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Abstract
Severe Acute Liver Failure (SALF) is characterized by sudden dysfunction of liver cells 

in previously healthy persons without known underlying liver disease. Effective therapeutic 
approaches are necessary in an attempt to minimize the damage resulting from liver failure. 
Glutamine is considered to be an amino acid that plays many essential metabolic functions. 
This study was designed to evaluate the action of glutamine in protecting against cellular 
disturbances resulting from Thioacetamide (TAA)-induced SALF in rats. Two doses of 
thioacetamide (400 mg/kg) and 3 doses of glutamine (25 mg/kg) (ip) were administered. 
The experiment lasted 48 hours. Glutamine reduced blood levels of AST and ALT in TAA-
treated rats. Histological evaluation indicated that glutamine acted in tissue protection by 
reducing the infl ammatory infi ltrate, ballooning and centrilobular necrosis induced by SALF, 
consequently restoring the hepatic parenchyma. Glutamine increased total protein levels 
and decreased carbonylated protein levels in the liver of SALF animals. Glutamine also 
acted by modulating HSF-1 and heat shock proteins expression, as well as by decreasing 
the expression of proteins involved in endoplasmic reticulum stress (GRP78, ATF6 and 
CHOP), and modifying the expression of apoptosis-related (Bcl -2, Bax and caspase 3) and 
autophagy-related (mTOR, Beclin1 and LC3α/β) proteins. These effects related to changes in 
PI3K, Akt and FOXO3a expression. Data obtained support a potential hepatoprotective role of 
glutamine in SALF.

How to cite this article: Schemitt EG, Rosa CGS, Fillmann HS, Dias AS, Marroni CA, Marroni NP. Glutamine Modulates Heat Shock 

Proteins, Endoplasmic Reticulum Stress and Cell Death in Rats with Thioacetamide-Induced Severe Acute Liver Failure. J Biomed Res 

Environ Sci. 2024 Jan 13; 5(1): 021-032. doi: 10.37871/jbres1868, Article ID: JBRES1868, Available at: https://www.jelsciences.com/

articles/jbres1868.pdf

Introduction
Severe Acute Liver Failure (SALF), often called fulminant hepatic 

failure, is an un-common clinical syndrome which occurs in previously 
healthy patients as a result of sudden loss of hepatocyte functions 
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associated with coagulopathy and encephalopathy. 
It is a fast-progressing often fatal disorder, which 
occurs in a matter of days or a few weeks [1]. The 
etiology of SALF is complex, so diff erent therapies 
may be needed to promote liver repair. Patients with 
SALF with undetermined etiologies or with etiologies 
identifi ed as viral hepatitis, drug-induced liver 
damage and more recently the SARS-CoV-2 infection, 
are candidates for emergency liver transplantation 
[2,3]. However, although transplanta-tion is the most 
eff ective therapy for this condition, it is not always 
possible due to the rapid progression and/or shortage 
of organs, which limits its use. Thus, reproducible 
ex-perimental animal models that resemble 
clinical conditions are used to test new thera-peutic 
approaches aimed to increase the survival of patients 
with SALF [4,5].

Diff erent mechanisms, including alteration 
of heat shock proteins, Endoplasmic Re-ticulum 
(ER) stress and cell death processes are implicated 
in the pathophysiology of SALF. Under conditions 
of cellular stress there may be a disruption in the 
capacity of the chaperone system or heat shock 
proteins, which maintain cell survival by repairing 
or degrading damaged proteins [6,7]. Disturbance 
of cellular homeostasis may also result in excessive 
accumulation of unfolded proteins in the lumen of the 
ER, triggering ER stress, which leads to activation of 
the unfolded protein response through translocation 
of the transmembrane Transcription Factor (ATF6) to 
the cell nucleus, where it infl uences the ex-pression 
of response genes, such as GRP78 and CHOP proteins 
[8,9]. Apoptosis also occur in SALF, with. Abnormal 
expression of the Bax and Bcl-2 family of proteins, 
which plays an important role in the cascade of 
reactions that activate caspase 3, triggering the 
apop-totic cell death [10]. There are also changes in 
the catabolic process of autophagy, that in-volves the 
self-degradation of cellular components in a process 
controlled by a molecular complex containing the 
Beclin-1 protein, which activates the formation 
of autophago-somes by converting cytosolic-3-
associated Light Cell Protein (LC3-I) to the LC3-II 
form[11,12]. The PI3K/Akt signaling pathway is an 
essential regulator of the survival signals or cell death 
which also alters in SALF, resulting in a wide range of 
biological processes in-cluding apoptosis [13].

