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Abstract

Acute liver injury (ALI) induced by chemicals in current experimental studies is char-
acterized by inflammation, oxidative stress and necrosis, which can greatly influence
the long-term outcome and lead to liver failure. In liver cells, different autophagy
forms envelop cytoplasm components, including proteins, endoplasmic reticulum
(ER), mitochondria and lipids, and they effectively participate in breaking down the
cargo enclosed inside lysosomes to replenish cellular energy and contents. In general,
autophagy serves as a cell survival mechanism in stressful microenvironments, but it
also serves as a destructive mechanism that results in cell death in vitro and in vivo. In
experimental animals, multiple chemicals are used to mimic ALl in patients to clarify
the potential pathological mechanisms and develop effective strategies in the clinic.
In this review, we summarize related publications about autophagy modulation to
attenuate chemically induced ALl in vitro and in vivo. We also analysed the underly-
ing mechanisms of autophagy regulators and genetic modifications to clarify how to
control autophagy to protect against chemically induced ALI in animal models. We
anticipate that selectively controlling the dual effects of hepatic autophagy will help
to protect against ALI in various animals, but the detailed mechanisms and effects
should be determined further in future studies. In this way, we are more confident

that modulating autophagy in liver regeneration can improve the prognosis of ALI.
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1 | INTRODUCTION

Although most liver cells are quiescent under normal conditions,
liver regeneration is initiated after partial hepatectomy to com-
pensate for liver function. The liver is also a digestive organ that is
always exposed to orally ingested antigens and harmful products
from intestinal bacteria since liver tissue is surrounded by systemic
blood circulation from portal blood. In response to liver injury, liv-
er-specific apoptosis and autophagy occur simultaneously but act
independently through different pathways, influencing each other
and participating in the initiation of liver injury and liver regenera-
tion. Acute liver injury (ALI) is characterized by inflammation, oxida-
tive stress and necrosis, which can greatly influence the long-term
outcome and lead to liver failure. Autophagy, a form of cell death
marked by partial chromatin condensation is considered to be up-
stream of apoptosis and occurs earlier than apoptosis. On the other
hand, apoptosis is a form of cell death marked by DNA fragmenta-
tion and is the terminal form of cell death. Apoptosis is character-
ized by nuclear fragmentation, chromatin condensation and cellular
shrinkage. It acts as a scavenger to maintain tissue homeostasis
during the development and ageing of tissues after stimulation by
immune reactions, diseases or noxious agents.1 Misfolded proteins,
lipid deposition and damaged mitochondria accumulate in vivo under
pathological states, while protective autophagy has been proven to
promote cell survival and maintain cell activity by clearing these
adverse factors.? Multiple studies have attempted to clarify the
related mechanisms of autophagy in the attenuation of apoptosis
as follows: (a) autophagy is able to clear damaged organelles, cell
debris, external pathogens or denatured subcellular constituents®;
(b) although mutagenic microenvironments continuously stimulate
gene mutations in mammals, autophagy effectively maintains the
genomic integrity of cells or tissues*: (c) autophagy is also able to
supply more energy and maintain cell or tissue homeostasis in mam-
mals by degrading cytosolic components in lysosomes®; (d) autoph-
agy significantly degrades unfolded protein aggregates and inhibits
endoplasmic reticulum (ER) stress to maintain ER function®; and (e)
autophagy promotes cell growth and proliferation in local injured tis-
sues.” As a result, activation of apoptotic pathways further promotes
the inactivation of autophagy. BCL2-interacting protein 3 (BNIP3)
can significantly increase the apoptosis rate by sequestering B-cell
lymphoma protein-2 (Bcl-2) family proteins and reducing the binding
between Bcl-2 and Beclin-1.8 Activation of apoptosis further cleaves
and inactivates Beclin-1, resulting in suppression of autophagy in a
caspase-dependent manner.” Moreover, autophagy improves the
survival rate of quiescent hepatocytes by continually recycling nu-
cleic acids, complex carbohydrates, lipids and proteins in liver tissue.
It is worth noting that excessive accumulation of autophagic factors
will ultimately result in cell death after disruption of the adaptive
mechanism under extremely harmful conditions.’® The final prod-
ucts of autophagy contain small sealed membrane vesicles similar
to apoptosis, but autophagic cell death significantly increased the
contents of autophagosomes and autolysosomes in vivo.'%'? It is

generally anticipated that impairment of lysosomal activities would

result in autophagosome deposition, cellular dysfunction and acti-
vation of caspase-dependent cell death.® On the other hand, pu-
rified Beclin-1-C is generated in a caspase-dependent manner and
effectively promotes the generation of mitochondrial cytochrome
¢ to stimulate apoptosis.}* Remarkably, autophagy is a homeostatic
response that helps to clear damaged cells and hepatotoxic factors
in vivo, but it also results in a stressful microenvironment and tissue
injury (Figure 1).

