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GCN2 kinase is a key regulator of fibrogenesis and
acute and chronic liver injury induced by carbon
tetrachloride in mice

Elena Arriazu', Marina Ruiz de Galarreta', Marfa J Lopez-Zabalza', Tung Ming Leung?, Natalia Nieto? and
Marfa J Iraburu’

General control nonderepresible 2 (GCN2) is a highly conserved cytosolic kinase that modulates a complex response for
coping with the stress owing to lack of amino acids. GCN2 has been recently shown to be involved in the regulation of
metabolic balance and lipid degradation rate in the liver. We hypothesized that GCN2 could have a role in in hepatic
fibrogenesis and in the response to acute or chronic liver injury. Activation of GCN2 in primary or immortalized human
hepatic stellate cells by incubation with medium lacking the essential amino acid histidine correlated with decreased
levels of collagen type | protein and mRNA, suggesting an antifibrogenic effect of GCN2. In vivo studies with Gen2 knock-
out mice (Gen2 ~/ ) showed increased susceptibility to both acute or chronic liver damage induced by CCly, as shown by
higher alanine aminotransferase and aspartate aminotransferase activities, increased necrosis and higher inflammatory
infiltrates compared with wild-type mice (WT). Chronic CCl, treatment increased deposition of interstitial collagen type |
more in Gen2~/~ mice than in WT mice. Col7al and colTa2 mRNA levels also increased in CCly-treated Gen2 ~/~ mice
compared with WT mice. These results suggest that GCN2 is a key regulator of the fibrogenic response to liver injury.
Laboratory Investigation (2013) 93, 303-310; doi:10.1038/labinvest.2012.173; published online 14 January 2013
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GCN2 (general control nonderepressible 2), is a cytosolic
kinase present in all cell types that becomes activated
by the accumulation of uncharged tRNAs,»? triggering a
highly conserved and well-orchestrated pathway leading to
changes in protein expression and helping to cope
with the stress caused by nutrient deficiency.>* The effects
of GCN2 activation were initially described to modulate
processes related to protein metabolism or amino acid
transport. However, recent studies have demonstrated the
role played by GCN2 in other cellular responses, such as
sensitivity to RNA viral infection® or T-cell differentiation.®
Although GCN2 is typically activated by amino acid
deprivation, UV exposure”® or high levels of urea® can also
lead to GCN2 activation. These data suggest that GCN2
could act as a key regulator to the cellular response under
stress conditions.

Previous work indicates that in the liver GCN2 contributes
to the control of protein balance during deprivation of

essential amino acids'? and has also been shown to regulate
hepatic fatty-acid metabolism!'! and hepatic insulin
sensitivity.'> Gen2 '/~ mice are more sensitive to oxidative
stress induced in the liver by an imbalanced diet and present
decreased levels of glutathione peroxidase in the liver.!> Most
of the studies have focused on stress caused by amino acid
deprivation, yet the role of GCN2 in liver injury and
fibrogenesis has not been studied. Work from our group
suggested that GCN2 could be a regulator of the biology of
hepatic stellate cells (HCS), the cell type mainly responsible
for collagen deposition in the liver. Both in primary and in
immortalized HSC, activation of GCN2 induced by either by
amino acid restriction or by proteasome inhibition caused a
fast and sustained decrease in intracellular hydrogen peroxide
levels.'* This result pointed to GCN2 as a potential regulator
of fibrogenesis, as hydrogen peroxide has been shown to
induce collagen production and to mediate the profibrogenic
action of TGF-B on HSC.!>-17
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In the present paper we explored the role of GCN2 on the
regulation of collagen type I expression in HSC and in the
response to acute and chronic liver damage. Using in vitro
and in vivo approaches, we demonstrate that GCN2 has a key
role in collagen type I production by HSC and protects from
liver injury and fibrosis in mice.

MATERIALS AND METHODS

Cell Culture and Treatments

Cell culture experiments were carried out using primary
human HSC and the human HSC line LX-2. This non-
tumoral cell line was obtained after immortalization in low-
serum media culture of HSC isolated from normal primary
human HSC!® and was kindly provided by Dr SL Friedman,
Mount Sinai School of Medicine, New York. Cells were
cultured in Dulbeccos’s modified Eagle’s medium
supplemented with 1% fetal bovine serum, penicillin/
streptomycin and non-essential amino acids for 36h.
The medium was replaced with serum-free Dulbeccos’s
modified Eagle’s medium for 12h, after which treatments
were carried out.

