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Abstract

BACKGROUND

Hepatic ischemia-reperfusion injury (IRI) poses a great challenge in liver surgery
and transplantation because of oxidative stress and inflammatory responses. The
changes in glutamine synthetase (GS) expression during hepatic IRI remain
unclear.

AIM
To investigate the dynamic expression of GS during hepatic IRIL

METHODS

Following hepatic ischemia for 1 h and reperfusion, liver tissue samples were
collected at 0.5, 6, and 24 hours postreperfusion for fixation, embedding, section-
ing. Hematoxylin and eosin staining and GS staining were performed.

RESULTS
GS expression rapidly decreases in hepatocytes around the central vein after IRI,
reaching its lowest point at 6 hours postreperfusion, and then gradually recovers.

CONCLUSION
GS is highly sensitive to IRI, highlighting its potential role as an indicator of liver
injury states and a target for therapeutic intervention.
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Core Tip: The role of glutamine synthetase (GS) in hepatic ischemia—reperfusion injury (IRI), a major challenge in liver
surgery and transplantation, was explored in this study. Using a mouse model, dynamic GS expression patterns were
observed. The expression of GS, which is typically high around the central vein in normal livers, significantly decreases
postreperfusion, which is correlated with liver damage. The re-expression of GS during liver recovery highlights its critical
role in cellular defense. These findings suggest that modulating GS expression could be a therapeutic strategy to reduce IRI,
improving patient outcomes after liver transplantation.
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INTRODUCTION

Ischemia-reperfusion injury (IRI) of the liver is a great challenge in various surgical procedures, such as liver tumor
resection, liver transplantation, and situations involving hemorrhagic shock with fluid resuscitation. The process of
reperfusion following ischemia generates reactive oxygen species (ROS), which play crucial roles in inducing tissue
damage and inflammatory responses. These ROS can directly damage cellular components and activate various inflam-
matory mediators, contributing to overall injury[1-3].

One of the key factors the protect against ROS-induced damage is glutathione (GSH), a vital antioxidant in both
rodents and humans. The intravenous administration of GSH during reperfusion has been shown to mitigate reperfusion
injury in rat models[4,5]. GSH synthesis relies on three amino acids, glycine, cysteine, and glutamate, with glutamate
derived from glutamine (GIn). Reduced levels of GIn are closely linked to decreased intracellular GSH levels[6,7].

Gln is a conditionally essential nutrient that becomes critical during severe injury or illness. It plays a crucial role in
tissue metabolism and has been demonstrated to protect against IRI in various tissues, including the liver, by preserving
GSH levels[8-13]. GIn synthetase (GS), the enzyme responsible for Gln synthesis, is mainly present in the brain, kidneys,
and liver. In the brain, GS is mainly located in astrocytes and is reported to be sensitive to proteasomal degradation in
response to oxidative stress[14-17]. This sensitivity suggests that GS could be a key player in the response to oxidative
stress during IRL

In the liver, GS is highly expressed in hepatocytes around the central vein (CV) of liver lobules[18-22]. However, how
the expression and distribution of GS change during liver IRI is unclear. In this study, a mouse model was generated to
explore the changes in GS expression and distribution during liver IRI. Liver tissues were collected at 0.5, 6, 12, and 24
hours postreperfusion, and GS staining was performed to analyze these changes. Understanding these dynamics could
provide insights into the pathological mechanisms of liver IRI and suggest potential therapeutic strategies involving the
modulation of GS expression and activity.

MATERIALS AND METHODS

Animal studies

All animal experiments were conducted using male mice unless otherwise stated. The mice were maintained on a
standard 12-hour light-dark cycle under specific-pathogen-free conditions and had unrestricted access to food and water.
The research protocols adhered to the United States Public Health Service Policy on the Use of Laboratory Animals and
were approved by the Ethics Committee on the Use and Care of Animals of Southern Medical University.