As liver cell apoptosis is a prominent pathological process during
severe liver injury, interventions on autophagy in liver tissue help to
regenerate liver tissue and inhibit cellular apoptosis. Pharmacological
autophagy modulators or genetic modifications may provide protec-
tive effects in liver tissue via their hepatoprotective and anti-inflam-
matory effects. In this review, we summarize related publications
about autophagy modulation for attenuating ALl in vitro and in vivo.
We also analysed the underlying mechanisms of autophagy regula-
tors and genetic modifications to clarify how to control autophagy
to protect against chemically induced ALI in animal models. We con-
clude that strategies targeting the regulation of autophagic flux in
liver tissue will further improve the prognosis of patients with ALI.

2 | CURRENT FORMS OF AUTOPHAGY IN
LIVER TISSUE

Macroautophagy, chaperone-mediated autophagy (CMA) and mi-
croautophagy are the three main types of autophagy in mammals
(Figure 2). The complete process of macroautophagy includes six
steps: initiation, nucleation, elongation, closure, maturation and
degradation.15'17 Recognition of ER stress activates mechanistic
target of rapamycin kinase (mTOR) and AMP-activated protein ki-
nase (AMPK) for activation of unc-51-like kinase (ULK) protein and
subsequent activation of phosphatidylinositol-3-phosphate (PI3P)
in the ER membrane. Although the generation of the omegasome
is not indispensable for autophagosome formation, double FYVE-
containing protein 1 (DFCP1) is an effector protein for omegasome
formation and subsequent autophagosome generation.18 After syn-
thesis of PI3P from the nascent phagophore, the mammalian effec-
tor protein WD repeat domain phosphoinositide-interacting protein
(WIPI) recognizes this protein.!” The PI3P-binding protein complex
contains WIPI, and autophagy-related (Atg)2 accumulates on the
isolation membrane and contributes to expansion.18 PI3P effectively
recruits Atg12-Atg5-AtgléL and promotes the conversion of micro-
tubule-associated protein light chain 3 (LC3)l into LC3II. After that,
cytoplasmic materials are sequestered by the phagophore (a preau-
tophagosomal membrane structure), which thereafter expands and
encloses its cargo to form an autophagosome (a double-membrane
vesicle).’62° Then, these autophagosomes fuse into lysosomes and
generate autolysosomes for degradation of the enclosed cargo by
acid hydrolases and recycling into biologically active monomers to
maintain cellular metabolic homeostasis.?’ CMA is a form of au-
tophagy that uniquely and selectively degrades abundant substrate

proteins by delivering them into the lysosome one by one.?! Heat
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FIGURE 1 Autophagy is a survival mechanism or a cell death mechanism in liver injury

FIGURE 2 The detailed mechanisms *
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shock cognate (HSC)70 recognizes a specific cytosolic protein that effectively maintains organelles and membrane homeostasis by
contains a KFERQ-like pentapeptide and subsequently interacts degrading cytoplasmic contents in lysosomes through invagination
with lysosomal-associated membrane protein 2 (LAMP2A) to de- or deformation of the lysosomal membrane.?? The liver is also a

grade cellular contents.'® Under stress conditions, microautophagy large and special organ that has abundant mitochondria and is an



HU ET AL

WILEY

8318

(senunuo)d)

0§

6v

8Y
Ly
9¥

Sy

144

4%

194

6€

8¢

&5

1

14

1€
£

s103oey
AJojewwie|jul 9sealdap ‘uoissasdxa T-OH 231e|ndas-dn
sAemyjed g3-4N
pue MdVIA 91eAIIdR g4y TN Hqiyul }gOS pue HSO Jo
S|aA9] ay3 93e|n3ai-dn :Z-XOD pPue SON! ‘OdIAl pue
VAW ‘9-11 ‘gT-11 ‘D-4ANL 4O S|9A3] 33 93e|NS3.-umo(
'9-7] pue 0-4N JO uoi}a429s ay3 ssaiddns isAemyied
g3-4N pue MdVIA Hqiyul tuoissaldxa {7471 9onpay
Aemujred Suljjeusis YO LW/LMV/MEId Y3 HqIyu|
sisojdode uqiyu|

sAemyred Hy3J pue }Nr ‘59d g3-4N Hqiyul
‘uonewweljul ssauddns ‘uoissaldxa 0-yvdd 21e|n3a.-dn

Aemuyied HNfr syl ssaaddng

Aemyzed N syl ssaaddng
dlwiwesT-ylw Jo

109442 ay3 93e80.qe 0-YVdd 40 Uoissaidxa ay3 adueyuy
$S911S DAI}EPIXO 5B ‘g 9sedsed
paAes|d pue xeg JO UoIssaldxa sy} 9sea.d9p ‘g-|2g Jo

uolssaldxa ay3 aseasdul {JT-7| pue v-4N1 Suipnjoul
s103oe) Alojewwejjul-oid Jo ases|al ay3 asealdaq