Primary human HSC were kindly provided by Dr F Hong,
Mount Sinai School of Medicine, New York. Cells were cul-
tured in minimun essential medium (MEM) supplemented
with 10% fetal bovine serum and penicillin/streptomycin for
36 h. The medium was replaced with serum-free MEM for
12 h, after which treatments were added.

Cells were treated by replacing the media with MEM
without histidine for 4, 8 and 24 h. Control cells were in-
cubated with complete MEM, containing histidine 270 uM.
Cell culture reagents were obtained from Gibco BRL (Grand
Island, NY, USA).

Western Blot

The antibodies used on western blot analysis were: total
GCN2, phospho-specific GCN2, LC3I and II from Cell Sig-
naling Technology (Beverly, MA, USA), collagen type I from
Millipore; f-actin and p62 from Sigma (St Louis, MO, USA).
Following incubation with primary antibodies, membranes
were washed and incubated with a secondary polyclonal
(Bio-Rad, Hercules, CA, USA) or monoclonal (Amersham
Life Science, Arlington Heights, IL, USA) antibodies, con-
jugated to horseradish peroxidase. Immunoreactive proteins
were detected by enhanced chemiluminescence system
(Roche Molecular Biochemicals, Lewes, UK). Figures are
representative of at least three independent experiments.

Cell Viability

To evaluate cell viability in vitro, trypan blue staining was
used for determination of dead cells by dye exclusion. For
these assays 1 x 10° LX-2 cells were seeded in 100 mm culture
dishes and treated during 24h either with histidine-free
medium or complete medium. The cells were trypsinized,
incubated with trypan blue (0.2% in phosphate-buffered
saline) and counted within 3 min under light microscopy
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using a hemocytometer. Triplicate samples form two in-
dependent experiments were examined for each data point.
When indicated, cells were pretreated for 30 min with either
chloroquine or 3-methyl adenine, obtained from SIGMA
Chemical Company.

Quantitative Real-Time RT-PCR

Sybrgreen quantitative real-time RT-PCR was performed in a
Roche Lightcycler 480 using the following PCR primers:
human COLIA]I forward 5'-ACGCTAACCCCCTCCCCAGC-
3’ and human COLIAI reverse 5-CGGTGGCCGCTAAG
AGGAGC-3’; human COLIA2 forward 5'-CGGCAGCAGG
AGGTTTCGGC-3’ and human COL1A2 reverse 5'-GTCGCA
GAGCCCCTGGGTCA-3"; mouse COLIA1 forward 5'-GCGG
TAACGATGGTGCTGTT-3" and mouse COLIAI reverse 5'-
CTTCACCCTTAGCACCAAC-3'; mouse COL1A2 forward
5'-TTGTCGCCAGTGAG-3’ and mouse COL1A2 reverse
5'-CTGGTCCTGCTGGT-3'. All values were normalized to
glyceraldehyde-3-phosphate dehydrogenase levels. Results
were expressed as relative fold change.

Animal Study Design

Homozygous mice for the GCN2.KO4 mutant locus and their
WT littermates were used (The Jackson Laboratory, Bar
Harbor, ME, USA). Mice received humane care in com-
pliance with the guidelines of the National Institutes
of Health and Animal Care Committee at the Mount Sinai
School of Medicine. Acute liver injury was induced by
injecting intraperitoneally 0.05 ml of CCly/kg of body weight
(25% v/v in mineral oil). Chronic liver injury was induced by
injecting intraperitoneally 0.05 ml of CCly/kg of body weight
(25% v/v in mineral oil) twice a week for 4 weeks. Control
groups were injected with mineral oil. Mice were maintained
at 22 °C with 12h light/dark cycle, were fed standard chow
diet, had free access to water, and were killed under ketamine/
xylazine anesthesia 48 h after the last dose of CCly.

Serum Transaminases

Blood was collected from the retro-orbital vein under
anesthesia, centrifuged at 3000 r.p.m. for 3 min, and serum
was separated to assay for alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) using kits from Pointe
Scientific (Canton, MI, USA).

Liver Histology and Immunohistochemistry

Liver samples were fixed in 10% buffered formalin and em-
bedded in paraffin. Five micrometer sections were dehydrated
and stained with hematoxylin and eosin (H&E) and were
evaluated by a liver pathologist. The sirius red/fast green
staining was carried out as according to Lopez-De Leén and
Rojkind.!® Collagen type I immunostaining was carried out
using a monoclonal antibody (Millipore, Darmstadt,
Germany) and ImmunoCruz-staining system.
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Figure 1 Time course analysis of GCN2 (general control nonderepresible 2) phosphorylation and collagen type | protein levels in hepatic stellate cells
(HSC) treated with histidine-free medium. (a) The cell line LX-2 was treated from 30, 60, 120 and 240 min with medium without histidine and total and
phospho-active GCN2 levels were determined by western blot. (b) LX-2 and primary human HSC were treated from 4 to 24 h with medium without
histidine and collagen type | production was determined by western blot. Upper panels, representative immunoblots. Lower panels, densitometry
values referred to the loading control. Each bar represents the mean = s.d. of protein fold change compared with control of four independent
experiments (*P<0.05; **P<0.01, a vs 4h control; b vs its own control; C control; His"’, histidine-free medium).

