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ARTICLE INFO ABSTRACT

Liver injury is one of the hallmark features of severe dengue virus (DENV) infection since DENV can replicate in
the liver and induce hepatocytes to undergo apoptosis. N-acetyl cysteine (NAC), which is a clinically-used drug
for treating acetaminophen toxicity, was found to benefit patients with DENV-induced liver injury; however, its
mechanism of action remains unclear. Accordingly, our aim was to repurpose NAC in the preclinical studies to
investigate its mechanism of action. Time of addition experiments in HepG2 cells elucidated effectiveness of NAC
to reduce infectious virion at pre-, during- and post infection. In DENV-infected mice, NAC improved DENV-as-
sociated clinical manifestations, including leucopenia and thrombocytopenia, and reduced liver injury and hepa-
tocyte apoptosis. Interestingly, we discovered that NAC significantly reduced DENV production in HepG2 cells
and in liver of DENV-infected mice by induction of antiviral responses via interferon signaling. NAC treatment
in DENV-infected mice helped to maintain antioxidant enzymes and redox balance in the liver. Therefore, NAC
reduces DENV production and oxidative damage to ameliorate DENV-induced liver injury. Taken together, these
findings suggest the novel therapeutic potential of NAC in DENV-induced liver injury and recommend evaluating

Keywords:

Dengue virus
N-acetyl cysteine
Dengue replication
Antiviral response
Liver injury

its efficacy and safety in humans with DENV-induced liver injury.

1. Introduction

Dengue virus (DENV) infection is one of several arboviral diseases
that affect humans that are accelerating their spread into and across the
tropical and subtropical regions of the world (Murray et al., 2013). Pa-
tients with DENV infection can develop any one of a range of disease
severities, including self-controlling comparatively mild dengue fever
(DF), dengue hemorrhagic fever (DHF), or the most severe dengue shock
syndrome (DHS). Although all 4 of the DENV serotypes (serotypes 1-4)
are-known to cause disease, the severity of disease was reported to differ
among serotypes and strains (Fox et al., 2011; Vicente et al., 2016). The
disease pathogenesis of DENV infection is complex with serotype speci-
ficity (Lin et al., 2011; Martina, 2014), and is still being investigated.

Liver injury was evident in DENV-infected patients (Samanta and
Sharma, 2015), and was reported to be one of the major disease crite-

ria for the severe forms of DENV infection by the World Health Orga-
nization (WHO) (Jayaratne et al., 2012). The clinical pathology of liver
injury has been studied in DENV infection, and virus replication was
found to be one of the factors that contributes most to liver impairment
(Franca et al., 2010). In an immunocompetent mouse model of DENV
infection exhibiting liver injury, inhibitors of mitogen-activated protein
kinases (MAPKs) limited hepatic cell apoptosis and reduced liver injury
in DENV-infected mice; however, these inhibitors were not able to re-
strict virus replication in the liver (Sreekanth et al., 2014, 2016, 2017,
2018).

Drug repurposing in the advancement of dengue antiviral develop-
ment was recently reviewed (Low et al., 2018). In the present study,
N-acetyl cysteine (NAC), a United States Food and Drug Administration
(US FDA)-approved mucolytic drug and dietary supplement, is widely
used as an antioxidant (Mokhtari et al.,, 2017), and to treat aceta-
minophen (also known as paracetamol) overdose (Yoon et al., 2016)
was repurposed against DENV-induced liver injury. Two cohort studies

* Corresponding author. Department of Anatomy, Faculty of Medicine Siriraj Hospital, Mahidol University, 2 Wanglang Road, Bangkoknoi, Bangkok, 10700, Thailand.
=+ Corresponding author. Siriraj Center of Research Excellence for Molecular Medicine, Faculty of Medicine Siriraj Hospital, Mahidol University, 2 Wanglang Road, Bangkoknoi, Bangkok,

10700, Thailand.
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ARTICLE INFO ABSTRACT

Keywords: Dengue virus (DENV) infection is a disease that is endemic to many parts of the world, and its increasing
Mitogen-activated protein kinase signaling prevalence ranks it among the diseases considered to be a significant threat to public health. The clinical
Pathogenesis manifestations of DENV infection range from mild dengue fever (DF) to more severe dengue hemorrhagic fever