The xenobiotic thioacetamide (TAA, C2H5NS) is 
a crystalline organosulfur com-pound that causes 
cytomegaly and impairs hepatic activity. One of the 
TAA metabolites, thioacetamide-S-oxide, promotes 

acute toxic liver injury, characterized by centrilobular 
necrosis with subsequent regenerative response 
and severe SALF [14-16]. Glutamine (Gln), the most 
abundant blood amino acid, is used to produce energy 
in various organs and participates in cell proliferation, 
immune function, acid-base balance and the 
regulation of gene expression [17,18]. Diff erent studies 
have demonstrated the benefi cial eff ects of Gln ad-
ministration on liver injury by promoting an increase 
in the activity of antioxidant en-zymes, protecting 
against apoptosis or having a trophic potential in 
hepatocytes [17-19]. In animal models of SALF we 
have previously reported that Gln reduces oxidative 
dam-age by modulating antioxidant enzymes and 
activating the Nrf2 pathway, and also de-creases the 
expression of infl ammatory mediators [20,21].

In the present study we investigated the eff ects 
of Gln on heat shock proteins, ER stress, markers 
of apoptosis and autophagy, and the PI3K/Akt 
pathway in rats with ex-perimental SALF induced by 
administration of TAA. Results obtained support a 
potential protective role of the amino acid.

Materials and Methods
Ethical considerations

All animal procedures were in accordance with 
2008 Brazilian Law 11,794 and followed the standards 
of the National Council of Control of Animal 
Experimentation (CONCEA). The study was approved 
by the Ethical Committee on the Use of Animals 
(CEUA) of the Hospital de Clínicas of Porto Alegre 
(HCPA) under nº 15-0175. The study was conducted 
at the Animal Experimentation Unit (UEA) and at the 
HCPA Experimental Laboratory of Hepatology and 
Gastroenterology.

Experimental procedures

The animals were kept in plastic boxes (47 x 34 x 
18 cm) lined with wood shavings, with a light/dark 
cycle of 12 hours and temperature between 18 and 22°C 
during the experiment. Water and feed were given 
ad libitum. Twenty-eight male Wistar rats weighing 
about 300 g were used at 3 months of age. The 
animals were divided into four groups: Control (CO), 
Control Glutamine (CO+G), Thioacetamide (TAA) and 
Thioacetamide Treated with Glutamine (TAA+G).

For induction of SALF, two doses of 400 mg/kg/
animal TAA diluted in 1 ml of 0.9% NaCl (ip) were 
administered at 8-hour intervals[20,21]. In the animals 
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of the CO group, 1 mL of 0.9% NaCl was administered. 
The treatment was performed with Gln (25 mg/kg) 
diluted in 1 mL of 0.9% NaCl and administered (ip) 
in the animals of the CO+G and TAA+G groups. The 
fi rst administration was performed SALF an hour 
after the last administration of TAA. The following 
doses were given 24 and 36 hours after the start of the 
experiment, respectively [21]. TAA and Gln were from 
Sigma Chemical®, St. Louis, USA. 