For the liver I/R model, male C57BL/6] mice aged 6-8 weeks and weighing approximately 20-22 g were anesthetized.
The abdominal cavity was then opened, and a vascular clamp was applied to occlude the left liver lobe and the portal
triad [hepatic artery, portal vein (PV), and bile duct]. After 1 hour, the clamp was removed, and the incision was sutured.
Liver tissue samples were collected at 0.5, 6, 12, and 24 hours postreperfusion for fixation, embedding, sectioning, and
staining.

Representative images are displayed with six mice in each group, and the experiment was repeated at least three times
to ensure reproducibility and reliability of the results.

Immunofluorescence
Immunofluorescent staining of mouse liver tissues was performed as previously described[21,22]. In brief, mouse liver
tissues were fixed in 10% neutral buffered formalin, cut into 3.5-pm thick sections, and incubated with EDTA (50 x, Key
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GENE BioTECH KGIHC002) for 15 minutes at 120 °C. Non-specific binding sites were blocked with goat serum for 1 hour
at 37 °C. The sections were then incubated with appropriate primary antibodies overnight at 4 °C, extensively washed in
PBS, and subsequently incubated with Alexa 488/594 conjugated secondary antibodies (Cytoskeleton Inc., Denver,
United States) for 1 hour. Sections were counterstained with 4,6-diamidino-2-phenylindole, washed, and mounted for
observation under a scanning confocal microscope (Olympus, Fluoview FV 1000). The primary antibodies used for
immunofluorescence included anti-GS antibody (1: 50, Abcam, ab125724).

Hematoxylin and eosin staining
Mouse liver tissues were fixed in 10% neutral buffered formalin, dehydrated, and embedded in paraffin as previously
described[21,22]. Sections of 3.5 pm thickness were stained with hematoxylin and eosin (HE).

Statistical analysis

The GS staining positive area were calculated in six random fields from each section at 200 x magnification using image J
software. The experimental data were statistically analyzed by Student’s t-test. All data are presented as mean + SEM. P <
0.05 was considered statistically significant. In all cases, data from at least three independent experiments was used.

RESULTS

Liver lobules can be divided into three zones from the PV to the CV: Zone 1, Zone 2, and Zone 3 (Figure 1A). Normal
liver slides from C57BL/ 6] were stained with HE (Figure 1B). As reported[17], GS is specifically expressed in hepatocytes
around the CV (Figure 1C).

Following hepatic ischemia for 1 hour and reperfusion, 0.5 hours post-reperfusion, HE staining showed hepatocyte
damage, with hepatic sinusoids filled with blood cells (Figure 2A). GS staining decreased significantly in hepatocytes
around the CV while increased in hepatic sinusoids (Figure 2B). At 6 hours post-reperfusion, HE staining showed
extensive necrosis of liver cells near CV (Figure 3A). The GS staining of hepatocytes and hepatic sinusoids near CV almost
disappeared, while hepatic sinusoids near PV showed high expression of GS (Figure 3B). At 12 hours post-reperfusion,
HE staining showed a large number of necrotic areas and extensive infiltration of inflammatory cells in the liver
(Figure 4A). GS staining began to restore weak expression in liver cells near CV (Figure 4B). At 24 hours post-reperfusion,
HE staining showed a reduction in the area of liver necrosis, and liver injury began to recover, with still a large number of
inflammatory cells infiltrating (Figure 5A). The expression of GS in hepatocytes near CV further increased (Figure 5B),
indicating the liver is in a recovery phase. The GS-positive area in the CV region of the liver at different time points after
I/R was analyzed using Image J. The results indicate that GS expression rapidly decreases after IRI, reaching its lowest
point at 6 hours post-reperfusion, and then gradually recovers (Figure 6).

DISCUSSION

This study discovered significant changes in the expression and distribution of GS during liver IRIL. In normal liver, GS is
mainly expressed in hepatocytes around the CV. After IRI, GS expression in hepatocytes near the CV weakens and
disappears but re-expresses during liver injury recovery. This indicates that changes in GS expression can indicate
different states of liver IRI, suggesting that GS might be an important intervention target for liver IRI.

