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Abstract: Donors with a serum sodium concentration of >155 mmol/L are extended criteria donors for liver transplantation 
(LT). Elevated serum sodium of donors leads to an increased incidence of hepatic dysfunction in the early postoperative period 
of LT; however, the exact mechanism has not been reported. We constructed a Lewis rat model of 70% hepatic parenchymal 
area subjected to ischemia-reperfusion (I/R) with hypernatremia and a BRL-3A cell model of hypoxia-reoxygenation (H/R) with 
high-sodium (HS) culture medium precondition. To determine the degree of injury, biochemical analysis, histological analysis, 
and oxidative stress and apoptosis detection were performed. We applied specific inhibitors of the epithelial sodium channel 
(ENaC) and Na+/Ca2+ exchanger (NCX) in vivo and in vitro to verify their roles in injury. Serum alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) levels and the area of hepatic necrosis were significantly 
elevated in the HS+I/R group. Increased reactive oxygen species (ROS) production, myeloperoxidase (MPO)-positive cells, and 
aggravated cellular apoptosis were detected in the HS+I/R group. The HS+H/R group of BRL-3A cells showed significantly 
increased cellular apoptosis and ROS production compared to the H/R group. The application of amiloride (Amil), a specific 
inhibitor of ENaC, reduced ischemia-reperfusion injury (IRI) aggravated by HS both in vivo and in vitro, as evidenced by decreased 
serum transaminases, inflammatory cytokines, apoptosis, and oxidative stress. SN-6, a specific inhibitor of NCX, had a similar 
effect to Amil. In summary, hypernatremia aggravates hepatic IRI, which can be attenuated by pharmacological inhibition of ENaC 
or NCX.
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1 Introduction 

Liver transplantation (LT) is an effective treat‐
ment for various end-stage liver diseases, and the liv‐
ers are mainly derived from brain-dead donors (Guo 
et al., 2023; Schlegel et al., 2023). Shortage of donor 
livers is one of the dilemmas facing LT, and expand‐
ing the source of donor livers has become critical, with 
more and more extended-criteria donor livers being 
used in transplantation (Ceresa et al., 2022; Sitbon 
et al., 2023). Extended-criteria donor livers are those 
with a high risk of primary graft nonfunction or hypo‐
function and delayed graft inactivation after transplan‐
tation. A donor with a serum sodium concentration 

of >155 mmol/L (hypernatremia donor) would be con‐
sidered an extended criteria donor (Basmaji et al., 
2020; Lin et al., 2023). It has been proven that the 
use of livers from hypernatremia donors leads to an 
increased incidence of poor liver function in the short-
term postoperative period, and some studies also have 
reported elevated postoperative mortality of recipients 
(Bastos-Neves et al., 2019; Basmaji et al., 2020; Zhou 
et al., 2020; McDonald et al., 2021).

Ischemia-reperfusion injury (IRI) is an important 
cause of postoperative hepatic dysfunction. During pe‐
riods of liver ischemia, the lack of oxygen and energy 
supply to hepatocytes leads to metabolic abnormali‐
ties and the release of danger-associated molecular 
patterns (DAMPs) (Kaltenmeier et al., 2022; Lucas-
Ruiz et al., 2023). After the blood supply is restored, 
the reintroduction of oxygen supply increases the pro‐
duction of reactive oxygen species (ROS), which fur‐
ther aggravates cellular damage and inflammatory 
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responses (Dar et al., 2019). However, the mechanism 
by which hypernatremia aggravates hepatic IRI has 
not been reported.

Epithelial sodium channel (ENaC) is a type of 
sodium channel that is widely distributed in multiple 
organs, and mainly mediates cellular sodium transport 
(Chen et al., 2023). Hypernatremia aggravates renal 
IRI through ENaC. Amiloride (Amil) can reduce the 
expression of ENaC and attenuate hypernatremia-
aggravated renal IRI (Matsumoto et al., 2022). The 
expression of Na+/Ca2+ exchanger (NCX) is increased 
after myocardial ischemia-reperfusion (I/R), and SN-6 
can decrease the expression of NCX and be applied to 
reduce myocardial IRI (Castaldo et al., 2017). Activa‐
tion of the ENaC-NCX-NLRP3 (NOD-like receptor 
family, pyrin domain-containing 3) signaling pathway 
can lead to increased ROS production and exacerbated 
inflammatory responses, which has been reported in 
many diseases such as cystic fibrosis (Scambler et al., 
2019) and salt-sensitive hypertension (Chen et al., 
2021; Pitzer et al., 2022). Therefore, we hypothesized 
that hypernatremia aggravates hepatic IRI through the 
activation of ENaC and NCX.

2 Materials and methods 

2.1 Animals

Male Lewis rats (6–8 weeks) were purchased 
from Beijing Viton Lihua Laboratory Animal Technol‐
ogy Co. (Beijing, China). All rats were housed in (25±
2) ℃ and (55±5)% humidity environment with a 12-h 
dark/light cycle. All the rats were acclimatized for one 
week prior to the experiment.

2.2 Rat models and drug treatment

For the I/R rat model, a 70% liver warm I/R 
model was established as previously described. Briefly, 
Lewis rats were anesthetized with sodium pentobarbi‐
tal, and the abdominal wall was clipped longitudinally. 
The arteries, portal veins, and bile ducts of the left 
and middle lobes of the livers were clamped with vas‐
cular clips for 1 h, followed by reperfusion for 6 h. 
Then, the rats were sacrificed, and specimens were 
obtained (Guo et al., 2020; Li et al., 2023).