Dengue virus infection (DHF) and dengue shock syndrome (DSS). Increased proinflammatory cytokines and vascular permeability, both

of which cause organ injury, are the hallmarks of severe dengue disease. Signs of liver injury were observed in
studies using hepatic cell lines, mouse models, and autopsy specimens from DENV-infected patients, and these
signs substantiated the effects of inflammatory responses and hepatic cell apoptosis. Mitogen-activated protein
kinases (MAPK) are involved in inflammatory responses and cellular stress during viral infections. The roles of
MAPK signaling in DENV infection were reviewed, and published data indicate MAPK signaling to be involved in
inflammatory responses and hepatic cell apoptosis in both in vitro cultures and in vivo models. Modulation of
MAPK signaling ameliorates the inflammatory responses and hepatic cell apoptosis in DENV infection. This
accumulation of published data relative to the role of MAPK signaling in inflammatory responses and cell
apoptosis in DENV infection is elucidatory, and may help to accelerate the development of novel or repositioned

therapies to treat this unpredictable and often debilitating disease.

1. Introduction

Dengue virus (DENV) infection, which is most prevalent in tropical
countries, is one of the most important arbo-viral diseases of the 21st
century [1]. Four serotypes of DENV are recognized based on anti-
genicity, and each causes clinical disease [2]. However, multiple strains
of each serotype have been identified among outbreaks that developed
in endemic areas. DENV-infected patients show different levels of
clinical severity, including mild fever (DF), dengue hemorrhagic fever
(DHF), and dengue shock syndrome (DSS), the last of which is the most
severe. The hemorrhagic form of DENV infection includes plasma
leakage and hematologic disorders. Secondary DENV infection may
lead to shock [3] and multiple organ injuries [4,5].

In 1964, Nelson and colleagues first noted the association between
DENV infection and thrombocytopenia [6-8]. The hematologic aspects
of dengue infections were well-reviewed in 1982 by Halsted, et al. [9].
Abnormalities in hematologic parameters were also observed in animal
models, with thrombocytopenia being consistently and prominently
reported [10,11]. Boonpucknavig, et al. detected antigens of DENV, and
described them as irregular granules in reticuloendothelial cells of the

liver, lymph nodes, and spleen of female mice infected with DENV [12].
Later, clinical manifestations of DENV infection that correlated with
liver injury were investigated. Aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), and gamma-glutamyl transpeptidase
(GGT) levels were reported to be abnormal in DENV-infected patients,
and AST was significantly higher than ALT [13].

Apoptotic cell death and phagocytic cell activation were pre-
liminarily given as the explanations for DENV-induced liver injury, with
the associated importance of viral replication being thereafter reported
[14-16]. The pathologic highlights of liver injury in DHF patients were
reported from an extensive pathologic study in DENV infection con-
ducted in Myanmar [17]. In that study, livers of DENV-infected patients
had the classical signs of cell death in varying degrees, with morpho-
logic changes that included ballooning of hepatocytes, cytoplasmic
vacuolization, dilated sinusoids with debris, and Kupffer cell hyper-
plasia. With clear signs of necrosis, the positive staining of cytoplasmic
cleaved caspase-3 in the liver revealed apoptotic cell death. Spleno-
megaly with dilated splenic sinusoids that contained red blood cells and
positive caspase-3 staining were observed [17].

DENV can induce inflammatory response and hepatic cell apoptosis

* Corresponding author at: Department of Anatomy, Faculty of Medicine Siriraj Hospital, Mahidol University, 2 Wanglang Road, Bangkoknoi, Bangkok 10700, Thailand.
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High viral load with liver injury is exhibited in severe dengue virus (DENV) infection. Mitogen activated
protein kinases (MAPKs) including ERK1/2 and p38 MAPK were previously found to be involved in the
animal models of DENV-induced liver injury. However, the role of JNK1/2 signaling in DENV-induced
liver injury has never been investigated. JNK1/2 inhibitor, SP600125, was used to investigate the role
of JNK1/2 signaling in the BALB/c mouse model of DENV-induced liver injury. SP600125-treated DENV-
infected mice ameliorated leucopenia, thrombocytopenia, hemoconcentration, liver transaminases and
liver histopathology. DENV-induced liver injury exhibited induced phosphorylation of JNK1/2, whereas
SP600125 reduced this phosphorylation. An apoptotic real-time PCR array profiler was used to screen
how SP600125 affects the expression of 84 cell death-associated genes to minimize DENV-induced liver
injury. Modulation of caspase-3, caspase-8 and caspase-9 expressions by SP600125 in DENV-infected
mice suggests its efficiency in restricting apoptosis via both extrinsic and intrinsic pathways. Reduced
expressions of TNF-o. and TRAIL are suggestive to modulate the extrinsic apoptotic signals, where
reduced p53 phosphorylation and induced anti-apoptotic Bcl-2 expression indicate the involvement of
the intrinsic apoptotic pathway. This study thus demonstrates the pivotal role of JNK1/2 signaling in
DENV-induced liver injury and how SP600125 modulates this pathogenesis.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