IRI is a cause of many fatal diseases, such as myocardial infarction and stroke, and limits the therapeutic effects of
medical interventions like organ transplantation. It is thus a major factor in the morbidity and mortality of many diseases.
Numerous reports indicate that ROS, especially superoxide anion (O2-), are massively produced during I/R, mainly
derived from xanthine oxidase in many tissues[23,24]. Therefore, developing treatments to inhibit ROS production or
reduce their levels in the body is a rational approach to treating IRI. GSH is crucial for defending against ROS damage. To
maintain GSH levels during oxidative stress, GIn supplementation may be a safe and well-tolerated method, adminis-
tration of Gln is considered helpful for various systemic inflammatory states[25,26].

GlIn plays multiple roles, regulating the expression of genes related to metabolism, signal transduction, cell defense,
and repair, and activating intracellular signaling pathways. It can also protect GSH to counteract oxidative stress[27,28]. It
has been reported that Gln administration can protect the intestine, heart, and skeletal muscle from IRI[8,9,29]. In a liver
I/R model, GIn supplementation increased the liver's GSH supply, and GIn pretreatment could protect the liver from
damage[30,31].

GS, encoded by the GLUL gene, converts glutamate and ammonia into Gln. GS plays a vital role in regulating Gln
levels in the body, especially in the liver, where it is specifically highly expressed in hepatocytes around the CV,
responsible for converting glutamate and ammonia into GIn. Despite the significant role of Gln in IRI, the role of GS in IRI
has received less attention. This study systematically investigated the changes in GS expression during liver IRL. During
the early stage of liver IRI (30 minutes post-reperfusion), GS expression in hepatocytes around the CV significantly
decreased, and at 6 hours, its expression was almost undetectable. The rise in GS staining signal in the liver sinusoids is
likely due to the high expression of GS in the aggregated blood cells or non-specific staining. During liver injury recovery,
GS expression in hepatocytes around the CV gradually returned. This indicates that GS is highly sensitive to liver IRI,
consistent with the liver's sensitivity to ischemic effects.
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Figure 1 The distribution of glutamine synthetase in normal liver. A: Schematic illustration of liver zonation; B: Liver tissues from C57BL/6J mice were
processed for hematoxylin and eosin staining. Scale bar: 100 um; C: Liver tissues from C57BL/6J mice were processed glutamine synthetase immunofluorescence
staining (green). Scale bar: 100 um. Representative images are displayed, with six mice in each group. The experiment was repeated at least three times to ensure
reproducibility and reliability of the results. PV: Portal vessels; CV: Central vessels; GS: Glutamine synthetase; HE: Hematoxylin and eosin; IR: Ischemia-reperfusion.

IR0.5h

Figure 2 Distribution of glutamine synthetase in the liver after 0.5 hours of ischemia-reperfusion. A: Following 1 hour of ischemia, C57BL/6J mice
resumed perfusion, and liver tissues were collected 0.5 hours later. Harvested liver tissues were processed for hematoxylin and eosin staining. Scale bar: 100 ym; B:
Liver tissues were processed for immunofluorescence staining using glutamine synthetase (green). Scale bar: 100 um. Representative images are displayed, with six
mice in each group. The experiment was repeated at least three times to ensure reproducibility and reliability of the results. PV: Portal vessels; CV: Central vessels;
HE: Hematoxylin and eosin; IR: Ischemia-reperfusion.

During liver IRI, the potential mechanism underlying the observed GS expression may involve oxidative stress-
induced degradation or transcriptional repression of GS in hepatocytes around the CV. ROS, generated during
reperfusion, are known to damage cellular components and activate proteolytic pathways, potentially leading to the
degradation of GS[14,15]. Additionally, the inflammatory response triggered by IRI could modulate gene expression,
resulting in reduced GS levels. The re-emergence of GS expression during the recovery phase suggests a resilience
mechanism that restores cellular functions post-injury.