After 48 hours, the animals were weighed and 
anesthetized with ketamine hydrochloride (95 mg/
kg) and 2% xylazine hydrochloride (8 mg/kg) ip. 
Blood was collected from the retro-orbital plexus 
with a glass capillary tube and placed in a heparinized 
tube.

The animals were submitted to euthanasia by 
excess anesthetics, at a dose three times higher 
than usual, following the guidelines for euthanasia 
practice of the National Council of Control of Animal 
Experimentation [22]. Once death was confi rmed, 
shaving and disinfection of the abdominal region were 
performed with subsequent surgical intervention, 
initiated with medial ventral laparotomy, and 
subsequent liver removal for analysis and storage in 
sections. One fragment was frozen at -80°C for further 
analysis and another fragment was immersed in 10% 
formaldehyde solution for 24 hours for histological 
analysis.

Liver enzymes

A Labtest® Liquiform enzymatic kit was used 
for plasma determination by kinetic measurement 
of enzymes Aspartate Aminotransferase (AST) and 
Alanine Aminotransferase (ALT). 

Microscopic evaluation

Tissue samples were fi xed in 10% formalin and 
embedded in paraffi  n. In the next step, the paraffi  n 
blocks were attached to the microtome (Leitz® 1512) 
for obtaining 3-μ sections. In the staining phase, 
slides were dipped in Hematoxylin & Eosin (HE) dyes 
for 5 minutes each, then subjected to a running water 
bath. In the dehydration phase, the structures passed 
through 3 containers with absolute alcohol and 2 with 
xylol. Thereafter, the coverslip was placed on the 
slide using Canada Balsam. The slides were evaluated 
through a microscope equipped with a digital camera 
to capture images using Image-Plus software (Media 
Cybernetics®, Bethesda, USA) at 200X magnifi cation.

Preparation of homogenates

Nine ml of phosphate buff er were used per gram of 
tissue and then homogenized in Ultra-Turrax (IKA-
WERK) for approximately 40 seconds and kept on ice, 
followed by centrifugation in Refrigerated Centrifuge 
(SORVALL RC-5B Refrigerated Superseed Centrifuge) 
for 10 minutes at 4000 rpm [23]. The precipitate was 
discarded and the supernatant used to quantify total 
and carbonylated proteins.

Total and carbonylated protein

Total protein concentration in liver homogenate 
was quantifi ed by the Bradford method [24]. A 
commercial kit (MAK 094 Sigma-Aldrich, USA) 
was used to determine carbonylated proteins at a 
spectrophotometric absorption of 375 nm. 

Western blotting

Cytoplasmic and nuclear extracts were prepared 
from liver homogenates using a specifi c lysis buff er 
and protease inhibitors [25]. The supernatant fraction 
was collected and stored at -80°C in aliquots for 
further analysis. The lysed proteins were Separated by 
Dodecyl Gel Sulfate-Polyacrylamide Electrophoresis 
(SDS-PAGE) and transferred to Polyvinylidene 
Fluoride (PVDF) membranes [26]. The membranes 
were then blocked with 5% skim milk in Tris Buff er 
Containing 0.05% Tween (TTBS) for 60 minutes at 
37°C. Thereafter, primary antibodies were incubated 
and remained under stirring overnight at 4°C. The 
following proteins were evaluated: HSF-1 (75 kDa), 
HSP27 (27 kDa), HSP70 (70 kDa), HSP90 (90 kDa), 
ATF-6 (90 kDa), GRP78 (78 kDa), CHOP (30 kDa), PI3K 
(85 kDa), Akt (62 kDa), FOXO3A (87-99 kDa), Bcl-2 
(26 kDa), BAX (23 kDa), Caspase 3 (32 kDa), mTOR 
(211-245 kDa), Beclin-1 (60 kDa) e LC3α/β (15-18 
kDa) (Santa Cruz Biotecnology, Santa Cruz, CA, USA) 
at 1:200 to 1:1000 dilution with TTBS in skim milk 
at 5%. Primary antibody bound to HRP was detected 
with anti-mouse IgG , anti-rabbit  IgG  or anti-goat 
IgG  antibodies (Santa Cruz Bio Technology, Santa 
Cruz, CA, USA ).  Protein detection was performed 
by chemiluminescence using a commercial ECL kit 
(Amersham Pharmacia Biotech, Little ChSALFont, 
UK). The density of specifi c bands was quantifi ed 
through image densitometry software (Scion Image, 
Maryland, MA).  