RESULTS

Activation of GCN2 Decreases Collagen Type |
Expression in HSC

The first experiments were aimed to establish the effect of
GCN2 activation on collagen type 1 expression by HSC.
GCN2 was activated by incubation with histidine-free med-
ium, and phosphorylated GCN2 (the active form of the en-
zyme) and protein levels of collagen type I were analyzed by
western blot. As shown in Figure 1a, incubation of LX-2 cells
with histidine-free medium increased phosphorylated GCN2
time-dependently up to 4h. Both in LX-2 cells and in pri-
mary human HSC, collagen-I protein expression decreased
after incubation with histidine-free medium up to 24h
(Figure 1b).

To determine whether changes in collagen type I protein
expression in response to GCN2 activation were due to
transcriptional inhibition, the COLIAI and COLIA2 genes
mRNA levels were analyzed. As shown in Figure 2a, in con-
trol LX-2 cells, which were incubated in complete medium,
COLIAI and COLIA2 mRNAs increased after 24h. In
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contrast, both mRNAs remained unchanged in cells cultured
with histidine-free medium. The same effects were observed
in primary human HSC (Figure 2b).

Autophagy is Not Induced By GCN2 Activation in HSC
GCN2 has been described in different cell types to mediate
autophagy induced by amino acid starvation or by tRNA
accumulation, suggesting a possible role of autophagy in the
response of HSC to GCN2 activation. We first evaluated the
effect of autophagy inhibitors chloroquine and 3-methyl
adenine on the viability of HSC in response to GCN2 acti-
vation. As shown in Supplementary Figure 1, both autophagy
inhibitors caused in LX-2 a decrease on cell viability, which
was more significant for chloroquine than for 3-methyl
adenine. GCN2 activation by histidine deprivation enhanced
LX-2 viability both in control cells and in cells pretreated
with autophagy inhibitors.

To analyze whether GCN2 activation does in fact induce
autophagy in HSC, western blot analysis of LC3I, II and of
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Figure 2 Time course analysis of collagen type | mRNA levels in hepatic stellate cells (HSC) treated with histidine-free medium. Analysis of COL1AT and
COLTA2 mRNA levels by quantitative PCR were carried out in the cell line LX-2 (@) or in primary human HSC (b) treated from 4 to 24 h with histidine-
free medium. Values are referred to basal levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA. Control represents non-treated cells
and was given the value of one. Each bar represents the mean + s.d. of mRNA fold change compared with control of at least triplicate data from four
independent experiments (*P<0.05; **P<0.01, a vs 4h control; b vs its own control; His"/°, histidine-free medium).

p62 was carried out in LX-2 incubated with histidine de-
prived medium. GCN2 activation did not alter p62 levels
and failed to enhance LC3I and II levels (Supplementary
Figure 2).

Acute CCl, Injection Causes More Liver Injury To

Gcn2 /"~ than to WT Mice

We had previously demonstrated that GCN2 activation
causes an increase in HSC viability and a decrease in
intracellular hydrogen peroxide levels.!> These results as well
as the antifibrogenic action described above, suggested that
GCN2 could have a role in regulating the response to liver
damage. To evaluate this possibility we studied the effects of
acute and chronic liver injury in Gen2 ™/~ mice.

Acute CCly treatment caused increased ALT and AST ac-
tivities by 4.1 and 3.9-fold, respectively, in Gen2 ™/~ mice
compared with WT mice (Figure 3a).

Hematoxylin and eosin (H&E) staining showed more ne-
crotic areas in CCly-treated Gen2 ™/~ mice compared with
WT mice, although there was more inflammation in acute
CCly-treated WT than in Gen2 ™/~ mice (Figure 3b). Pa-
thological scores based on the Brunt classification validated
these findings. The necrosis score was 2.5+0.26 and
15+0.34 for CCly-treated Gen2™/~ mice and WT
mice, respectively. The inflammation score was 1.1 £0.22
and 2.0+0.35 for CCly-treated Gen2~/~ and WT mice,
respectively.

