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ARTICLE INFO ABSTRACT

Keywords: Autophagy is a degradation cellular process which also plays an important role in virus infection. Glutamine is
Glutamine an essential substrate for the synthesis of glutathione which is the most abundant thiol-containing compound
Glutathione within the cells and plays a key role in the antioxidant defense and intracellular signaling. There is an en-
Autophagy

dogenous cellular glutathione pool which consists of two forms of glutathione, i.e. the reduced form (GSH) and
the oxidized form (GSSG). GSH serves as an intracellular antioxidant to maintain cellular redox homeostasis by
scavenging free radicals and other reactive oxygen species (ROS) which can lead to autophagy. Under physio-
logical conditions, the concentration of GSSG is only about 1% of total glutathione, while stress condition can
result in a transient increase of GSSG. In our previous report, we showed that the replication of snakehead fish
vesiculovirus (SHVV) was significant inhibited in SSN-1 cells cultured in the glutamine-starvation medium,
however the underlying mechanism remains enigmatic. Here, we revealed that the addition of L-Buthionine-
sulfoximine (BSO), a specific inhibitor of the GSH synthesis, could decrease the y-glutamate-cysteine ligase
(GCL) activity and GSH levels, resulting in autophagy and significantly inhibition of the replication of SHVV in
SSN-1 cells cultured in the complete medium. On the other hand, the replication of SHVV was rescued and the
autophagy was inhibited in the SSN-1 cells cultured in the glutamine-starvation medium supplemented with
additional GSH. Furthermore, the inhibition of the synthesis of GSH had not significantly affected the generation
of reactive oxygen species (ROS). However, it significantly decreased level of GSH and enhanced the level of
GSSG, resulting in the decrease of the value of GSH/GSSG, indicating that it promoted the cellular oxidative
stress. Overall, the present study demonstrated that glutamine starvation impaired the replication of SHVV in
SSN-1 cells via inducing autophagy associated with the disturbance of the endogenous glutathione pool.

SHVV
Glutathione pool

1. Introduction injured cells for the maintenance of cellular homeostasis [1]. Previous
studies have shown that virus infection can regulate autophagy for-

Autophagy is a homeostatic process that occurs naturally or is ac- mation, and in turn, autophagy plays either pro- or antiviral roles in
tivated during infection or nutrient starvation to remove undesirable or virus replication and survival [2]. In recent years, growing evidence has
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indicated that the replication of many viruses was associated with the
autophagy process, such as Ebola virus [3], influenza virus [4], New-
castle disease virus [5], respiratory syncytial virus [6], Sendai virus [7].
The role of autophagy in viral replication is generally mediated by
autophagy-related proteins, which are targeted by viruses during in-
fection [8].

Glutamine (GIn) an important amino acid substrate which is es-
sential for glutathione (GSH) synthesis. It has been reported that the
glutamine deprivation regulates many DNA and RNA virus replications,
such as vaccinia virus [9], human cytomegalovirus [10], infectious
spleen and kidney necrosis virus [11], snakehead fish vesiculovirus
[12], red-spotted grouper nervous necrosis virus [13]. Glutamine star-
vation could reduce the endogenous GSH level. However, viral re-
plications can be regulated by GSH in a dual manner. In porcine cir-
covirus type 2 (PCV2) and dengue virus, additional glutamine inhibited
the viral replications by enhancing GSH levels [14,15]. By contrast,
additional glutamine promoted ISKNV replication by providing sub-
strates for GSH synthesis [11].

Glutathione, a tripeptide (y-L-Glutamyl-Cysteinyl-Glycine), is the
most abundant low molecular weight, thiol-containing compound in
living cells and widely distributed in animals and plants [16]. GSH can
be synthesized from glutamate by two successive enzymatic reactions.
First, gamma-glutamyl cysteine is synthesized from L-glutamate and
cysteine catalyzed by gamma-glutamylcysteine synthetase (y-GCL).
Subsequently, glycine is added to the C-terminal of cysteine catalyzed
by glutathione synthetase (GSS) [17]. There is an endogenous cellular
glutathione pool which consists of two forms of glutathione, i.e. the
reduced form (GSH) and the oxidized form (GSSG). Under physiological
conditions, the concentration of GSSG is only about 1% of total glu-
tathione, i.e. the value of GSH/GSSG is around 100. While stress con-
dition can result in a transient increase of GSSG, resulting in the de-
crease of the GSH/GSHH value [18]. Likewise, GSH serves as an
intracellular antioxidant to maintain cellular redox homeostasis by
scavenging free radicals and other reactive oxygen species (ROS),
which can lead to autophagy [19]. It has been reported that glutamine
starvation depletes endogenous anti-oxidant GSH levels and promoted
oxidative stress in HuH-7 cells resulted in apoptosis [20].