et al., 2010) where apoptosis is evident (Limonta et al., 2007).
Elevated alanine transaminase (ALT) and aspartate transaminase

Dengue virus (DENV) infection is one of the most important
arbo-viral diseases of the 21st century, most prevalent in tropical
and sub-tropical countries (Gubler, 2002). DENV-infected patients
show different levels of disease severity; dengue fever, dengue
hemorrhagic fever, or the most severe dengue shock syndrome. The
hemorrhage signs of DENV infection are represented by plasma
leakage and hematologic disorders. Severe infection may lead to
hypovolemic shock in DENV infection (Halstead, 2007) with mul-
tiple organ injuries (Ghosh et al., 2011; Schmitz et al., 2011).

Liver injury is reported in severe DENV-infected patients (Trung

* Corresponding author. Department of Anatomy, Faculty of Medicine Siriraj
Hospital, Mahidol University, Bangkok 10700, Thailand. Tel.: +66 2 419 2754;
fax: +66 2 411 0169.
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0166-3542/© 2017 Elsevier B.V. All rights reserved.

(AST) are observed in the patients (Arora et al., 2015; Nguyen et al.,
1997; Treeprasertsuk and Kittitrakul, 2015) and animal models
(Franca et al., 2010; Paes et al., 2005, 2009; Sreekanth et al., 2016;
Sreekanth et al., 2014) of DENV infection. Histopathology corre-
lated with transaminase level is used to understand the severity of
liver injury (de Macedo et al., 2006; Huerre et al., 2001). Histopa-
thology of DENV-induced liver injury in Balb/C mice was thor-
oughly studied (Sakinah et al., 2016). DENV infection induces
apoptosis in HepG2 cells (Morchang et al., 2011; Thepparit et al.,
2013; Thongtan et al., 2004). DENV infection undergoes apoptosis
via activated caspase-8 (Liao et al., 2010), and overexpression of
pro-inflammatory cytokines and chemokines including TNF-q, IL-8
and RANTES leads to vascular permeability in DENV-infected pa-
tients (Chareonsirisuthigul et al.,, 2007; Pang et al., 2007). DENV-
induced TNF-o. mediates apoptosis (Cardier et al., 2005), and TNF-
related apoptosis-inducing ligand (TRAIL) modulates type I and
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Reducing MAPKAPK2, HSP27, and ATF2
Phosphorylation
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Abstract

Dengue virus (DENV) infection causes organ injuries, and the liver is one of the most impor-
tant sites of DENV infection, where viral replication generates a high viral load. The molecu-
lar mechanism of DENV-induced liver injury is still under investigation. The mitogen
activated protein kinases (MAPKSs), including p38 MAPK, have roles in the hepatic cell apo-
ptosis induced by DENV. However, the in vivo role of p38 MAPK in DENV-induced liver
injury is not fully understood. In this study, we investigated the role of SB203580, a p38
MAPK inhibitor, in a mouse model of DENV infection. Both the hematological parameters,
leucopenia and thrombocytopenia, were improved by SB203580 treatment and liver trans-
aminases and histopathology were also improved. We used a real-time PCR microarray to
profile the expression of apoptosis-related genes. Tumor necrosis factor a, caspase 9, cas-
pase 8, and caspase 3 proteins were significantly lower in the SB203580-treated DENV-
infected mice than that in the infected control mice. Increased expressions of cytokines
including TNF-a, IL-6 and IL-10, and chemokines including RANTES and IP-10in DENV
infection were reduced by SB203580 treatment. DENV infection induced the phosphoryla-
tion of pP88MAPK, and its downstream signals including MAPKAPK2, HSP27 and ATF-2.
SB203580 treatment did not decrease the phosphorylation of p38 MAPK, but it significantly
reduced the phosphorylation of MAPKAPK2, HSP27, and ATF2. Therefore, SB203580
modulates the downstream signals to p38 MAPK and reduces DENV-induced liver injury.
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ARTICLE INFO ABSTRACT