For the high-sodium (HS) rat model, Lewis rats 
were anesthetized, and a HS solution was pumped via 
tail vein cannulation. Firstly, 0.7 mL of 3 mol/L NaCl 
solution per 100 g body weight (BW) was rapidly 

pumped over 5 min. Then, 0.7 mL/h of 3 mol/L NaCl 
solution was continuously pumped for 3 h, followed 
by 0.2 mL/h of 3 mol/L NaCl solution continuously 
pumped for 6 h. Blood was drawn intermittently via 
femoral artery cannulation for the detection of serum 
sodium concentration.

For the HS+I/R rat model, the pumping of the 
HS solution was stopped after establishing the HS rat 
model, and then the establishment of the I/R model 
was followed by intermittent oral feeding of a 20% 
(0.2 g/mL) glucose solution and subcutaneous injec‐
tion of sodium pentobarbital.

For the Amil+I/R rat model, prior to establishing 
the I/R model, rats were injected intraperitoneally with 
Amil (HY-B0285A, MedChemExpress, Monmouth 
Junction, NJ, USA) at 1 mg/kg BW (Quansah and 
N'Gouemo, 2014; Frindt et al., 2018). The SN-6+I/R 
rat model was established in the same way, with 
SN-6 (HY-107658, MedChemExpress) at 1 mg/kg BW 
(N'Gouemo, 2013; Quansah and N'Gouemo, 2014; 
Persaud et al., 2022). For the Amil+HS+I/R rat model, 
rats were injected intraperitoneally with Amil at 
1 mg/kg BW prior to establishing the HS+I/R model, 
while the SN-6+HS+I/R rat model was established in 
the same way with SN-6 at 1 mg/kg BW.

2.3 Cell culture and cell models

BRL-3A cells (Cellverse, Shanghai, China) were 
cultured with Dulbecco’s modified Eagle’s medium 
(DMEM; Solarbio, Beijing, China) supplemented with 
10% (volume fraction) fetal bovine serum (Gibco, 
Grand Island, NY, USA) under normal conditions 
(5% CO2 and water-saturated incubator at 37 ℃). For 
the HS cell model, the sodium concentration of the 
culture medium was 190 mmol/L.

For the hypoxia-reoxygenation (H/R) cell model, 
the medium was changed to serum-free and glucose-
free DMEM, and the cells were transferred to a modu‐
lar incubator chamber (BioSpherix, Lacona, NY, USA) 
under hypoxic conditions (1% O2, 5% CO2, and 94% 
N2). After 6 h of hypoxia, the cells were transferred 
into a normoxic incubator (95% air+5% CO2 mixture) 
for reoxygenation for 6 h, and the medium was 
changed to a complete medium. For the HS+H/R cell 
model, the cells were first cultured in 190 mmol/L 
HS medium for 24 h, followed by H/R conditions 
(Guo et al., 2020; Ding et al., 2022).

For the Amil+H/R cell model, the cells were first 
cultured in a culture medium containing 10 μmol/L 
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Amil, followed by H/R conditions, while the SN-6+
H/R cell model was established with 10 μmol/L SN-6. 
For the Amil+HS+H/R cell model, the cells were cul‐
tured in 190 mmol/L HS medium containing 10 μmol/L 
Amil, followed by H/R conditions, while the SN-6+
HS+H/R cell model was established with 10 μmol/L 
SN-6.

2.4 Biochemical analysis

Serum alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and lactate dehydrogenase 
(LDH) in the serum of the rats were tested using com‐
mercial kits (Jiancheng Bioengineering Institute, 
Nanjing, China) according to the manufacturer’s 
instructions.

2.5 Cell-counting kit-8 assay

BRL-3A cells were seeded into 96-well plates at 
a density of 5×103 cells/well, and subjected to differ‐
ent treatments followed by hypoxia for 6 h and reoxy‐
genation for 6 h. Then, according to the instructions 
of the cell-counting kit-8 (CCK-8; Boster, Wuhan, 
China), 10 μL of CCK-8 reagent was added to each 
well. The absorbance of each well was measured at 
450 nm after being incubated for 1 h at 37 ℃.

2.6 Histological and immunohistochemical staining

All hepatic tissues were fixed in 10% (volume 
fraction) formaldehyde solution and embedded in par‐
affin. Then, the tissues were cut into 5-μm sections. 
Paraffin sections were stained with hematoxylin and 
eosin (H&E; Servicebio, Wuhan, China) for staining. 
Myeloperoxidase (MPO) antibody (volume dilution 
ratio 1∶100) (Servicebio, Wuhan, China) and second‐
ary antibody (1∶200) (Servicebio, Wuhan, China) were 
incubated for immunohistochemical staining. The im‐
ages were photographed using an inverted optical mi‐
croscope (Olympus, Tokyo, Japan).

