for a therapeutic

application of liver fibrosis in the future.

Apoptosis is involved in the progression and regression

of liver fibrosis. In the progression of liver fibrosis, ER

Fig. 1 Perturbations in ER homeostasis leading to dysfunction and

activation of some of the UPR sensors occur in several liver fibrosis
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stress induced hepatocytes apoptosis. While ER stress-

induced activated HSCs apoptosis has been proposed as a

mechanism to attenuate or reverse liver fibrosis. The role of

ER stress in liver fibrosis was a double-edged sword of

hepatocytes and HSCs apoptosis (Fig. 1).

Conclusion and prospective

In recent decades, many studies investigated distinct roles

of ER stress in progresssion and regression of liver fibrosis,

with the aim of developing novel therapeutic strategies.

Yet, the incidence of liver fibrosis is still increasing

worldwide, and the need for development of new therapies

targeting is therefore urgent. Progression of liver fibrosis

requires sustained inflammation leading to hepatocytes

apoptosis through ER stress, whereas associated with

activation of HSCs into a fibrogenic and proliferative cell

type. Besides, the elimination of activated HSCs through

ER stress-induced cell apoptosis has been proposed as a

mechanism to attenuate or reverse liver fibrosis. As stated

above, the ER may be an intersection of integrated multiple

stress responses and may be closely related to adaptation,

apoptosis, and inflammation in liver fibrosis (Fig. 2).

Therefore, aberrant ER stress signalling has been reported

in progresssion and regression of liver fibrosis and in

addition to revealing pathological insights it may also

present potential therapeutic opportunities.
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