Snakehead vesiculovirus (SHVV), belongs to the genus Vesiculovirus,
a member of the rhabdovirus family with a negative-sense ssRNA
genome of about 11kb in length, consists of five structural proteins:
nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycopro-
tein (G) and RNA-dependent RNA polymerase protein (L, large protein)
[21,22]. Recently, it has caused severe disease in snake head fish cul-
ture with a great economic loss [12,23].

In our previous report, we showed that the replication of snakehead
fish vesiculovirus (SHVV) was significant inhibited in SSN-1 cells cul-
tured in the glutamine-starvation medium [12]. In this study, we in-
vestigated the mechanism underlying the glutamine starvation-induced
autophagy and the synthesis of glutathione during SHVV infection. The
results showed that the inhibition of the GSH synthesis could disturb
the endogenous glutathione pool, which induced autophagy in SSN-
1 cells resulting in the suppression of SHVV replication. The obtained
results will shed a new light on the mechanism underlying the inhibi-
tion of viral replication by the starvation of glutamine.

2. Materials and methods
2.1. Cell line and virus

Striped snakehead fry (SSN-1) cell line was kindly provided by the
Shenzhen Animal & Plant Inspection and Quarantine Technology
Center (Shenzhen, China). The cells were cultured and maintained at
25°C in MEM medium (GIBCO, USA) with 10% fetal bovine serum
(FBS) (GIBCO, USA), penicillin (100 pg/ml), and streptomycin (100 pg/
ml). SHVV was isolated from the diseased hybrid snakehead fish from a
farm in Guangdong Province, China and kept in our laboratory [24].
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2.2. Reagents and antibodies

DMEM medium lacking D-glucose, L-glutamine, sodium pyruvate
and phenol red (catalog number A14430-01) was purchased from
Invitrogen (USA). Complete medium was prepared by adding 1 g/1 D-
glucose and 2mM L-glutamine into glucose- and glutamine-free
medium [12]. The glutamine-free medium was prepared by adding 1 g/
1 D-glucose into glucose- and glutamine-free medium. Antibodies
against LC3 were raised from rabbit and stored in our laboratory. The
antibody against beta-actin (Cat AD-103157) was purchased from Bioss
Biotechnology Co., LTD., Beijing, China. The secondary antibody
donkey anti-rabbit IgG antibody (Cat 926-68073) was purchased from
Gene Co., LTD., Shanghai, China. L-Buthionine-sulfoximine (BSO, CAS
83730-53-4) was purchased from Aladdin Co., LTD., Shanghai, China.

2.3. Cell viability assay

The viability of SSN-1 cells cultured in complete medium with BSO
(0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 2 mM) or glutamine-free medium with GSH
0, 0.1, 0.4, 1, 4, 8, 12mM) for 24h was performed according to
manufacturer's instruction of Cell Titer 96° Aqueous One Solution Cell
Proliferation Assay kit (MTS assay) (Promega, USA). The cell viability
was measured by absorbance at OD49o nm in an ELISA microplate
reader (Infinite M200 Pro, Tecan, Switzerland).

2.4. y-GCL and GSH/GSSG assays

The BSO is a y-GCL inhibitor, which prevents the conversion of
glutamate to glutathione [25]. SSN-1 cells cultured in glutamine-free
medium, with or without 1 mM BSO were collected by centrifugation at
10,000 rpm for 10 min at 4 °C. Later, the cells were washed twice with
phosphate buffer solution (PBS, Goodbio Technology Company,
Wuhan, China) and determined for y-GCL activity assay using y-GCL
detection kit (Nanjing Jiancheng Bioengineering Institute Co., Ltd,
Nanjing, China), and GSH and GSSG concentration assay kits (Beyotime
S0053) following the manufacturers protocols.