Chronic CCl; Injection Causes More Liver Injury to
Gcen2~/~ than to WT Mice

Chronic CCly treatment increased ALT and AST activities 3.3
and 3.2-fold, respectively, in Gen2 ™/~ compared with WT
mice (Figure 4a).
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H&E staining showed more necrosis and inflammation in
Gen2 '~ compared with WT mice (Figure 4b). The necrosis
scores were 2.9 £ 0.1 and 2.4 + 0.4 for CCly-treated Gen2 ™/~
and WT mice, respectively; the inflammation scores for
CCly-treated Gen2~/~ and WT mice were 2.1+0.7 and
1.7 £ 0.2, respectively.

To evaluate whether the higher sensitivity of Gen2 ™/~
mice to liver injury was owing to different levels of CYP2E2,
protein levels of this enzyme were determined by western blot
in liver samples of WT and Gen2 ~/~ mice. No difference was
found (data not shown).

Chronic CCl, Treatment Increases Collagen-l in Gen2 7/~
Compared with WT Mice
As shown in Figure 5a, Gen2 ™~/ control mice had increased
basal collagenous proteins compared with WT mice. Liver
sections from CCly-treated Gen2~’~ mice showed more
collagenous proteins deposition compared with WT mice.
Collagen type I deposition was greater in CCly-treated
Gen2 ™/~ mice compared with WT mice (Figure 5b).
Finally, mRNA levels for Collal and Colla2 were analyzed.
Both collal and colla2 mRNAs showed a significant increase
in CCly-treated Gen2 ™/~ mice compared with WT mice
(Figure 6).

DISCUSSION

Liver injury triggers a pathological response characterized by
tissue damage and inflammatory infiltration leading to he-
patic fibrosis. Collagen type I production by activated HSC
contributes to the development of liver fibrosis. TGF-f,!>
reactive oxygen species'®!” and acetaldehyde!” regulate
collagen type I production by HSC via transcriptional and
translational mechanisms. Amino acid levels also exert
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Figure 3 Analysis of the effects of acute carbon tetrachloride (CCl,) treatment on Gen2 ~/~ mice. Wild-type (WT) or Gen2 =/~ mice were injected with
CCly (0.05 ml/kg of body weight) or with mineral oil (MO) for the controls, and killed 48 h later. (a) Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) activities in blood samples collected from retro-orbital vein 24 h after treatment. Each bar represents the mean +s.d. of 1U/I
compared with control of at least triplicate data from four independent experiments (*P<0.05; **P<0.01). (b) Liver sections of WT and Gen2~/~ mice
treated with either MO or CCl, and stained with hemotoxylin and eosin. Green arrows point to necrosis ( x 400).

important regulatory effects in HSC. Studies from our
group demonstrated that increased levels of the essential
amino acid leucine had a profibrogenic effect on HSC,
stimulating selective translation of collal via ROS
production and eIF4E phosphorylation.?%?! Previous results
obtained in fibroblasts indicated that amino acid deprivation
could be antifibrogenic,’>?** and our own data in HSC
suggested this possibility, as histidine deprivation decreased
hydrogen peroxide,!* a key activator of collagen type I
production.

In the present study we analyzed the effects of GCN2
activation on collagen type I production by HSC. On the
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basis of data from other groups and our own, GCN2 acti-
vation was induced by incubation of HSC in the absence of
histidine, an essential amino acid. There was a decrease in
both collagen type I protein and mRNA levels of COLIAI
and COLIA2 mRNAs in response to GCN2 activation by
histidine deprivation. As changes in metalloproteinase
(MMP) activity or in the levels of its inhibitor TIMP1 could
be involved in diminishing collagen-I deposition, protein
levels of MMP1, MMP2, MMP9 and MMP13 and TIMP1
were analyzed in primary human HSC treated with histidine-
free medium. None of these proteins changed in response to
GCN2 activation (data not shown).
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Figure 4 Analysis of the effects of chronic carbon tetrachloride (CCly) treatment on Gen2 =/~ mice. Wild-type (WT) or Gen2~/~ mice were injected
with either mineral oil (MO) for the controls or 0.05ml/kg of body weight of CCl, twice a week for 1 month. Mice were killed 48 h after the last
injection. Blood was collected from retro-orbital vein. (a) Serum analysis of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) of WT
and Gen2 =/~ mice. Each bar represents the mean + s.d. of 1U/l compared with control of at least triplicate data from four independent experiments
(¥*P<0.05; **P<0.01). (b) Liver sections of WT and Gen2 =/~ mice treated with either MO or CCl, stained with hematoxylin and eosin. Green arrows
point to necrosis areas and yellow arrows point to inflammation areas, characterized by lymphocyte infiltration ( x 400).