Aemyaied 3uljjeudis Z4IN
a3 Jo uoinjeAl}oe ou ‘Aemuyied 3uljjeusis YN[ 91eAI}OY

dVdV jo uonjean}oe
21]0geIaW 3Y3 U0 1294J9 ou ‘Aemyied N[ a1eAl}deu|

SIS0423U pue aSey.lowsaey dizedayesu
‘SOY ‘YA ‘OdIN Hqiyul {HSD pue gOS 21endal-dn

wsljogelaw dvdy dliedsy
JO uOljeJa)}|e OU :S10]10e) Alojewweljul dijeday Jo
uo1ssa4dxa aY3 2Npal (SS3UIS dAIIEPIXO dljeday d)elAd| |y

HSD ysiuajday

wisiueydaw J3Yy30

TINNL PUe 91} dsead9p
‘AS0]03S1Y ‘UOI3OUNS JAI] ‘D384 [BAIAINS DAOIdW|

S|9A3| LSV
pue |7y 95ea103p ‘921w Ul A}l|eY3}d| 3sead9Qg

28eyJiowaky aNss(} 319ASS pue SIS0Jdau
95B9.29p ‘92IW JO A}I|elIOoW dY) sealda(

uol3duny JaAI| Ulejule|A|

uolduny pue A30|03s1Y JaAI| [EWIOU UIBIUIBIN
Aanful Jan1|

jsulese 9diw 4TV PaoNnpul-Sd1/NIeD-a 32930.d
A30j03s1y

JSAI| UlelUI_W {S|9A3| | S puUe |V 9sealdaq

A3ojo1s1y
JIAI| UlBJUIBW S|A3] | SV PUB |V 9sead3Qg

S|2A3] 1SV pue 1V aseatdaq

1SV pue IV 40 S|9A3|
3y3 aseaJdap ‘sagueyd |eaiSojoyredolsiy anoidu)

SI1S0J23u d11eday pue |9A9] |V 9sealda(
s91Ad03eday Jo
9]eJ SIS0JI3U 9Sea.Id9p ([9A3] 1V 91e|n8al-umo

sisojdode 9seaJdap D SWOIYI0JAD

pue 4]y JO 9ses|aJ sy} asealdap ‘uons|dap HSO

pue gOS 95ea.429p :$1S0429U pue s3eyliowsey

Jlledayedjul aseaudsp :SOY pue Ya ‘OdN
1SV ‘17V Jo uoije|ngal-dn ay3 jenusiy

A30]03s1y JoAI|
ulejuleW | S PUB ]V JO S|9A3| WINJISS 3seatda

SISOJ29U JeInqo|1i3uad asealdag

193943

\

ASeydojne
U0 123443

SOSIN

uiauydeq

ujuagdi031d9]|
10HqIYuUI METd
STCIADV

V9 ¥T-AM

unAwedels 10 998H 4

unAwedels 10 998H 4

IVl
101AINIE MAINY

uiyso8uew-eyd)y

UulIeWN02A24A|1D

auizewoudiolyd

41V

ccl

upAwedey

juawijeal)

Sd1/NIES-d

Sd1/NIES-a

Sd1/NIEDS-d
Sd1/NIES-a
Sd1/NIES-d

Sd1/NIeS-d

Yuod

SdT1/NIES-a

Sd1/NIeS-a

dvdVv

dvdv

dvdVv

dvdVv

dvdVv

dvdv

[ea1wayd

2N

221N

AN
18y
AN

N

9N

N

N

N

N

N

N

CRI
201w
a1uassues) £37-d49

[ewiuy

swisjueydaw a|di3nw elA s103oe4 d1xololeday snoliea Aq paonpul Aunful oAl WOy S|pow [ewlue s339304d Aj9AI309449 ASeydoine jo uoizenpow ay] T 379VL



8319

WILEY

HU ET AL

L

cL

69

89

L9

9

€9

9

19

09

6S

89

LS

9

SS

S
EEd: |

sisojdode pue uojjewweljul Je|n||ad adnpay
uonjesssijold

93Ad03eday ajowoud ‘Aemyled Z4YN 1Ay
/-3sedsed pue ¢-asedsed Jo uolssaldxa syl asealdul