Understanding the differences between mice and humans in GS expression and response to IRI is crucial for translating
these findings into clinical practice. When extrapolating to human conditions, it is necessary to detect GS in clinical
samples from patients, considering the interspecies differences in GS regulation and metabolic pathways. The supple-
mentation of GIn has been shown to reduce liver IRI in both mouse models and clinical applications[10-13,30,31],
suggesting a high potential for targeting GS in clinical settings. Enhancing the stability of GS or promoting its expression
could mitigate liver IRI, offering a novel therapeutic approach for patients undergoing liver surgeries, transplants, or
experiencing ischemic events. Further research into GS regulation in human tissues and clinical trials will be essential to
validate these strategies and their applicability in clinical medicine.
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Figure 3 Distribution of glutamine synthetase in the liver after 6 hours of ischemia-reperfusion. A: Following 1 hour of ischemia, C57BL/6J mice
resumed perfusion, and liver tissues were collected 6 hours later. Harvested liver tissues were processed for hematoxylin and eosin staining. Scale bar: 100 um; B:
Liver tissues were processed for immunofluorescence staining using glutamine synthetase (green). Scale bar: 100 um. Representative images are displayed, with six
mice in each group. The experiment was repeated at least three times to ensure reproducibility and reliability of the results. PV: Portal vessels; CV: Central vessels;
HE: Hematoxylin and eosin; IR: Ischemia-reperfusion.

IR12h

Figure 4 Distribution of glutamine synthetase in the liver after 12 hours of ischemia-reperfusion. A: Following 1 hour of ischemia, C57BL/6J mice
resumed perfusion, and liver tissues were collected 12 hours later. Harvested liver tissues were processed for hematoxylin and eosin staining. Scale bar: 100 ym; B:
Liver tissues were processed for immunofluorescence staining using glutamine synthetase (green). Scale bar: 100 um. Representative images are displayed, with six
mice in each group. The experiment was repeated at least three times to ensure reproducibility and reliability of the results. PV: Portal vessels; CV: Central vessels;
HE: Hematoxylin and eosin; IR: Ischemia-reperfusion.

IR 24 h

Figure 5 Distribution of glutamine synthetase in the liver after 24 hours of ischemia-reperfusion. A: Following 1 hour of ischemia, C57BL/6J mice
resumed perfusion, and liver tissues were collected 24 hours later. Harvested liver tissues were processed for hematoxylin and eosin staining. Scale bar: 100 um; B:
Liver tissues were processed for immunofluorescence staining using glutamine synthetase (green). Scale bar: 100 um. Representative images are displayed, with six
mice in each group. The experiment was repeated at least three times to ensure reproducibility and reliability of the results. Representative images are displayed, with
six mice in each group. The experiment was repeated at least three times to ensure reproducibility and reliability of the results. PV: Portal vessels; CV: Central
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vessels; HE: Hematoxylin and eosin; IR: Ischemia-reperfusion.
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Figure 6 Changes in glutamine synthetase expression at different time points during liver ischemia-reperfusion. The glutamine synthetase-
positive area in the central vein region in the images of Figures 1-5 was analyzed using Image J. The values of the normal group were used as the baseline, and the
values of the groups at different time points after ischemia-reperfusion were compared to those of the normal group. Mean + SEM. IR: Ischemia-reperfusion; GS:
Glutamine synthetase. 2P < 0.05, °P < 0.01, °P < 0.001.

CONCLUSION

In conclusion, this study provides the first systematic analysis of GS expression changes during liver IRIL. It demonstrates
that GS expression in hepatocytes around the CV significantly decreases during the early stages of liver IRI and re-
emerges during the recovery phase. This suggests that GS is highly sensitive to oxidative stress induced by IRI, high-
lighting its potential role as an indicator of liver injury states and a target for therapeutic intervention. Enhancing GS
protein stability or promoting its transcription may offer promising strategies for mitigating liver IRI.
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