2.5. Reactive oxygen species (ROS) determination

The ROS assay was performed as described previously with minor
modification [26]. Briefly, the SSN-1 cells were grown in a 96-well
tissue culture plate for 24h with different glutamine concentrations
with or without BSO or in glutamine-free mediums with GSH different
concentrations. Each well was added with 100 ul of nitroblue tetra-
zolium (1 mg/ml) (Hi-medium), and the plate was further incubated at
25 °C for 60 min. The plate was centrifuged for 10 min at 540 g and the
supernatants were removed from each well. Then, the cells were fixed
by adding 100 pl of 70% methanol for 5 min. The cells were washed two
times with 70% cold methanol to eliminate the unreduced NBT present
in the cells. The NBT crystals were dissolved by adding 120 pl of 2M
potassium hydroxide to each well, followed by the addition of 140 pl of
dimethyl sulfoxide (DMSO). The absorbance was measured at 620 nm
in a microplate reader (Molecular Devices, USA).

2.6. The effect of BSO in SHVV and LC3 protein

SSN-1 cells were incubated with 1 multiplicity of infection (MOI) of
SHVV for 2h and then fed with complete medium with or without
1 mM BSO for 24 h. The virus mRNA and LC3 protein expression in
SHVV-infected cells were determined using qRT-PCR and western blot
(WB) assay, and the virus titer in the supernatant was measured by
TCIDso.

2.7. The effect of GSH in SHVV and LC3 protein

SSN-1 cells were incubated with 1 MOI of SHVV for 2 h and then fed
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Table 1
Primers used in the experiments.
Gens name Name Sequence(5”-3") Application
SSN1-B-actin Actin-F CACTGTGCCCATCTACGAG qRT-PCR
Actin-R CCATCTCCTGCTCGAAGTC
SSN1-ATG1 ATG1-F CCCACCATCCTTGGATCACC qRT-PCR
ATG1-R AGCTCTGCGACCTTCCAAAA.
SSN1-ATG4 ATG4-F CTAACAGACGACCGAGAGCA qRT-PCR
ATG4-R TCCACCAAGCACTCCACAAG
SHVV-N gene N-FW CCGCATCGGAAATCAAGCA qRT-PCR
N-BW GTTGACCGCTTGCCCAATT

with glutamine-free medium, with or without 0.1 mM GSH for 24 h. The
virus mRNA and proteins in SHVV-infected cells were determined using
qRT-PCR and WB, and the virus titer in the supernatant was measured
by TCIDso. The LC3 of SSN-1 cells were determined by WB assay.

2.8. Quantitative real-time reverse transcription-PCR (qRT-PCR)

The qRT-PCR was performed by a double standard quantitative
method as described previously [12]. Specific primers used are listed in
Table 1. The reaction cycles were performed in a LightCycler480 system
(Hoffmann-La Roche). B-actin was used as the internal control. All the
reactions were done in triplicates. The relative expression ratio was
calculated using the 2~ *“Cy method, and all data were given in terms
of relative mRNA expression.
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2.9. Western blot

Total proteins of SSN-1 cells were extracted by using cell lysis buffer
[50mM Tris-HCl (pH 8), 1mM EDTA, 150 mM NaCl, 0.1% NP-40,
1 mM DTT, and 1 X protease inhibitor]. The Cell lysates were separated
by SDS-PAGE (12% polyacrylamide gels) and then transferred onto a
nitrocellulose (NC) membrane (Biosharp, Wuhan, China). The mem-
branes were blocked for 2h at room temperature (RT) in Tris-buffered
saline (TBS, 50 mM Tris-HCl, 150 mM NaCl, pH 7.4) containing 2%
skim milk. Subsequently, the membranes were probed with the primary
antibody at RT for 2 h. After washing thrice with TBS with Tween 20
(TBS, 0.05% Tween 20, pH 7.4), the membranes were incubated with a
secondary antibody for at RT for 1h. The primary and secondary an-
tibodies were diluted 1000-fold and 10,000-fold, respectively in 2%
skim milk dissolved in TBST. The image was acquired using Odyssey
CLx (LI-COR, Inc, USA) and the signal intensity was quantified by
Quantity One” Software (Bio-Rad Laboratories).