2.7 Flow cytometry analysis

After discarding the medium, the BRL-3A cells 
were washed twice with phosphate-buffered saline 
(PBS), then digested with ethylenediaminetetraacetic 
acid (EDTA)-free trypsin (Beyotime, Shanghai, China), 
collected, and centrifuged at 200g for 5 min. Next, 
100 μL binding buffer, 5 μL Annexin V-fluorescein 
isothiocyanate (FITC), and 5 μL propidium iodide 
(Beyotime) were added to resuspend and stain the 

cells before incubating them at room temperature for 
15 min in the dark; finally, apoptosis was analyzed by 
flow cytometry.

2.8 Western blot analysis

Protein expression levels in hepatic tissues and 
cells were detected by western blot analysis according 
to standard protocols. Radio-immunoprecipitation 
assay (RIPA) lysis buffer (Solarbio) was used to extract 
proteins, and a bicinchoninic acid (BCA) kit (Solarbio) 
was used to quantify the concentrations of proteins. 
The proteins were separated by 10% or 12% (0.10 or 
0.12 g/mL) sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), and then transferred 
to polyvinylidene fluoride (PVDF) membranes. The 
PVDF membranes were incubated with the specific 
primary antibody at 4 ℃ overnight, followed by the 
secondary antibody at 37 ℃ for 1 h. All the antibodies’ 
information is listed in Table S1. The electrochemilu‐
minescence (ECL) reagent (NCM Biotech, Suzhou, 
China) was used, and the signals were visualized us‐
ing the ChemiDocTM MP Imaging System (Bio-Rad, 
Hercules, CA, USA).

2.9 qPCR

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) 
was used to extract total RNA from the hepatic tissues 
and BRL-3A cells. After reverse transcription of RNA 
to complementary DNA (cDNA), quantitative real-time 
polymerase chain reaction (qPCR) was performed 
based on the instructions of SYBR qPCR Master Mix 
reagent (Vazyme, Nanjing, China). Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as the 
internal reference gene; the primer sequences for target 
gene amplification are listed in Table S2.

2.10 Oxidative stress analysis

Hepatic tissue specimens were rapidly frozen and 
fixed; then, the specimens were cut into 10-μm sec‐
tions and stained with 10 μmol/L dihydroethidium 
(DHE; Servicebio, Wuhan, China) and 4',6-diamidino-
2'-phenylindol (DAPI; Servicebio) fluorescent probes. 
After grinding the hepatic tissues, the protein concen‐
tration was determined by BCA, and the levels of 
malondialdehyde (MDA), superoxide dismutase (SOD), 
and glutathione (GSH) (Solarbio) in the tissues were 
determined according to the manufacturer’s instruc‐
tions. After removing the medium and washing the 
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cells twice with PBS, ROS (Biosharp, Hefei, China) 
and DAPI were added to the BRL-3A cells according 
to the instructions and were photographed using a flu‐
orescence microscope (Olympus).

2.11 TUNEL assay

Paraffin-embedded hepatic tissues were cut into 
5 μm-thick sections and then stained according to the 
instructions of the terminal deoxynucleotidyl transfer‐
ase dUTP nick-end labeling (TUNEL) kit (Servicebio). 
DAPI was used to stain the nuclei in the sections, fol‐
lowed by the application of an anti-fluorescence 
quenching solution (Servicebio). The images were 
captured using a fluorescence microscope (Olympus).

2.12 Statistical analysis

All data were analyzed using SPSS software 
(version 27.0) and expressed as mean±standard devia‐
tion (SD). The Student’s t-test was used to com‐
pare two groups, while one-way analysis of variance 
(ANOVA) was used to compare multiple groups. P<
0.05 was considered statistical significance. 

3 Results 

3.1 Effect of hypernatremia on hepatic IRI in 
Lewis rats

To study the effect of hypernatremia on hepatic 
IRI, we constructed an HS+I/R Lewis rat model by in‐
travenously pumping 3 mol/L NaCl and using 70% of 
liver I/R (Fig. 1a). Serum results showed that the 
ALT, AST, and LDH levels of rats in the HS+I/R 
group were significantly elevated compared to those 
in the I/R group (Figs. 1b–1d), and the hepatic necrotic 
area in the HS+I/R group was significantly expanded 
as shown in the H&E-stained images (Figs. 1e and 
1f). We further examined the infiltration of inflam‐
matory cells and the expression of inflammatory cy‐
tokines in the liver. Immunohistochemical staining 
showed that MPO-positive inflammatory cell infiltra‐
tion was significantly increased in the HS+I/R group 
(Figs. 1g and 1h). The qPCR results showed that the 
inflammatory cytokines interleukin-1β (IL-1β), mono‐
cyte chemoattractant protein-1 (MCP-1), and tumor 
necrosis factor-α (TNF-α) were significantly elevated 
in the HS+I/R group (Figs. 1j–1l).

Hypernatremia also aggravated hepatocyte apop‐
tosis after IRI. Western blot analysis showed that the 

expression of pro-apoptotic proteins B-cell lymphoma 
2 (BCL-2)-associated X protein (BAX) and cleaved 
caspase-3 (C-Caspase 3) was remarkably increased 
in the HS+I/R group, while the expression of anti-
apoptotic protein BCL-2 was decreased (Fig. 1i). 
TUNEL staining showed that the number of apoptotic 
cells was significantly higher in the HS+I/R group than 
in the I/R group (Figs. 1m and 1n). To detect the levels 
of ROS in hepatic tissues, we performed DHE stain‐
ing, which showed that the number of positive cells in 
the HS+I/R group was significantly higher than those 
in the other groups (Figs. 1o and 1p). The activity of 
GSH and SOD was significantly decreased in the 
HS+I/R group, whereas the MDA content was signifi‐
cantly elevated (Figs. 1q–1s). Thus, these results sug‐
gest that hypernatremia exacerbates hepatic IRI in 
Lewis rats.