‘a8ewep |elupuOYD0}IW pue S|PA3| SOY 9583123
$1030e) Alojewwefjul pajeipaw-TgoINH
JO UOI19429S 9Y3 91eNU}Ie 9NSSI] J9AI| Ul g-9sedsed
pue ‘z-]og/xeg jo oijes ay3 ‘ggd ‘gi-4N a3ejnsai-umoQq
uoljewuwe)jul
juapuadap-£ V1S pue gi-4N a3ejndal-umoq
Aemyied
Suljjeusis | V/MEld 9Y3 pue uoljewwejul 31enusy
Buljjeusis g3-4N
/A4Vdd/MdVYIN 8€d HqIyul ‘g-]2g/Xeq 91e|nSa4-umop
{J1-11 pue ‘97| “O-4NL JO aseajaJ ay3 a1e|ndal-umoq

Aemyzed 0-yvdd
/8€d @Y1 elA ASeydoine pue sisojdode jo uoniqiyu|

6-9sedsed pue g-|og/xeg Jo uoissaidxa ayj ajenusipy

Aemuzed YN[ oyl Hgiyul :A-Nd| pue ‘o-4N1 ‘dT-11
Se 4ons s10}2e} Alojewweljul Jo asea|al aje|ngal-umoq

sAemuyjed pajejas-A3eydoine
pue sisojdode pajeipaw-yN(-d/MNf 21ejndal-umod

MNT( Jo uoijejAioydsoyd
93 1qIyul 20-¥y/dd 4O uoissaidxa ay3 anoadu)

T-OH 40310€) SsaJ3s
aAI3epIXOIjUe 3Y] 938|n8aJ-dn {(JT-7] ‘0-4N 1) S1030e)
Alojewwejjul Jo 9seajal pue SOy |ePUOYI0IIW JIqIyu]

(ur230.4d Buipuiq uol 3jeqod pue ‘97| ‘| ‘A-N4|
0 -4N 1) S9U03Ad Alojewweljul Jo uol3aldas ssaiddng

Aemyed Suljjeusis YO LW/PV
23U} 9}BAI}DE ‘SUOI3DEAI AJojewiweyul d3e|nSal-umoq

S1030€} AlojewWwejul JO Uoissaldxa asealdaq

wsjueydaw Jayo

SIS0JJ3U pue a3eyJiowaey anssi}
d13eday 9582403 {S|9A3| | SV PUE |V 9sea409(Q

sia1aweded Auzsiwayd |ealul|d pue [ed130[03s1y
ulejulew :uonesajljoad a3Ad03eday aseaudu|

uolouNy JaAl| anoadu)

sagueyd [ed180[0}sIY pue | SY ‘1Y 9sea1daQg

S[9A9] LSV pUe 17V
9se2.109p ‘sa8ueyd JaAl| [e2130]03S1Y d3I0l|BWY

a3ewep |edi30|oyjed ajenuaje
pue SaWAZUS J9AI| JO UoIssaldxa syl 9onpay

sisojdode pue sisoidau
JOAI| 91BNUS1IE PUB SUOIIIUNY IDAI| DAIDSAIY

a8ewep
|eai3ojoyjed anoaduwi (sauy03Ad Alojewweljul
pue SSWAZUS J9AI| JO S[9AS| WINISS 9Y] 9sealdag

SSUI}03Ad Alojewwejul pue
SOWAZUS JU3AI| JO S|9A3] UOISSaIAXD aY) 9seauda

A3o|oyiedossiy
|eWIOU UlBJUIBW SUOIIDUN JSAI| SAISS3Id

SSWAZUS J2AI[ JO S|9A3] WNUSS 3sea123(

S10}0B) AJOjRwweljul
pUB SSWAZUS JDAI| WINJSS JO S|9AS| Y} 9SeaJd9

A3ojoyredossiy
|[eWJOU pUB SUOIIdUNJ J9AI| 9AIS3Id

A3ojoy3edossiy
|EWJOU UlBJUIBW SUOIIDUN JDAI| 9AISSDI]

sajAdoileday ul ASeydoine pue sisojdode 3iqiyu|

$DQ J0 uoleINeW 3Y3 qIYu|

13443

T

ASeydojne
uo 123443

¢ddSv
V/N

J011qiyul
MN( 40 W aul0dso|dA)

auinbouojyd

uidiusan

apisouplles

|0493502N4

uauWeyJos|

u13P243nd

uluoNIys

ulyjuexeysy

pioe oljoues|Q

¢rod-pst

T-UI11B}S0I09N

suojosiupaidjAyla|n

v
uIPAWO|ieq pue YIN-E

jusuiyeas)

120

dvdVv

dvdVv

ion)

120

vuod

vuod

vuod

vuo)

vuod

vuod

vuod

vuo)