Statistical analysis

Results were expressed as mean ± Standard Error 
of the Mean (SEM). The groups were compared by 



024Schemitt EG, et al. (2024) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1868

one-way ANOVA followed by Newman-Keuls Student 
test for multiple comparisons. The data were analyzed 
with the GraphPad InsTat 3.1 program. 

Results
Effects of TAA and glutamine on blood enzymes 
and liver proteins

Measurement of AST and ALT levels in plasma 
showed that there was a signifi cant increase of both 
enzymes in the TAA group as compared to the control 
groups and a sig-nifi cant decrease in the TAA+G 
group as compared to the TAA group. Quantifi cation 
of total protein levels in liver homogenates indicated 
a signifi cant decrease in the TAA group compared 
to control groups and a signifi cant increase in the 
TAA+G group compared to the TAA group. An inverse 
behavior was observed in carbonylated protein 
levels, where there was a signifi cant increase in the 
TAA group vs CO and CO+G groups and a signifi -cent 
decrease in the Gln-treated group (Table 1).

Effects of TAA and glutamine on liver histology

The histopathological evaluation of liver of rats 
with TAA-induced SALF revealed severe loss of 
hepatic architecture, with presence of infl ammatory 
infi ltrate, ballooning and extensive centrilobular 
necrosis. In contrast, in the Gln-treated group, re-
structuring of the hepatic parenchyma was observed, 
with reduction of the infl ammatory infi ltrate and 
ballooning and important decrease of necrotic areas 
(Table 2, fi gure 1).

Effects of TAA and glutamine on heat shock 
proteins

In the analysis of HSF-1 transcription factor and 

HSP70 and HSP90 proteins expres-sion, a signifi cant 
increase was observed in the TAA group in relation to 
the CO and CO+G groups and a signifi cant decrease in 
the TAA+G group. HSP27 decreased in the TAA group 
and increased in the TAA+G group as compared to the 
TAA group (Figure 2).

Effects of TAA and glutamine on markers of ER 
stress

Concerning markers of ER stress, analysis of ATF6 
transcription factor and CHOP and GRP78 proteins 
expression showed a signifi cant increase in the TAA 
group in rela-tion to the CO and CO+G groups and a 
signifi cant decrease in the TAA+G group (Figure 3).

Effects of TAA and glutamine on markers of 
apoptosis and autophagy 

The results for expression of proteins involved 
in the apoptosis cascade are shown in fi gure 4. 
Expression of Bcl-2 protein decreased in the TAA 
group when compared to con-trol groups and 
increased in the Gln-treated group. The Bax trigger 
protein and the apop-tosis eff ector protein caspase 3, 
increased in the TAA group compared to the CO and 
CO+G groups and expression decreased signifi cantly 
in the group of Gln-treated animals.

The expression of the autophagy-related proteins 
mTOR, Beclin1 and LC3α/β (Figure 5) showed a 
signifi cant increase in the TAA group as compared 
to control groups and a signifi cant decrease in the 
TAA+G group as compared to the group TAA.

Effects of glutamine on the PI3K/Akt pathway 
and FOXO proteins

Several molecules are mediators in cell signaling 

Table 1: Effects of SALF and glutamine on plasma Aspartate Aminotransferase (AST) and Alanine Aminotransferase (ALT), and liver total 
protein and carbonylated proteins levels.