GCN?2 activation induced by amino acid restriction?* or
tRNA accumulation? has been shown to cause autophagy in
different cell types. The role of autophagy in liver injury is
complex. On the one hand, autophagy has been shown to
protect against liver injury from alcohol and oxidative
stress.”®?”  On the other, autophagy contributes to
activation of HSC, a key process leading to hepatic fibrosis
in HSC.?® In our system, activation of GCN by histidine
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deprivation failed to induce autophagy in HSC and had a
protective effect, counteracting the loss of viability caused by
autophagy inhibitors. These results suggest that GCN2 exerts
in HSC antifibrogenic and protective effects, which are
unrelated to autophagy.

Although further research should establish in greater detail
the molecular mechanisms involved in the downregulation of
collagen type I by GCN2 activation, there are evidence from
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Figure 5 Collagen content on liver sections of chronic carbon tetrachloride (CCly)-treated Gen2 =/~ mice. Wild-type (WT) or Gen2 =/~ mice were
injected with either mineral oil (MO) for the controls or 0.05 ml/kg of body weight of CCl, twice a week during one month. Forty-eight hours after the
last injection mice were killed. (a) Liver sections stained with fast green/sirius red that specifically stains collagen fibers in red. (b) Collagen-I

immunostaining carried out using a monoclonal antibody.
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Figure 6 Collagen type | mRNA levels in chronic carbon tetrachloride
(CCly)-treated Gen2~/~ mice. Wild-type (WT) or Gen2~/~ mice were
injected with either mineral oil (MO) for the controls or 0.05 ml/kg of
body weight of CCl, twice a week during 1 month. Mice were killed 48 h
after the last injection. Analysis of Col1al and Col1la2 mRNA levels was
carried out by quantitative PCR in liver homogenates. Values were
referred to basal levels of Gadph mRNA. Controls represent non-treated
mice and were given the value of one. Each bar represents the

mean + s.d. of mRNA fold change compared with controls (**P<0.01).

the literature pointing to the possibility of collagen-I being
transcriptionally regulated. Amino acid deficiency typically
activates ATF-4 and other members of the leucine-zipper
family such as CHOP and C/EBP-f via GCN2.>* Some
members of this family of transcription factors have been
shown to participate either in the upregulation'>?° or in the
downregulation®®3! of the collal and colla2 genes in rat
HSC, and other cells.’> Therefore, downregulation of collal
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and colla2 genes could be part of the modification of gene
expression mediated by GCN2 to cope with stress situations.

The hepatoprotective role of GCN2 was further established
when the effects caused by acute and chronic injury in mice
lacking GCN2 were evaluated. Although Gen2 ™/~ mice have
been characterized in other experimental approaches such as
their response to amino acid deficiency,'®!? to our knowledge
this is the first study evaluating the ability of these mice to react
to stress not directly related to nutritional conditions. After
acute and chronic CCly-treatment, Gen2 ™/~ mice exhibited
increased ALT and AST activities, more necrotic areas and, in
the case of chronic treatment, enhanced inflammatory cell
infiltration and collagen type I production. Control Gen2 ™/~
mice showed greater collagen type I deposition compared with
control WT animals, suggesting that lack of GNC2 induces by
itself a fibrogenic effect that could be further enhanced by the
response to chronic liver injury. Thus, GCN2 could be involved
in the regulation of basal collagen type I production in the
absence of liver injury.

The reason(s) why Gen2 ™'~ mice are more sensitive to
liver damage remain to be established. Recent studies have
shown a regulation of hepatic cytochrome P450 (CYP) 3A
because of activation of GCN2 by proteasome inhibition,
pointing to a possible alteration on members of the CYP
family on Gen2 ™/~ animals. However, analysis on WT and
Gen2~/~ mice of hepatic levels of CYP2E2, the main
responsible for CCl; metabolization, did not show any
difference. Data form our own group and others indicate that
oxidative stress could be involved in the higher susceptibility
of Gen2™/~ mice to liver injury. Gen2 ™/~ mice present
decreased levels of glutathione peroxidase in the liver!® and
we found GCN2 activation by histidine deprivation to have
antioxidant effects on hepatocytes and HSC, causing a
decrease in intracellular hydrogen peroxide levels.'
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Therefore, GCN2-deficient mice would lack a protective
pathway than can be triggered by different stimuli and this
could contribute to their being more sensitive to liver
damage.

In summary, our results indicate that GCN2 can be an

important regulator of the liver injury and fibrosis in the
acute and chronic setting. Thus, GCN2 may be a potential
target for antifibrotic or hepatoprotective strategies.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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