Yuod

Vuod

Vuod

[earwayd

(panuRuOD)

dIN

ADIIA IN0XD0UY GBI

201w 3nospouy /31y

SN

221N

CRI

N

AN

ERI

221N

21N

AN

IN

SN

3N

SN

[ewiuy

T 319vl



HU ET AL

8320
—I—Wl LEY

important site for the metabolization of glucose and fat storage.
In consideration of this, other selective autophagy processes, such
as mitophagy and lipophagy, were also found to exist in cultured
hepatocytes and liver tissue. Mitophagy is a kind of autophagy that
effectively removes damaged mitochondria to reduce mitochondria-
derived reactive oxygen species (ROS) and cell death factors in
vivo.>? Lipophagy selectively degrades hepatic triglycerides (TG)
by genetic and chemical manipulation of the autophagic pathway,
while knockdown of Atg5 or Atg7 significantly up-regulates the lev-
els of hepatic TG in fatty acid-treated hepatocytes or high-fat-fed
mice.?* In addition, chloroquine (a lysosomal inhibitor) significantly
suppresses the fusion between autophagosomes and lysosomes and
the degradation of lysosomes, subsequently improving the accumu-
lation of TG in fatty acid-treated hepatocytes.?>?° Activated lysoso-
mal enzymes degrade all discarded cellular contents, such as those
from the cytoplasm, mitochondria, ER, peroxisomes, Golgi apparatus

and other organelles.

3 | AUTOPHAGY AND CHEMICALLY
INDUCED ALI IN ANIMAL MODELS

To mimic ALl in patients, multiple chemicals, such as acetaminophen
(APAP), d-galactosamine (D-GalN), lipopolysaccharide (LPS), conca-
navalin A (ConA), carbon tetrachloride (CCl,) and other chemicals,
have been used to generate ALl animal models. According to cur-
rent studies, each chemical triggers ALl via different mechanisms.
Autophagy regulation is reported to exert protective effects in these

models via various mechanisms (Table 1).

3.1 | Modulation of autophagy reduces APAP-
induced liver injury

The liver is the largest organ for the metabolization of drugs and de-
toxification of toxins, and frequent exposure to toxic drugs leads to a
high prevalence of liver failure. Drug-induced ALI commonly targets
mitochondria and then induces cell death; thus, modulation of mi-
tophagy will be a major target for improving cell survival. In the clinic,
the intake of various drugs, such as antipyretics, chemotherapeutics
and antivirals, induces ALI. Overdose of APAP, a commonly used anti-
pyretic and analgesic drug, easily triggers ALl in mammals.?” Most pa-
tients with APAP overdose progress into acute liver failure (ALF) and
do not receive medical care until they are past the metabolic phase,
which results in the high mortality of APAP overdose-induced liver
injury in the clinic. Glucuronic acid and sulphate conjugation of APAP
promote the secretion of APAP into the bile or blood in the liver. The
conversion of APAP into N-acetyl-p-benzoquinone imine (NAPQI)
by cytochrome P450 further promoted the depletion of liver stores
of glutathione (GSH) and induced the disturbance of cellular redox
homeostasis.?® APAP enhances the posttranslational modifications
of Parkin by increasing nitric oxide (NO) and reactive nitrogen spe-

cies to generate mitochondrial spheroids.?’” APAP overdose results

in severe liver damage after the induction of mitochondrial dysfunc-
tion, oxidative stress and mitogen-activated protein kinase (MAPK)
activation.®° In addition, APAP promotes the abnormal accumula-
tion of protein adducts in mitochondria and induces mitochondrial
damage, caspase-independent cell death and necrosis, which further
activate the autophagic response to remove damaged mitochondria
and prevent APAP-induced injury.31 Wang et al demonstrated that
APAP overdose effectively activated mitophagy to degrade dam-
aged mitochondria and mitochondrial proteins in primary mouse
hepatocytes, indicating that modulation of mitophagy may play a
role in maintaining homeostasis of hepatic metabolism.3? Although
multiple apoptosis-related pathways are activated after hepatocytes
or animals are treated with APAP, the expression of Kriippel-like fac-
tor 6 (KLF6) is also increased to activate autophagy to promote liver
regeneration in a p53-dependent manner.®3

In consideration of current evidence, the activation of autoph-
agy may serve as a potential treatment for APAP hepatotoxicity, and
multiple drugs have been used to protect against APAP-induced ALI
in recent studies. Rapamycin significantly enhanced the autophagy
process and decreased APAP-induced cell death in cultured primary
hepatocytes and in mouse liver, although it was not effective in abro-
gating APAP-induced GSH depletion.®! Interleukin (IL)-22 treatment
significantly alleviated APAP-induced cytotoxicity via up-regulation
of hepatic LC3Il and p-AMPK, as demonstrated by down-regulation
of serum aminotransferases, liver ROS and liver necrosis in vitro and
in vivo.>* Augmenter of liver regeneration (ALR) attenuated APAP-
stimulated alterations via up-regulation of autophagosomes, LC3I
to LC3Il conversion, p62 degradation and the levels of superoxide
dismutase (SOD) and GSH but inhibition of myeloperoxidase (MPO),
malondialdehyde (MDA), ROS, intrahepatic haemorrhage and necro-
sis.®®> Cotreatment or post-treatment with chlorpromazine (CPZ), a
dopamine inhibitor with an antischizophrenia effect, down-regu-
lated the alanine transaminase (ALT) level and necrosis rate of he-
patocytes in APAP-treated mice via up-regulation of autophagy and
inactivation of the c-Jun-N-terminal kinase (JNK) pathway without
affecting the metabolic activation of APAP.3¢