2.10. Transmission electron microscopy

SSN-1 cells were collected after washing three times with ice-cold
1 x PBS. The cells were fixed with 4% paraformaldehyde at 4°C
overnight, subsequently post-fixed with 1% OsO,4 at RT for 1h and
dehydrated using ethanol. The dehydrated pellets were rinsed with
propylene oxide and then embedded in Spurr resin for sectioning.
Ultrathin sections of the samples were observed under an H-7000FA
transmission electron microscope (Hitachi, Japan) at 160 kV.
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Fig. 1. Cell viability of SSN-1 cultured in medium supplemented with additional BSO or GSH.

(A) Cell viability of SSN-1 cultured in medium supplemented without or with different concentrations of BSO. (B) y-GCL activities in SSN-1 cells cultured in medium
supplemented without or with different concentrations of BSO. (C) Cell viability of SSN-1 cultured in glutamine free medium supplemented without or with different
concentrations of GSH. At 24 h post of the treatments, cell viability and y-GCL activity were measured. Data were analyzed for statistical differences between the
groups by one-way analysis of variance (ANOVA). Differences among the groups were considered significant when P* < 0.05 and highly significant when
P** < 0.01. The error bars were representative of standard deviation (mean = SD; n = 9).
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2.11. Indirect immunofluorescent assay (IFA)

SSN-1 cells cultured for overnight in 12 well plates were fixed using
ice-cold 100% methanol for 15 min at —20 °C. The cells were washed
twice with PBS and then blocked with 1% bovine serum albumin (BSA)
at RT for 1 h. After blocking, the cells were washed with PBS and then
incubated at 28 °C for 1 h with the LC3 (diluted 1:1000 in PBS with 1%
BSA) antibody. Subsequently, the cells were washed three times with
PBS-Tween 20 (PBST), incubated with a secondary antibody FITC Goat
Anti-Rabbit IgG (1:200 dilution in PBS with 1% BSA), at 28°C for
30 min. The cells were counterstained with DAPI (2, 4-diamidino-2-
phenylindole) (Beyotime, China) and washed twice with PBST before
analyzing through cell photographic imaging multifunctional detection
system (Axio imager A2, Germany).

2.12. Statistical analysis

Data were analyzed for statistical differences between the groups by
one-way analysis of variance (ANOVA). Differences among the groups
were considered significant when P* < 0.05 and highly significant
when P** < 0.01. The error bars were representative of standard de-
viation (mean =+ SD).

-Glutamine
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Fig. 2. Lacking of glutamine (glu) or glutathione
(GSH) induced autophagy.

(A) Observation of autophagosomes in SSN-1 cells
using transmission electron microscopy. The cells
were fixed at 24h post-glutamine deprivation. (I)
SSN-1 cells culture in complete medium were used as
a control. (II) SSN-1cells cultured in medium
without glutamine. The vesicle with characteristics
of autophagosomes was indicated by arrow. (B) The
expression of LC3 in SSN-1cells was revealed by
immuno-fluorescence assay (IFA). SSN-1 cells had
been cultured in complete medium, glutamine free
medium and complete medium supplemented with
1 mM BSO for 24 h, respectively. Thereafter, the ex-
pression of LC3 was revealed by FITC (green). The
nuclei were stained with DAPI (blue). The LC3 dot
was indicated by arrows. (For interpretation of the
references to colour in this figure legend, the reader
is referred to the Web version of this article.)