CO G TAA TAA+G
AST 40,18 ± 10,98a 43,28 ± 9,4a 619,24 ± 99,1b 334,48 ± 39,12c

ALT 28,16 ± 4,31a 34,68 ± 3,99a 335,37 ± 42,38b 129,84 ± 29,38c

Total protein 35,2 ± 2,01a 38,62 ± 3,05a 15,26 ± 3,69b 23,45 ± 2,56c

Carbonylated proteins 98,23 ± 10,26a 102,54 ± 8,62a 238,78 ± 31,78b 179,83 ± 21,09c

Values are expressed as mean ± SEM. Means for a variable with superscripts without a common letter differed signifi cantly (p < 0.05).

Table 2: Effects of SALF and glutamine on histological scores.

CO G TAA TAA+G
Infl ammation (0-3) 0a 0a 2.83 ± 0.02b 1.19 ± 0.05c

Ballooning (0-3) 0a 0a 2.31 ± 0.05b 0a

Extensive Necrosis (0-3) 0a 0a 2.69 ± 0.03b 1.08 ± 0.03c

Histopathological staging: 0 = none; 1 = mild; 2 = moderate; 3 = severe. Values are expressed as mean ± SEM. Means for a variable with 
superscripts without a common letter differed signifi cantly (p < 0.05).
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Figure 1 Microphotographs of livers from the different experimental groups. In CO and CO+G groups, a normal hepatic parenchyma is observed. 
In TAA group, notice the destruction of the parenchy-ma with the presence of infl ammatory infi ltrate (if), ballooning (b) and necrosis (n). TAA+G 
shows liver tissue regeneration and damage reduction. Hematoxylin & eosin. Magnifi cation: 200x.

CO CO+G
TAA

TAA+G

HSF-1  75 kDa

HSP27  27 kD

HSP70  70 kD

HSP90  90 kD

GAAPDH  37 kD

HSP27

Figure 2 Effects of SALF and treatment with glutamine on heat shock proteins. Representative Western blot photographs (upper panel) and 
densitometric quantifi cation. HSF-1 facto, HSP27, HSP70 and HSP90 protein from liver extracts was separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, followed by immunoblotting. Equal loading of proteins is illustrated by GAPDH bands. Values are expressed 
as mean ± SEM. Means for a variable with superscripts without a common letter differed signifi cantly (p < 0.05).



026Schemitt EG, et al. (2024) J Biomed Res Environ Sci, DOI: https://dx.doi.org/10.37871/jbres1868

Figure 3 Effects of SALF and treatment with glutamine on endoplasmic reticulum stress. Representative Western blot photographs (upper 
left panel) and densitometric quantifi cation. ATF6, GRP78 and CHOP protein from liver extracts was separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, followed by immunoblotting. Equal loading of proteins is illustrated by GAPDH bands. Values are expressed 
as mean ± SEM. Means for a variable with superscripts without a common letter differed signifi cantly (p < 0.05).

Figure 4 Effects of SALF and treatment with glutamine on apoptosis. Representative Western blot photographs (upper left panel) and 
densitometric quantifi cation. Bcl-2, Bax and Caspase 3 protein from liver extracts was separated by sodium dodecyl sulfate–polyacrylamide 
gel elec-trophoresis, followed by immunoblotting. Equal loading of proteins is illustrated by beta-actin bands. Values are expressed as mean ± 
SEM. Means for a variable with superscripts without a common letter differed signifi cantly (p < 0.05).

pathways and activate diff erent cascades that 
culminate in the most diverse mechanisms within 
the cell. Figure 6 shows the results of the evaluation 
of PI3K, Akt and FOXO3a proteins expression. PI3K 
expres-sion decreased in the TAA group as compared 
to controls and increased in the Gln-treated group. 
Akt and FOXO3a proteins, that participate in the 
activation of the apoptosis cas-cade, increased in 

the TAA group and decreased in the TAA+G group as 
compared to the TAA group.