In addition, a number of plant ingredients also participate in re-
pairing liver damage via modulation of autophagy. Dihydroquercetin
reversed all the changes induced by APAP via activation of auto-
phagy and phosphorylation of the Janus kinase 2/signal transducer
and activator of transcription 3 (JAK2/STAT3) cascade, which sub-
sequently inhibited ROS accumulation, mitochondrial dysfunction,
extracellular signal regulated kinase-JNK stress and necrosis.®’”
Glycycoumarin, which is purified from licorice, is able to alleviate
APAP-induced oxidative stress and liver injury via activation of
protective autophagy and the JNK signalling pathway but not via
activation of the nuclear factor erythroid 2 like 2 (NRF2) signalling
pathway.38 However, another study showed that pre-treatment with
alpha-mangostin partly inhibited the activation of autophagic cell
death via down-regulation of p-mTOR, p-AKT and the LC3II/LC3I
ratio, subsequently decreasing the release of inflammatory factors,
including tumour necrosis factor (TNF)-a and IL-1p, and inhibiting

the activation of apoptotic pathways in APAP-induced ALl models.?
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Related studies indicate that autophagy activation may play a dual
effect in APAP-induced ALI models since autophagy can serve as a

survival mechanism or a cell death mechanism in vivo.

3.2 | Modulation of autophagy reduces D-GalN/
LPS-induced ALI

Galanos et al proposed that coadministration of a certain dose of
D-GalN and endotoxin in animals leads to fulminant hepatic failure
with extensive liver injury.*® The combination of D-GalN and LPS is
applied to induce the well-defined experimental models with ALF. In
addition, D-GalN and endotoxin resulted in the cell death of a large
number of hepatocytes in rodents by accelerating the progression
of the caspase cascade and inducing DNA fragmentation as early as
5 hours after administration.** On the other hand, an in vitro study
showed that D-GalN/LPS obviously aggravated hepatocyte injury by
up-regulating mitochondrial ROS and activating extracellular regu-
lated protein kinase (ERK)1/2 and nuclear factor kappa B (NF-xB)
signalling pathways.*?

The AMPK activator AICAR was shown to ameliorate D-GalN/
LPS-induced ALF by down-regulating the secretion of inflammatory
factors, such as TNF-a, IL-1p and IL-6 while increasing the expres-
sion of autophagy-related proteins including Atg5, Beclin-1, Atg7
and forkhead box O3A (Foxo3A).*® Treatment with FK866 or rapa-
mycin before treatment with D-GalN/LPS significantly ameliorated
liver injury in ALF mice, as evidenced by decreased levels of ALT and
aspartate aminotransferase (AST), and preserved liver histology via
up-regulation of autophagy and suppression of JNK and p62.44 Pre-
treatment with Wy-14 643 significantly up-regulated peroxisome
proliferator-activated receptor alpha (PPAR-a) expression and pro-
tected D-GalN/LPS-induced ALF mice against liver injury via acti-
vation of autophagy and suppression of inflammation, accompanied
by inhibition of NF-kB p65, JNK and ERK pathways.** ACY1215, a
histone deacetylase 6 inhibitor, helped to maintain normal liver his-
tology and function in a D-GalN/LPS-induced ALF mouse model
via up-regulation of autophagy and inhibition of apoptosis and p62
expression, whereas the autophagy inhibitor 3-MA aggravated liver
tissue pathological and functional damage by accelerating the apop-
totic process and reducing the mitochondrial membrane potential
in ALF mice.*¢ It is worth noting that although autophagy is an im-
portant process that helps to clear damaged cellular contents to
preserve liver function in D-GalN/LPS-treated animals, it also ag-
gravates liver injury after activation of multiple cell death pathways.
Phosphoinositide 3-kinase (PI3K) agonist aggravated D-GalN/LPS-
induced ALF in rats by increasing hepatic levels of PI3K, AKT, mTOR,
Fas, Bax, p-PI3K and p-AKT while decreasing hepatic levels of Bcl-2,
LAMP2A and HSC70. However, the PI3K inhibitor effectively sup-
pressed the progression of ALF by inhibiting the PISBK/AKT/mTOR
signalling pathway.?’