3. Results
3.1. Glutamine or glutathione deprivation lead to autophagy of SSN-1 cells

To investigate whether BSO or GSH were toxic for the growth of
SSN-1 cells, first of all, we evaluated the viability of SSN-1 cells grown
in complete medium with different concentrations of BSO or GSH. As
showed in Fig. 1A, the cell viability was not affected in complete
medium containing BSO ranged from 0.1 to 1 mM but a significant
decrease in the survival of the cell could be observed in the medium
with 2 mM BSO. Hence, 1 mM BSO was preferred for our supplementary
studies. We further evaluated the activity of y-GCL in SSN-1 cells cul-
tured for 24h in glutamine-free medium with or without 1 mM BSO.
The results showed that the activity of y-GCL in the cells cultured with
and without BSO was 1.7U/mg and 3.0 U/mg, respectively (Fig. 1B). No
changes were seen in the cells when cultured with various GSH
(0-12 mM) concentrations (Fig. 1C). Next, we wanted to know whether
the glutamine or glutathione deprivation could lead to autophagy in
cells. The SSN-1 cells was determined by transmission electron micro-
scopy (TEM) after culturing for 24 h in medium with or without glu-
tamine. The TEM photomicrographs showed the formation of typical
autophagosome vesicles around the nucleus in SSN-1 cells cultured in
medium without glutamine for 24 h, which was not observed in the



C. Lietal

Nucleoprotein gene

-
o

e
(=]
1

o
»
1

o
+

o
N
1

Relative expression levels

o
=)

1 - ]
Complete Complete+BSO

Titer (l 0g ()'I‘CI l)50/m|)

Colmplete+BSO

1
Complete

B —-
i
LC31 “  ammp—
LC3I1

N

Fish and Shellfish Immunology 86 (2019) 1044-1052

17 KDa
g e 15KDa

1 1.29

S s KDa

| 0.69

B-actin  — 4> KDa

Relative expression levels

S

S

o

e

¢

Complete Complete+BSO

.04
[ complete
8 el « 2 complete+BSO
6-
4-
A0 [ E | | B
0

T
ATG4

Fig. 3. Inhibition the synthesis of GSH induced autophagy and suppressed viral replication.

The SHVV infected SSN-1 cells were cultured in medium in the presence or absence of BSO. (A) The mRNA of nucleoprotein gene of SHVV was determined by qRT-
PCR. (B) Nucleoprotein of SHVV and LC3 of SSN-1 were determined by Western blot (WB). (C) The replication of SHVV was determined by viral titer. (D) The mRNA
levels of ATG1 and ATG4 were determined by qRT -PCR. Data were analyzed for statistical differences between the groups by one-way analysis of variance (ANOVA).
Differences among the groups were considered significant when P* < 0.05 and highly significant when P** < 0.01. The error bars were representative of standard

deviation (mean * SD;n = 9).

cells cultured with glutamine (Fig. 2A). To determine whether the au-
tophagy was also triggered by glutathione starvation, an indirect im-
munofluorescent assay was performed using LC3 antibody on SSN-
1 cells cultured in complete medium with or without 1 mM BSO. The
green fluorescence was observed profusely in SSN-1 cells cultured in
complete medium. Whereas, sparse green dots were seen in the cells
cultured in medium without glutamine or in complete medium sup-
plemented with 1 mM BSO, indicating that the autophagy was induced
by glutathione starvation (Fig. 2B). In summary, lack of glutamine or
glutathione could cause autophagy in SSN-1 cells.

3.2. Inhibition of GSH induced autophagy to suppress viral replication

To study the effect of GSH starvation could induce the autophagy on
SSN-1 cells and its impact on SHVV replication. SSN-1 cells were in-
fected with 1 MOI of SHVV and then cultured in complete medium,
with or without 1 mM BSO. At 24 h post of infection, the N gene mRNA
and N protein were significantly reduced to 70% and 69%, respectively
(Fig. 3A and B). LC3 is an important indicator of autophagy, the con-
version of LC3I to LC3II protein ratio represents the activation and the
level of autophagy. Our western blot results showed that the addition of
BSO could increase the conversion ratio of LC3II/LC3I protein level
than without BSO containing medium (Fig. 3B). The virus titer of SHVV
cultured in BSO was significantly reduced to 66% when compared to
complete medium (Fig. 3C). Autophagy-related genes (ATGs) are group
of genes which are usually used as markers of autophagy. Among them,
ATG1 protein and ATG4 protein could inhibit the autophagy process.
ATG1 protein inhibits the autophagosome formation, while ATG4 in-
hibits both at the initial processing of LC3 (priming) and at the deli-
pidation step. When the SSN-1 cultured in the complete medium
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supplemented with 1 mM of BSO, the mRNA levels of ATG1 and ATG4
was significantly decreased to 72% and 66%, respectively (Fig. 3D),
indicating that BSO could inhibit the autophagy process associated with
ATG1 and ATG4 proteins in SSN-1 cells.