Discussion
In this study, impairment of liver integrity was 

evidenced by changes in blood AST and ALT. As we have 
previously reported [20,21], Gln was able to reduce 
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Figure 5 Effects of SALF and treatment with glutamine on autophagy. Representative Western blot photographs (upper left panel) and 
densitometric quantifi cation. MTOR, Beclin-1 and LC3α/β protein from liver extracts was separated by sodium dodecyl sulfate–polyacrylamide 
gel electrophoresis, followed by immunoblotting. Equal loading of proteins is illustrated by beta actin bands. Values are expressed as mean ± 
SEM. Means for a variable with superscripts without a common letter differed signifi cantly (p < 0.05).

Figure 6 Effects of SALF and treatment with glutamine in some cell signaling pathways. Representative Western blot photographs (upper 
left panel) and densitometric quantifi cation. PI3K, Akt and FOXO3a protein from liver extracts was separated by sodium dodecyl sulfate–
polyacrylamide gel electrophoresis, followed by immunoblotting. Equal loading of proteins is illustrated by GAPDH bands. Values are expressed 
as mean ± SEM. Means for a variable with superscripts without a common letter differed signifi cantly (p < 0.05).

enzyme levels, thus showing its ability to protect 
against liver damage induced by TAA. Centrilobular 
necrosis is a histopathological characteristic seen in 
human SALF, and experimental studies have shown 
the presence of infl ammation and necrosis using TAA 
as an inducer of the disease [16,17]. In our research, 
the presence of such alterations in animals of the TAA 
group was also confi rmed by the histopathological 
study. Gln, in turn, acted by minimizing the deleterious 

eff ects of TAA, being possibly able to stimulate the 
liver regen-eration capacity.

Increased protein breakdown refl ecting 
hypercatabolism of endogenous proteins is a frequent 
fi nding in animal models of SALF [27]. As previously 
observed [20,21], TAA treatment led to a decrease in 
total protein levels and this eff ect was prevented by 
Gln ad-ministration. TAA metabolites also stimulate 
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the formation of oxidative molecules that react with 
proteins contributing to the carbonylation process 
[28]. In this study, Gln de-creased carbonylated 
protein levels. We have already shown that Gln 
activates the Nrf2 pathway and restores antioxidant 
enzyme activity in TAA-treated rats [20]; data now 
re-ported confi rm its eff ectiveness in minimizing 
damage induced by oxidative stress.

We found that Gln modulated the heat shock 
protein system, with reductions in the expression of 
HFS-1, HSP70 and HSP90, previously overexpressed 
by TAA administra-tion. Increases of diff erent heat 
shock proteins and its upstream transcriptional 
factor HSF-1 are usual fi ndings in drug-induced 
liver injury [or liver cancer development [29,30]. On 
the contrary, Gln associated to HSP27 induction, an 
eff ect similar to that previously reported in rats with 
d-galactosamine/lipopopysaccharide-induced liver 
injury receiving biclycol [6]; this result support s role 
of HSP27 in Gln-mediated hepatoprotection. Other 
authors have also observed a modulating eff ect of 
Gln on heat shock proteins in rat livers submitted to 
intestinal ischemia- reperfusion and during the heat 
shock recovery period [31,32]. 

A defi ciency in the chaperone system leads to the 
accumulation of misfolded or un-folded proteins, 
which is an important ER stress-inducing factor. 
Transcription factor ATF-6, CHOP and GRP78 
proteins are good markers of ER stress, and diff erent 
studies have demonstrated their increased expression 
under ER dysfunction conditions in animal models of 
SALF [8,9,33]. Our study corroborate these fi ndings, 
showing an increase in the ER stress markers in the 
group of animals receiving TAA, an eff ect blunted by 
Gln administration. Previous research has also found 
an attenuation of ER stress by Gln in a rat model of 
TNBS-induced colitis [8].