Afﬁf{e history: The liver is considered to be an important organ of dengue virus (DENV) replication and pathogenesis.
Received 19 December 2013 However, molecular mechanisms of hepatic injury are still poorly understood. Modulation of Mitogen
Received in revised form 24 March 2014 Activated Protein Kinases (MAPKs) was previously shown to affect DENV-induced apoptosis of hepa-

Accepted 24 March 2014

Available online 1 April 2014 tocytes in vitro. However, the in vivo role of ERK1/2, a member of the MAPK family, and the question

whether its activation can facilitate cell survival or cell death, has not been thoroughly investigated.
Therefore, the role of ERK1/2 in a mouse model of DENV infection was examined. Our results show that

II;?; Wzgdjirus DENV induces phosphorylation of ERK1/2 and increases apoptosis. Inhibition of phosphorylated ERK1/2
ERK%/Z by the selective ERK1/2 inhibitor, FR180204, limits hepatocyte apoptosis and reduces DENV-induced
Liver injury liver injury. Clinical parameters, including leucopenia, thrombocytopenia, transaminases and histology,
Apoptosis show improvements after FR180204 treatment. The expression of cell death genes was further identified
FR180204 using real-time PCR array and Western blot analysis. Caspase-3 was significantly decreased in FR180204
treated DENV-infected mice compared to the levels of untreated DENV-infected mice suggesting the role

of ERK1/2 signaling in immune-mediated liver injury during DENV infection.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction et al., 2004) and in a murine model of DENV infection (Barth et al.,

. infection i f . 2006; Chen et al., 2004; Franca et al., 2010; Paes et al., 2005, 2009).
Dengue virus (DENV) infection is one of the most important Apoptosis of hepatic cells, which may be related to the pathogen-

mosqu1t9—borne .v1ra1 d1§e§ses, Whl,Ch 1 (?ndemlc n troplcal a'nd esis of DSS, has been observed both in vitro and in vivo (Couvelard
sub-tropical regions. Clinical manifestations of DENV infection et al. 1999: El-Bacha et al. 2007: Huerre et al. 2001: Limonta

include dengue fever (DF), dengu? hemqrrhagic fever (DHF), and et al.,, 2007; Lin et al., 2008; Marianneau et al., 1998; Morchang
dgngue shock sypdrome(DSS). Patients with DHFgenerallypresept et al, 2011; Nagila et al, 2011, 2013; Netsawang et al., 2010
with hemorrhagic tendencies, plasma leakage, thrombocytopenia, Thongtan et al., 2004). DENV infection promotes apoptosis in the

gnd h.emoc.oncenFration. DSS may occur in cases of subsequent hepatoma cell line, HepG2, partly through the induction of TRAIL, a
infection w itha dlffe.rent. serotypg of DENV (Halstegd, 2007)1 member of the death receptor pathway (Matsuda et al., 2005). TNF-
. Hepatic dyjfunctlon Isa crucn.al feat:ire lseen n .DENV 1réfeF— «a and Fas signaling also contribute to DENV-mediated apoptosis

tion (Hafstea ’ 2(,)07)' Tralnsammase .eve S arel mcrea'se n (Limjindaporn et al., 2007; Nagila et al., 2013). The mitochondria
DENV-infected patients (Halstead, 1988; Kuo et al., 1992; Souza of DENV-infected HepG2 cells exhibit functional and morpholog-
ical defects, suggesting activation of the mitochondrial cell death

* Corresponding author at: Department of Anatomy, Faculty of Medicine Siriraj pathway (El-Bacha et al., 2007). Similarly, DENV infection of Huh-

Hospital, Mahidol University, Bangkok, Thailand. Tel.: +66 2419 7035; 7 cells, another hepatoma cell line, alters mitochondrial function
fax: 66 2419 7035. and expression of p53 (Nasirudeen and Liu, 2009; Nasirudeen

E-mail addresses: thawornchai.lim@mahidol.ac.th, limjindaporn@yahoo.com N ; i
(T. Limjindaporn). et al.,, 2008). Therefore, both virus and cytokines contribute to

http://dx.doi.org/10.1016/j.virusres.2014.03.025
0168-1702/© 2014 Elsevier B.V. All rights reserved.