Intriguingly, several kinds of plant extracts that serve as effec-
tive antioxidant and anticancer agents have been proven to activate

autophagy and reduce inflammation to inhibit the progression of
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D-GalN/LPS-induced liver injury. Treatment with tectorigenin or
daphnetin protected against D-GalN/LPS-induced liver injury by ac-
tivating autophagy and suppressing the secretion of inflammatory
cytokines, including TNF-«, IL-6 and IL—1[3.48'49 It was reported that
tectorigenin also decreased Toll-like receptor (TLR)-4 expression
and inhibited the activation of MAPK and NF-kB pathways to at-
tenuate liver injury.48 Furthermore, daphnetin notably inhibited liver
dysfunction in D-GalN/LPS-induced ALF models by down-regulat-
ing the levels of MDA, MPO, nitric oxide synthase (iNOS) and cyclo-
oxygenase (COX)2 while up-regulating the levels of GSH and SOD.*’

In addition, mesenchymal stem cells (MSCs) and their derivatives
are effective autophagy regulators in the inhibition of liver injury in-
duced by D-GalN/LPS. MSC transplantation prolonged the survival
time of D-GalN-induced ALF rats and decreased the levels of ALT
and ammonia and the prothrombin time in ALF rats by up-regulating
autophagy and haem oxygenase 1 (HO-1) expression but down-reg-
ulating the release of inflammatory molecules such as TNF-a, IL-1p,
IL-6 and IL-12p40 in a PI3K/AKT-mediated manner.>® MSC-derived
exosomes reversed liver injury in D-GalN/LPS-treated primary he-
patocytes by up-regulating LC3, Beclin-1 and autophagosome for-
mation. Moreover, these exosomes increased the expression of the
antiapoptotic protein Bcl-2 and decreased the expression of the

proapoptotic proteins Bax and cleaved caspase-3.°

3.3 | Modulation of autophagy reduces ConA-
induced ALI

It is widely accepted that ConA-treated animal models generally
serve as an experimental model of acute immune hepatitis (AIH).
ConA is reported to induce immune hepatitis by promoting hepato-
cyte apoptosis and inhibiting T-cell function after induction of au-
tophagic cell death in hepatocytes and liver endothelial cells in vitro
and in vivo.??°® The frequency of hepatic and peripheral accumula-
tion of mature conventional dendritic cells (DCs) was reported to be
positively correlated with AIH severity. Bone marrow-derived DCs
from AIH mice exhibited higher expression of inflammatory factors,
autophagy-related proteins and autophagosomes than those from
wild-type mice.>*

However, most studies indicated that a reduction in autoph-
agy would contribute to the attenuation of ConA-induced liver
injury since ConA generally triggers both autophagic cell death
and apoptotic cell death. Methylprednisolone, a kind of gluco-
corticoid, is proven to be the most effective treatment for AlH.
Methylprednisolone effectively inhibited apoptosis and autophagy
in hepatocytes from ConA-induced AIH through down-regulation
of inflammatory reactions and activation of the AKT/mTOR signal-
ling pathway.55 Necrostatin-1 effectively preserved liver functions
and maintained normal histopathology in ConA-induced ALl mod-
els by suppressing the secretion of inflammatory cytokines (TNF-a,
IFN-y, IL-2, IL-6 and cobalt ion binding protein) and the formation
of autophagosomes.’® Administration of 15d-PGJ2 attenuated
ConA-induced ALI by inhibiting autophagy flux and mitochondrial
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ROS and the release of inflammatory factors (TNF-a and IL-1p) while
up-regulating the expression of the antioxidative stress factor HO-1
in mouse models.>’

Oleanolic acid injection significantly preserved liver function,
improved the expression of PPAR-« and inhibited the phosphory-
lation of JNK to attenuate liver apoptosis and autophagy.58 Pre-
treatment with astaxanthin or shikonin before ConA injection
prevented ALI, as demonstrated by decreased serum levels of liver
enzymes and inflammatory cytokines via down-regulation of JNK/
p-JNK-mediated apoptosis and autophagy.’”®® Preconditioning
with quercetin, a member of the flavonoid family, also significantly
decreased the expression levels of liver enzymes and inflamma-
tory cytokines. Quercetin down-regulated the expression of Bax/
Bcl-2 and caspase-9 to attenuate apoptosis and decreased the ex-
pression of LC3 and p62 to attenuate autophagy in ConA-induced
AIH models.®! In addition, preconditioning with another flavonoid
compound, isorhamnetin, remarkably decreased the serum levels
of liver enzymes and inflammatory cytokines and improved patho-
logical damage in ConA-induced ALF mice by inhibiting apopto-
sis and autophagy via the P38/PPAR-a pathway.®? Pre-treatment
with fucosterol, which is isolated from the brown alga Eisenia
bicyclis, preserved liver functions and attenuated liver necrosis
and apoptosis by decreasing the release of TNF-a, IL-6, and IL-
1B, down-regulating Bax/Bcl-2 and inhibiting P38 MAPK/PPARY/
NF-xB signalling.63 Pre-treatment or cotreatment with salidroside,
a glycoside extract isolated from Rhodiola rosea L., is effective in
reducing the expression of liver enzymes and attenuating patho-
logical damage via suppression of inflammation and the PI3K/AKT
signalling pathway to inhibit apoptosis and autophagy in ConA-
treated mice.®*