3.2 Effect of HS on H/R injury in BRL-3A cells

To investigate the effect of HS on the H/R injury 
of hepatocytes, we constructed a cell model of HS+
H/R by placing BRL-3A cells into 190 mmol/L HS 
DMEM for 24 h, followed by hypoxia for 6 h and re‐
perfusion for additional 6 h (Fig. 2a). CCK-8 results 
showed that BRL-3A cells pretreated with HS before 
H/R decreased cell viability, which was most pro‐
nounced with HS pretreatment for 24 h (Fig. 2b). HS 
aggravated the apoptosis of hepatocytes after H/R; the 
flow cytometry results showed that the apoptosis rates 
of the cells were significantly increased after HS+H/R 
treatment (Figs. 2c and 2d). Western blot results 
showed that the expression of BAX and C-Caspase 3 
was significantly increased in the HS+H/R group, while 
the expression of BCL-2 was markedly decreased 
(Fig. 2e). The fluorescence intensity of the ROS stain‐
ing was elevated in the BRL-3A cells after H/R treat‐
ment, with the most pronounced elevation in the HS+
H/R group (Figs. 2f and 2g). In conclusion, these re‐
sults demonstrated that HS aggravates the damage 
caused by H/R in BRL-3A cells.

3.3 Amil’s attenuation of hypernatremia-aggravated 
hepatic IRI in Lewis rats

To investigate the role of ENaC in hypernatremia-
exacerbated IRI, we added Amil by intraperitoneal in‐
jection into rat models of I/R and HS+I/R. The serum 
results showed that the ALT, AST, and LDH levels of 
rats in the Amil+HS+I/R group were significantly 
lower than those in the HS+I/R group (Figs. 3a–3c). 

464



J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2025 26(5):461-476    |

Fig. 1  Effect of hypernatremia on hepatic ischemia-reperfusion injury (IRI) in Lewis rats. (a) Flow chart for the 
construction of the ischemia-reperfusion (I/R) Lewis rat model of hypernatremia. (b–d) Serum alanine aminotransferase 
(ALT), aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) levels in rats of the sham, HS (high-sodium), 
I/R, and HS+I/R groups (n=6). (e, f) Representative hepatic hematoxylin and eosin (H&E)-stained images and statistical 
chart showing necrotic areas (n=4). (g, h) Representative hepatic myeloperoxidase (MPO) immunohistochemical staining 
images and statistical chart (n=4). (i) Protein expression of B-cell lymphoma 2 (BCL-2)-associated X protein (BAX), BCL-2, 
and cleaved caspase-3 (C-Caspase 3) in hepatic tissues. (j–l) Messenger RNA (mRNA) levels of interleukin-1β (IL-1β), 
monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor-α (TNF-α) in hepatic tissues. (m, n) Representative 
hepatic terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining images and statistical chart 
(n=4). (o, p) Representative hepatic dihydroethidium (DHE) staining images and statistical chart (n=4). (q–s) Hepatic 
glutathione (GSH) activity, malondialdehyde (MDA) content, and superoxide dismutase (SOD) activity in the sham, HS, 
I/R, and HS+I/R groups (n=6). GAPDH: glyceraldehyde 3-phosphate dehydrogenase. Data are expressed as mean±
standard deviation (SD). ns, not significant; * P<0.05, *** P<0.001.
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Fig. 2  Effect of high-sodium (HS) on hypoxia-reoxygenation (H/R) injury in BRL-3A cells. (a) Flow chart for the 
construction of the BRL-3A cell model of HS+H/R. (b) Viability of BRL-3A cells treated with 190 mmol/L HS DMEM for 
3, 6, 12, and 24 h followed by H/R treatment was detected using cell-counting kit-8 (CCK-8) assays. (c, d) Cell apoptosis 
rates were determined by flow cytometry and statistical chart (n=4). (e, f) Protein expression of BAX, BCL-2, and C-
Caspase 3 in BRL-3A cells and statistical chart (n=4). (g) Representative reactive oxygen species (ROS), 4',6-diamidino-
2'-phenylindol (DAPI), and merged staining images of BRL-3A cells in the control, HS, H/R, and HS+H/R groups. BAX: 
B-cell lymphoma 2 (BCL-2)-associated X protein; C-Caspase 3: cleaved caspase-3; DMEM: Dulbecco’s modified Eagle’s 
medium; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; FITC: fluorescein isothiocyanate; PI: propidium iodide. 
Data are expressed as mean±standard deviation (SD). ns, not significant; * P<0.05, *** P<0.001.
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The area of hepatic necrosis in the Amil+HS+I/R 
group was significantly smaller than that in the HS+
I/R group, as shown in H&E-stained images (Figs. 3d 
and 3e). Amil alleviated hypernatremia-induced he‐
patic IRI, while also reducing hepatic inflammation. 
Immunohistochemical staining showed that MPO-
positive inflammatory cell infiltration was significantly 
reduced in the Amil+HS+I/R group compared to that 
in the HS+I/R group (Figs. 3f and 3g). The messenger 
RNA (mRNA) levels of IL-1β, MCP-1, and TNF-α in 
the hepatic tissues of the Amil+HS+I/R group were 
significantly lower than those of the HS+I/R group 
(Figs. 3i–3k).