In the mechanisms of apoptosis, decrease of 
Bcl-2 expression inhibits pro-survival proteins 
and consequently leads to release of Bax protein 
and cleavage of caspase 3 [34]. It has been reported 
that attenuation of apoptosis contributes to 
the benefi cial eff ects of melatonin in an animal 
model of SALF [10]. In diabetic rats Gln promoted 
protection against apoptosis by increasing Bcl-2 
expression and decreasing Bax and caspase 3 [35]. 
Similar results were obtained in our study, which 
demonstrated the hepatoprotective eff ect of Gln on 
apoptosis parameters in the experimental model of 
TAA-induced SALF. We also observed a decrease in 

Beclin 1 and LC3 expression in Gln-treated animals, 
evidencing the inhibition of the autophagic pathway. 
Beclin 1 signals the initiation of the process and LC3 
participates in the autophagosome that culminates 
in the completion of the autophagic process. Other 
research has also shown a similar decrease using 
melatonin as treatment in a model of SALF induced by 
the rabbit hemorrhagic disease virus [11,12]. The mTOR 
protein integrates multiple signals of growth factors, 
nutrients and cellular energy state to control a wide 
range of metabolic processes, including autophagy. 
In the present research we found that Gln decreased 
mTOR expression, contributing to the inactivation of 
processes involved in autophagy, in contrast to what 
was observed in the group of un-treated animals, 
where mTOR expression was increased. A previous 
research evaluating cell death activation pathways in 
D-galactosamine/lipopolysaccharide-induced SALF 
found similar results [13].

In order to maintain the balance between 
processing and loading of proteins, signal-ing 
pathways that are essential for cell survival, such as 
PI3K/Akt, are activated. Here, it was observed that 
Gln increased PI3K expression and decreased Akt 
expression. Similar changes have been reported in a 
study evaluating SALF induced by D-galactosamine/
lipopolysaccharide [13]. One in vitro study has 
demonstrated that Gln-mediated cellular survival 
occurred through modulation of the ratio between 
PI3K and phosphorylated Akt [36]. FOXO3a 
expression also augmented by Gln administration 
in TAA-treated rats. FOXO transcription factors 
control various biological functions, in-cluding 
apoptosis [37]. PI3K/AkT activation has been 
demonstrated to attenuate apoptosis in acute kidney 
injury by inducing FOXO3a export and deacetylation 
[38]. It is also known that pretreatment with mild 
hypothermia increases phospho AkT and phospho 
FOXO3a following ischemia-reperfusion injury [39]. 
Taken together, these results may indicate the PI3K/
AkT/FOXO pathway acts as a protective mechanism 
with the purpose of limiting the additional apoptosis 
associated with cell stress.

To fi nish it is important to refer to the potential 
negative eff ects of Gln previously suggested in 
some studies. The classic perspective that cerebral 
encephalopathy in SALF results from ammonia 
metabolism leading to astrocyte Gln accumulation 
and osmotic swelling is overly simplistic and likely 
does not explain its temporal evolution [40]. The 
frequent fi nding of hyperammonemia in SALF 
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patients, usually associates to inhibition of Glutamine 
Synthetase (GS), which catalyzes the condensation 
of glutamate and ammonia to form Gln [41,42]. In 
fact, in animal models of hepatic encephalopathy, 
gene therapy by delivering GS results in a reduction 
of hyperammonemia by it the transformation of am-
monia in glutamine [43,44]. All our fi ndings support 
the benefi cial eff ects of Gln in SALF.

Conclusion
In summary, data here reported indicate that 

Gln protected the liver in a experimental model 
of TAA-induced SALF, by modulating heat shock 
proteins, reducing ER stress and acting positively 
on the pathways that involve cell death processes, 
thus contributing to cell survival (Figure 7). Further 
studies are required to deepen into the mechanisms of 
the therapeutic action of Gln and to investigate other 
pathways involved in the pathophysiology of severe 
SALF which could be modulated by Gln.
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