As ConA was demonstrated to be a potent autophagy inducer
via a mitochondria-mediated pathway,®> most studies have been ef-
fective in attenuating ConA-induced ALI via reduction in autophagy.
However, we recommend expanding the related studies on auto-
phagy regulation and liver injury recovery in ConA-treated animal
models because there is also evidence indicating that autophagy
up-regulation contributes to liver protection. For example, treat-
ment with FK866 or rapamycin before treatment with ConA ame-
liorated liver injury in ALF mice via up-regulation of autophagy and

suppression of the JNK signalling pathway.**

3.4 | Modulation of autophagy reduces CCl -
induced ALI

CCl, is reported to induce high levels of oxidative stress, inflam-
mation, necroptosis and apoptosis in liver tissue by up-regulating
hypoxia-inducible transcription factor-la (HIF-1a) expression and
activating the TLR4/NF-kB pathway.® In CCl,-induced ALF models,
the expression of KLF6 is activated to enhance autophagy and liver
regeneration through transcriptional induction of Atg7 and Beclin-1
in a p53-dependent manner.® Another study indicated that the
caspase-9 inhibitor z-LEHD-FMK aggravated CCl,-induced ALl in

HepG2 cells, AML12 cells and mouse models via down-regulation
of cytoprotective autophagy, while up-regulation of HIF-1a resulted
in oxidative stress and TLR4/NF-kB-mediated inflammation.®® Pre-
treatment with genipin has been proven to induce the conversion of
LC3 and inhibit p62 accumulation in vivo, subsequently attenuating
CCl,-induced ALl via up-regulation of autophagic flux and down-reg-
ulation of NF-kB- and STAT3-dependent inflammation.®” Although
autophagy generally serves as a protective mechanism in CCl,-
induced ALI in vitro and in vivo, Dai et al argued that chloroquine
pre-treatment attenuated the secretion of high-mobility group box
1 (HMGB1)-mediated inflammatory factors such as IL-6 and TNF-a
and inhibited autophagy to attenuate CCl,-induced ALI. In addition,
chloroquine pre-treatment also inhibited apoptosis progression by
down-regulating NF-xB, p53, the ratio of Bax/Bcl-2, and caspase-3

in liver tissue.%®

3.5 | Genetic modification of autophagy has dual
effects on chemically induced ALI

Although knockdown of autophagy-related key factors in some
models aggravated chemically induced liver injury, it also pro-
vided strong resistance to liver damage. Knockout of Atg7 in
mice aggravated APAP-induced liver injury via activation of cas-
pase-3, caspase-7 and JNK, which resulted in the accumulation
of mitochondrial membrane depolarization, mitochondrial ROS
and hepatocyte apoptosis.®? Knockout of Atg7 promoted the
activation of macrophages, release of inflammatory factors, ac-
cumulation of dysfunctional mitochondria and disruption of ROS
degradation via up-regulation of p38/MAPK and NF-xB pathways
in ConA-induced ALL7° Similarly, deletion of eva-1 homolog A
(Evala) inhibited autophagy progression and aggravated liver in-
jury, as evidenced by up-regulation of aminotransferases, MPO,
inflammatory cytokines and mitochondrial injury in D-GalN/LPS-
induced ALF mice.”?

Specific deletion of Atg5 in mice resulted in constitutive acti-
vation of the NRF2 signalling pathway to up-regulate drug detox-
ification and GSH synthesis, subsequently promoting hepatocyte
proliferation and enabling mice to resist APAP overdose-induced
injury.”? On the other hand, Sun et al demonstrated that although
targeting factors upstream of autophagy did not alter autophagy
levels, the regulation protected against liver injury via other mech-
anisms in APAP-induced liver injury models. Although knockout
of Ulk1/2 did not alter the autophagic activity of hepatocytes in
mice upon overnight fasting, these mice showed strong resistance
to APAP-induced ALl via activation of JNK signalling both in vivo
and in vitro.”® Deletion of apoptosis-stimulating protein 2 of p53
(ASPP2) in mice protected them from CCl,-induced ALI via acti-
vation of autophagy and reduction of cellular inflammation and
apoptosis, as shown by decreased ALT and AST levels and reduced
hepatic tissue haemorrhage and necrosis.”* According to these
studies, we predict that genetic modifications will repair liver injury

by regulating autophagy.
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