To determine the effect of Amil on hepatocyte 
apoptosis in hypernatremia liver I/R, we performed a 
western blot experiment. The results showed that 
Amil treatment decreased the expression of BAX, C-
Caspase 3, and NLRP3 in the hepatic tissues, while 
increasing the expression of BCL-2 (Fig. 3h). TUNEL 
staining confirmed that the number of positive cells 
was decreased in the Amil+HS+I/R group compared 
to the HS+I/R group (Figs. 3o and 3p). After the add‑
ition of Amil, the activity of GSH and SOD was in‐
creased in the hepatic tissues, while the MDA content 
was significantly decreased (Figs. 3l–3n); correspond‐
ingly, the fluorescence intensity of DHE staining was 
significantly decreased in the Amil+HS+I/R group 
compared to that in the HS+I/R group (Figs. 3q and 
3r). Therefore, Amil could attenuate hypernatremia-
exacerbated hepatic IRI in Lewis rats.

3.4 Amil’s attenuation of HS-exacerbated H/R 
injury in BRL-3A cells

The CCK-8 results showed that, in the BRL-3A 
cells of the Amil+HS+H/R group, cell viability was 
significantly improved at an Amil concentration of 
10 μmol/L. Thus, we used 10 μmol/L as the concen‐
tration for the Amil cell experiments (Fig. 4a). Amil 
reduced hepatocyte apoptosis after H/R in the HS 
state. Flow cytometry results showed that the apopto‐
sis rate of cells in the Amil+HS+H/R group was signifi‐
cantly lower than that in the HS+H/R group (Figs. 4b 
and 4d). Western blot analysis showed that the expres‐
sion of BAX, C-Caspase 3, and NLRP3 was decreased 
in the Amil+HS+H/R group compared to the HS+H/R 
group. In contrast, BCL-2 expression was elevated 
(Fig. 4c). The fluorescence intensity of ROS stain‐
ing was significantly lower in the Amil+HS+H/R 

group than in the HS+H/R group (Figs. 4e and 4f). In 
conclusion, Amil could attenuate HS-exacerbated H/R 
injury in BRL-3A cells.

3.5 SN-6’s attenuation of hypernatremia-aggravated 
hepatic IRI in Lewis rats

To study the role of NCX in hypernatremia-
exacerbated hepatic IRI, we injected SN-6 into rats by 
intraperitoneal injection. The serum levels of ALT, 
AST, and LDH were significantly lower in the SN-6+
HS+I/R group than in the HS+I/R group (Figs. 5a–5c). 
The H&E-stained images showed that the area of he‐
patic necrosis was significantly reduced in the SN-6+
HS+I/R group compared to the HS+I/R group (Figs. 5d 
and 5e). Immunohistochemical staining showed that 
MPO-positive inflammatory cell infiltration was signifi‑
cantly lower in the SN-6+HS+I/R group than in the 
HS+I/R group (Figs. 5f and 5g). Meanwhile, qPCR re‐
sults showed that the mRNA levels of IL-1β, MCP-1, 
and TNF-α were significantly lower in the SN-6+HS+
I/R group than in the HS+I/R group (Figs. 5i–5k).

The results of the western blot showed that 
SN-6 treatment decreased the expression of BAX, C-
Caspase 3, and NLRP3 and promoted the expression 
of BCL-2 (Fig. 5h). TUNEL staining found that SN-6 
could reduce the number of TUNEL-positive cells in 
the hepatic tissues (Figs. 5o and 5p). The activity 
of GSH and SOD was higher in the SN-6+HS+I/R 
group than in the HS+I/R group (Figs. 5l and 5n). The 
MDA content was reversed (Fig. 5m), while the fluo‐
rescence intensity of DHE staining was lower in 
the SN-6+HS+I/R group than in the HS+I/R group 
(Figs. 5q and 5r). In summary, SN-6 could alleviate 
hepatic IRI exacerbated by hypernatremia.