3.3. Adding GSH inhibited autophagy and promote viral replication

To determine the effects of GSH on the autophagy and SHVV re-
plication, SSN-1 cells were infected with 1 MOI of SHVV for 2h and
then fed with glutamine-free medium with or without 0.1 mM GSH for
24 h. In contrast to GSH starvation, an addition of GSH has significantly
increased the SHVV N gene mRNA and protein level to 3.8 and 1.46
times, respectively (Fig. 4A and B), an addition of GSH has decreased
the conversion of LC3I to LC3II (Fig. 4B). The virus titer increased was
increased to 134% compared to that in complete medium (Fig. 4C) and
the mRNA of ATG1 and ATG4 were significantly increased to 122% and
177% compared to those in complete medium, respectively (Fig. 4D).
All the data above suggested that the GSH could inhibit autophagy and
promoted the SHVV viral replication in SSN-1 cells.

3.4. Glutamine was used in the synthesis of GSH to promote viral replication

To determine the effect of glutamine and GSH on the replication of
SHVV, we measured the expression of N protein of SHVV during the
infection in cells cultured in medium with various concentration of
additional glutamine with or without BSO (Fig. 5A and B). With the
addition of glutamine, the level of SHVV N protein has increased from 1
to 1.19. However, with the addition of BSO, it decreased the N protein
from 1 to 0.76 (without additional glutamine) and from 1.19 to
1.07(with additional 1 mM glutamine).
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3.5. GSH deprivation induced autophagy by disturbing GSH/GSSG ratio

To better understand the regulation of GSH starvation response in-
duce autophagy, glutamine, BSO or GSH were added in the glutamine-
free medium. The results showed that the GSH starvation or addition of
GSH did not have any impact on ROS production in SSN-1 cells (Fig. 6A
and B). To assess the effect on the ratio of GSH/GSSG in the exposed
cells, the GSH and GSSG level and the ratio of GSH/GSSG were mea-
sured. Under physiological condition (cells cultured in complete
medium without SHVV infection), the concentration of GSH and GSSG
was 3.86 and 0.043, respectively, with the ratio of GSH/GSSG was 89.8
(Fig. 6C-E). However, under SHVV infection, the concentration of GSH
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and GSSG was 1.86 and 0.14, respectively, with the ratio of GSH/GSSG
was 13.3 (Fig. 6C-E). While, under SHVV infection with addition of
BSO, the concentration of GSH and GSSG was 0.03 and 0.12, respec-
tively, with the ratio of GSH/GSSG was 0.25 (Fig. 6C-E). Apparently,
the addition of BSO not only inhibited the synthesis of GSH, but also
disturbed the balance of the GSH and GSSG, resulting in the promotion
of cellular oxidative stress (Fig. 6E).

4. Discussion

In our previous study, we demonstrated that infection of glutamine
depleted SSN-1 cells with SHVV, reduced the production of SHVV viral
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analysis of variance (ANOVA). Differences among the groups were considered significant when P* < 0.05 and highly significant when P** < 0.01. The error bars

were representative of standard deviation (mean * SD;n = 9).

particles [12]. However, the participation of glutamine starvation could
induce autophagy in piscine cells and its impact on virus replication is
unknown. In this study, glutamine starvation-induced autophagy
pathway was profoundly analyzed in SSN-1 cells and the influence of
starvation-induced autophagy in the replication of SHVV in SSN-1.
Autophagy is a self-degradative process that is indispensable for the
cell in response to nutrient starvation and other types of stressful con-
ditions, such as pathogen infection [27,28]. Depletion of GSH also en-
hances autophagy [18,29,30]. In the current study, GSH was success-
fully depleted in SSN-1 cells by using y-GCL inhibitor BSO, as reported
previously [31]. It has been reported that GSH depletion has been re-
ported earlier in the range from 0.1 to 10 mM BSO [32,33]. Our study
showed that addition of various concentrations of BSO or glutamine did