3.6 SN-6’s attenuation of HS-aggravated H/R 
injury in BRL-3A cells

We first explored the optimal experimental con‐
centration of SN-6 using the CCK-8 experiment. The 
results showed that the cell viability of HS+H/R BRL-
3A cells was significantly improved when the concen‐
tration of SN-6 reached 10 μmol/L; therefore, we se‐
lected 10 μmol/L as the concentration for SN-6 cell 
experiments (Fig. 6a). Next, the effect of SN-6 on he‐
patocyte apoptosis was further detected; western blot 
analysis found that the addition of SN-6 significantly 
decreased the expression of BAX, C-Caspase 3, and 
NLRP3. In contrast, the expression of BCL-2 was 
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Fig. 3  Amiloride (Amil)’s attenuation of hypernatremia-aggravated hepatic ischemia-reperfusion injury (IRI) in Lewis 
rats. (a–c) Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) 
levels in rats of the I/R, HS+I/R, Amil+I/R, and Amil+HS+I/R groups (n=6). (d, e) Representative hepatic hematoxylin 
and eosin (H&E)-stained images and statistical chart showing necrotic areas (n=4). (f, g) Representative hepatic MPO 
immunohistochemical staining images and statistical chart (n=4). (h) The protein expression of BAX, BCL-2, C-Caspase 3, 
and NOD-like receptor family, pyrin domain-containing 3 (NLRP3) in hepatic tissues. (i–k) The mRNA levels of IL-1β, 
MCP-1, and TNF-α in hepatic tissues. (l–n) Hepatic glutathione (GSH) activity, malondialdehyde (MDA) content, 
and superoxide dismutase (SOD) activity in rats of the I/R, HS+I/R, Amil+I/R, and Amil+HS+I/R groups (n=6). 
(o, p) Representative hepatic terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining images 
and statistical chart (n=4). (q, r) Representative hepatic dihydroethidium (DHE) staining images and statistical 
chart in rats (n=4). I/R: ischemia-reperfusion; HS: high-sodium; MPO: myeloperoxidase; BAX: B-cell lymphoma 2 
(BCL-2)-associated X protein; C-Caspase 3: cleaved caspase-3; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; 
mRNA: messenger RNA; IL-1β: interleukin-1β; MCP-1: monocyte chemoattractant protein-1; TNF-α: tumor necrosis 
factor-α. Data are expressed as mean±standard deviation (SD). * P<0.05, ** P<0.01, *** P<0.001.
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Fig. 4  Amil’s attenuation of HS-aggravated H/R injury in BRL-3A cells. (a) Viability of BRL-3A cells treated with 
different concentrations of Amil under the HS+H/R condition was detected using CCK-8 assays. (b, d) Statistical chart 
(n=4) and cell apoptosis rates were determined by flow cytometry. (c) Protein expression of BAX, BCL-2, C-Caspase 3, 
and NLRP3 in BRL-3A cells. (e, f) Statistical chart (n=4) and representative ROS, DAPI, and merged staining images of 
BRL-3A cells in the H/R, HS+H/R, Amil+H/R, and Amil+HS+H/R groups. HS: high-sodium; H/R: hypoxia-reoxygenation; 
CCK-8: cell-counting kit-8; BAX: B-cell lymphoma 2 (BCL-2)-associated X protein; C-Caspase 3: cleaved caspase-3; 
NLRP3: NOD-like receptor family, pyrin domain-containing 3; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; 
DAPI: 4',6-diamidino-2'-phenylindol; ROS: reactive oxygen species. Data are expressed as mean±standard deviation (SD). 
* P<0.05, ** P<0.01, *** P<0.001.
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Fig. 5  SN-6’s attenuation of hypernatremia-aggravated hepatic ischemia-reperfusion injury (IRI) in Lewis rats. 
(a–c) Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and lactate dehydrogenase (LDH) 
levels in rats of the ischemia-reperfusion (I/R), high-sodium (HS)+I/R, SN-6+I/R, and SN-6+HS+I/R groups (n=6). 
(d, e) Representative hepatic hematoxylin and eosin (H&E)-stained images and statistical chart showing necrotic 
areas (n=4). (f, g) Representative hepatic myeloperoxidase (MPO) immunohistochemical staining images and statistical 
chart (n=4). (h) Protein expression of B-cell lymphoma 2 (BCL-2)-associated X protein (BAX), BCL-2, cleaved caspase-3 
(C-Caspase 3), and NOD-like receptor family, pyrin domain-containing 3 (NLRP3) in hepatic tissues. (i–k) Messenger 
RNA (mRNA) levels of interleukin-1β (IL-1β), monocyte chemoattractant protein-1 (MCP-1), and tumor necrosis factor-α 
(TNF-α) in hepatic tissues. (l–n) Hepatic glutathione (GSH) activity, malondialdehyde (MDA) content, and superoxide 
dismutase (SOD) activity in rats of the I/R, HS+I/R, SN-6+I/R, and SN-6+HS+I/R groups (n=6). (o, p) Representative hepatic 
terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining images and statistical chart (n=4). 
(q, r) Representative hepatic dihydroethidium (DHE) staining images and statistical chart in rats (n=4). GAPDH: 
glyceraldehyde 3-phosphate dehydrogenase. Data are expressed as mean±standard deviation (SD). * P<0.05, ** P<0.01, 
*** P<0.001.
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Fig. 6  SN-6’s attenuation of HS-aggravated H/R injury in BRL-3A cells. (a) Viability of BRL-3A cells treated with 
different concentrations of SN-6 under the HS+H/R condition was detected using CCK-8 assays. (b) Protein expression of 
BAX, BCL-2, C-Caspase 3, and NLRP3 in BRL-3A cells. (c, d) Cell apoptosis rates were determined by flow cytometry and 
statistical chart (n=4). (e, f) Representative ROS, DAPI, and merged staining images of BRL-3A cells in the H/R, HS+H/R, 
SN-6+I/R, and SN-6+HS+I/R groups and statistical chart (n=4). HS: high-sodium; H/R: hypoxia-reoxygenation; CCK-8: 
cell-counting kit-8; BAX: B-cell lymphoma 2 (BCL-2)-associated X protein; C-Caspase 3: cleaved caspase-3; NLRP3: 
NOD-like receptor family, pyrin domain-containing 3; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; DAPI: 
4',6-diamidino-2'-phenylindol; ROS: reactive oxygen species. Data are expressed as mean±standard deviation (SD). * P<
0.05, ** P<0.01, *** P<0.001.
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increased in the SN-6+HS+H/R group compared to 
the HS+H/R group (Fig. 6b). Flow cytometry results 
showed that the apoptosis rates were significantly 
decreased in the SN-6+HS+H/R group compared to 
the HS+H/R group (Figs. 6c and 6d). The fluores‐
cence intensity of ROS staining in the SN-6+HS+
H/R group was significantly lower than that that in 
the HS+H/R group (Figs. 6e and 6f). In conclusion, 
SN-6 could attenuate HS-enhanced H/R injury in 
BRL-3A cells.

4 Discussion 

Donors for LT are mainly deceased donors, cat‐
egorized as donors after brain death (DBD) or donors 
after circulatory death (DCD). Due to excessive infu‐
sion of sodium-containing fluids, increased aldoste‐
rone, and renal dysfunction, donors often suffer from 
hypernatremia (Ilardi, 2022; Bernal et al., 2023). Ele‐
vated donor serum sodium concentrations have been 
widely reported to adversely affect LT, and the results 
of a systematic study that included 25 study cohorts 

and 19 389 LT recipients suggested that donor hyper‐
natremia is associated with poor liver function in the 
early postoperative period (Basmaji et al., 2020). 
Livers from donors with serum sodium concentrations 
of >155 mmol/L are considered extended-criteria donor 
livers with a potential risk of poor prognosis (Basmaji 
et al., 2020; McDonald et al., 2021). However, the 
molecular mechanisms underlying this clinical phe‐
nomenon remain unreported. In our study, we found 
that hypernatremia aggravated IRI in Lewis rat livers, 
and HS also aggravated H/R injury in BRL-3A cells, 
which was associated with ENaC and NCX. Their 
specific inhibitors could be applied to reduce the neg‐
ative effects of hypernatremia on hepatic I/R (Fig. 7).

It has been widely reported that I/R increases he‐
patic inflammation and injury (Guo et al., 2020; Ding 
et al., 2022), and we found that hepatic IRI was fur‐
ther exacerbated in hypernatremia rats. We constructed 
the I/R model of Lewis rats with hypernatremia; the 
serum levels of ALT, AST, and LDH, and the area of 
hepatic ischemic necrosis were all significantly higher 
in the HS+I/R group than in the I/R group. The in‐
flammatory cytokines and ROS in the livers were 

Fig. 7  Schematic diagram of the mechanism by which hypernatremia aggravates hepatic ischemia-reperfusion injury 
(IRI). Elevated extracellular Na+ leads to the increase of the entry of Na+ into the cell via epithelial sodium channel (ENaC). 
Increased intracellular Na+ promotes the exchange of intracellular Na+ with extracellular Ca2+ via Na+/Ca2+ exchanger (NCX). 
Intracellular Ca2+ overload leads to increased production of reactive oxygen species (ROS) and NOD-like receptor family, 
pyrin domain-containing 3 (NLRP3), which ultimately enhances cellular apoptosis and inflammation. The inhibitors 
of ENaC and NCX, Amil and SN-6, respectively, can reduce hypernatremia-aggravated hepatic IRI. BAX: B-cell lymphoma 
2 (BCL-2)-associated X protein; IL-1β: interleukin-1β.
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increased in the HS+I/R group, as evidenced by in‐
creased levels of IL-1β, MCP-1, and TNF-α, elevated 
content of MDA, and decreased activity of GSH and 
SOD (Chen et al., 2022; Han et al., 2022). Similar re‐
sults were found in the BRL-3A cells, where the fluo‐
rescence intensity of the ROS staining of the cells in 
the HS+H/R group was significantly increased, and 
flow cytometry showed an increase in cellular apopto‐
sis. The western blot analysis showed increased expres‐
sion of BAX and C-Caspase 3 in both the HS+I/R 
group of rats and the HS+H/R group of cells. Exacer‐
bation of IRI by hypernatremia has been reported in 
the heart (Castaldo et al., 2017) and kidney (Matsu‐
moto et al., 2022). The molecular mechanism of exac‐
erbated IRI by hypernatremia is related to the activa‐
tion of ENaC (Matsumoto et al., 2022) and NCX 
(Castaldo et al., 2017), which leads to intracellular 
calcium overload. Therefore, we applied specific in‐
hibitors of ENaC and NCX to validate their roles in 
hepatic IRI aggravated by hypernatremia.