not alter much in the survival of cells (Fig. 1). Considering this we used
an average volume of BSO (1 mM) and GSH (0.1 mM) to avoid over-
loading the cells to induce the autophagy. The results showed the evi-
dences of autophagy characterized by autophagic vacuoles within the
cell by TEM and the accumulation of LC3 on the autophagosomal
membranes by indirect immunofluorescence in 1 mM BSO treated cells
(Fig. 2) and the fluctuation ratio of LC3II/LC3I (Fig. 3B), indicating that
incorporation of BSO supports the autophagy as reported by Refs.
[31,34]. However, the addition of GSH in glutamine free medium
withdrawn the autophagy marker levels (LC3II/LC3I) (Fig. 4B). Similar
reports have been stated that the addition of glutamine had increased
the expression of autophagy markers in fibroblasts [35], rat intestinal
epithelial cells and human colonic epithelial cells [36] and in
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dopaminergic cells [34]. On one hand, we tested the N protein by WB in
glutamine free medium and 1 mM glutamine medium with or without
BSO to verify the glutamine (Fig. 5A and B) has a same role with GSH
(Figs. 3 and 4) on the effect of virus replication because glutamine
could be used for GSH synthesis. Therefore it is reasonable to believe
that glutamine depletion could disturb the GSH synthesis. On the other
hand, to confirm the autophagy formation we quantified the mRNA
level of ATG1 and ATG4, the results showed both ATG1 and ATG4 were
decreased during GSH depletion (Fig. 3D), while they were increased
during the addition of GSH (Fig. 4D). This may be due to the starvation
inhibit the mTOR activity and repress the activity of ATG1, which
participates in the formation of complete autophagosomal structure
[37]. In addition, ATG4 is a target for redox regulation under starvation
and the accumulation of lipidatation LC3 (LC3-II) might suppress the
ATG4 activity [38]. These results suggest that deprivation of GSH in
SSN-1 cells could decrease the ATG1 and ATG4 activity, resulting in the
enhancement of LC3-II level and autophagy.

It has also been demonstrated that ROS are essential for starvation-
induced autophagy and specifically target ATG4 [38]. Hence, we
evaluated the ROS level and redox regulation levels of SSN-1 cells
treated with BSO. Our current results demonstrate that supplementa-
tion of BSO had significantly decreased the levels of GSH (reduced form
of glutathione), and GSH/GSSG ratio was < 1 (Fig. 6C-E), without
fluctuating the ROS production (Fig. 6A and B). The reduced GSH could
be oxidized to GSSG with the conversion of H,O, into water [39]. In a
resting cell, the molar GSH: GSSG ratio is about 100:1, while in various
models of oxidative stress, this ratio has been demonstrated to decrease
rapidly to values of about 1:1 [40]. The ratio of GSH/GSSG represents a
reliable measure of oxidative stress which can lead to autophagy
[41-43]. Above all, addition of GSH decreased the value of GSH/GSSG
and promoted cellular oxidative stress and autophagy [18].

It has been shown that deprivation of glutamine broke the balance
of GSH and GSSG during ISKNV replication [11]. However, the oxida-
tive stress including the synthesis of ROS had not been characterized. It
has been reported that generation of ROS through oxidative stress in-
duces autophagy [44]. Recently, there is growing evidence that BSO
enhances autophagy with no correlation with the generation of ROS
[18,30,31]. The present study clearly demonstrated the BSO and GSH
starvations could induce autophagy in SSN-1 cells without changing the
ROS levels.

In this study, we further assessed autophagy pathway in SSN-1 cells
during SHVV infection. Under the GSH starvation conditions, virus
titer, N gene, and protein levels were decreased revealing that the
SHVV replication was repressed (Fig. 3), while the addition of GSH
restored SHVV replication (Fig. 4). There have reported that influenza
virus and ISKNV replication were both suppressed by GSH within the
range of 1-30mM [11,45]. This suggests that viral multiplication
benefits from a low GSH concentration. Mechanistic investigation of
EF25-(GSH)2 (double glutathione with curcumin) revealed that low
concentration of the compound induced autophagy, while high con-
centrations activated a reversal of the autophagy process [46]. Maybe
GSH also has the similar phenomenon of autophagy that reflects on
virus replication in a dual way.
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