ENaC is a type of sodium channel that is usually 
composed of α, β, and γ subunits. ENaC primarily 
maintains cellular sodium homeostasis, and it has been 
reported to be closely associated with ROS production 
in cystic fibrosis and cardiovascular sclerosis (Pitzer 
et al., 2022; Chen et al., 2023). ENaC-mediated extra‐
cellular Na+ influx elevates intracellular Na+ , and in‐
creased exchange of Na+ and Ca2+ leads to intracellu‐
lar Ca2+ overload, which activates Ca2+-related signal‐
ing pathways, leading to increased ROS production 
and pro-inflammatory cytokine release and facilitat‐
ing cellular apoptosis (Dizin et al., 2021; Pitzer et al., 
2022). αENaC knockout attenuated renal IRI in mice, 
and the application of 1 μmol/L Amil in human micro‐
vascular endothelial cells (HMEC-1) promoted the ac‐
tivation of endothelial nitric oxide synthase (eNOS) 
(Tarjus et al., 2019). Knockout of γENaC could also 
increase eNOS in the kidney (Mutchler et al., 2021). 
Na+ was enriched, and NCX activity was increased in 
neuronal cells after global cerebral ischemia, and neu‐
ronal cell death could be alleviated by intraperitoneal 
injection of Amil in a mouse model (Kang et al., 
2020). In our study, we found that the application of 
Amil reduced hepatic inflammation and cellular apop‐
tosis. Hepatic ROS production was decreased in the 
Amil+HS+I/R and Amil+HS+H/R groups. Alleviated 
hepatic inflammation was evidenced by reduced MPO-
positive cellular infiltration and decreased levels of 

IL-1β, MCP-1, and TNF-α. These results demonstrated 
that inhibition of ENaC attenuated the effects of hy‐
pernatremia on hepatic IRI.

NCX mediates the cellular exchange of Na+ and 
Ca2+ , and NCX-1 is an isoform of NCX (Xue et al., 
2023). Transient ischemia led to increased Na+ con‐
centration in astrocytes, followed by increased NCX 
activity, promoting Na+ efflux (Gerkau et al., 2018). 
The elevation of the Na+ concentration in the perfus‐
ate from 145 to 155 mmol/L aggravated cardiac IRI, 
and the adverse effects caused by HS could be allevi‐
ated by the application of an inhibitor of NCX (King 
et al., 2020). After I/R of cardiomyocytes, NCX-1 ex‐
pression was increased, and myocardial IRI was re‐
duced after application of SN-6 (Hu et al., 2019; Li 
et al., 2019; Shi et al., 2023). Activation of NCX 
caused intracellular Ca2+ accumulation, which in turn 
led to a rise in ROS production and promoted the pro‐
duction of pro-inflammatory cytokines and apoptosis 
(Castaldo et al., 2017). After myocardial I/R, Na+ and 
Ca2+ overload in cardiomyocytes led to NLRP3 activa‐
tion and increased IL-1β release. Dapagliflozin inhib‐
ited the activity of NCX on cardiomyocytes, reduced 
intracellular Ca2+, and decreased the inflammation and 
apoptosis of cardiomyocytes (Yu et al., 2021). NCX 
expression was increased after myocardial infarction, 
and rosmarinic acid prevented myocardial hyper‐
trophy and cardiac dysfunction by inhibiting NCX 
(Javidanpour et al., 2018). After the application of 
SN-6, our study found that cellular ROS production 
and the number of MPO-positive cells were reduced 
in the SN-6+HS+H/R group. BAX and C-Caspase 3 ex‐
pression levels were decreased, BCL-2 expression 
level was increased both in the SN-6+HS+I/R and 
SN-6+HS+H/R groups, and cellular apoptosis was 
reduced as shown by flow cytometry and TUNEL fluo‐
rescence intensity, demonstrating that SN-6 could 
improve HS-induced IRI.

In this study, we applied original animal and cel‐
lular models of HS. Our experiments verified that a 
stable rat model with 190 mmol/L serum sodium con‐
centration could be established by applying a 3 mol/L 
NaCl solution administered via tail vein infusion. Dur‐
ing the induction period, 0.7 mL of 3 mol/L NaCl 
solution per 100 g BW was first pumped through 
the tail vein over 5 min. Then, 0.7 mL/h of 3 mol/L 
NaCl solution was continuously pumped during the 
ascending period, and the serum sodium concentration 
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could typically reach 190 mmol/L after 3 h. Finally, 
the pumping rate during the maintenance period was 
adjusted to 0.2 mL/h. For the HS cell model, BRL-3A 
cells were cultured with 190 mmol/L HS DMEM for 
24 h before H/R. These novel animal and cellular 
models simulate the process of LT from hypernatremia 
donor livers and provide tools to study the role of 
hypernatremia in hepatic IRI.

There are some shortcomings in our study: we did 
not apply gene-edited cells or animals for the study, 
and in addition, the rat model of hypernatremia was 
relatively transient because it was difficult to establish 
a long-term stable rat model with serum sodium con‐
centrations up to 190 mmol/L. Therefore, it would be 
meaningful to apply the gene knockout or overexpres‐
sion models of ENaC and NCX further for in vivo 
and in vitro experiments. As liver sinusoidal endothe‐
lial cells (LSECs) and Kupffer cells play an important 
role in hepatic IRI, we speculate that the concentra‐
tions of Na+ and Ca2+ in these cells will also increase 
under HS conditions, and that calcium overload leads 
to the activation of downstream inflammation and 
apoptosis pathways. Therefore, to study the mech‐
anism by which hypernatremia aggravates hepatic IRI, 
it will be valuable to further isolate primary LSECs 
and Kupffer cells for in vitro experiments.

In summary, our study demonstrated that the ex‐
acerbation of hepatic IRI by hypernatremia is related 
to ENaC and NCX, and that the application of the spe‐
cific inhibitors Amil and SN-6 could attenuate hepatic 
IRI exacerbated by hypernatremia. Our conclusions 
suggest a new therapeutic option for hypernatremia 
donors and contribute to improving the utilization rate 
of hypernatremia donor livers.
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