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Early use of dexamethasone increases Nr4a1 in Kupffer  
cells ameliorating acute liver failure in mice in  
a glucocorticoid receptor-dependent manner* 
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Abstract: Background and objective: Acute liver failure (ALF) is a type of disease with high mortality and rapid pro-
gression with no specific treatment methods currently available. Glucocorticoids exert beneficial clinical effects on 
therapy for ALF. However, the mechanism of this effect remains unclear and when to use glucocorticoids in patients 
with ALF is difficult to determine. The purpose of this study was to investigate the specific immunological mechanism of 
dexamethasone (Dex) on treatment of ALF induced by lipopolysaccharide (LPS)/D-galactosamine (D-GaIN) in mice. 
Methods: Male C57BL/6 mice were given LPS and D-GaIN by intraperitoneal injection to establish an animal model of 
ALF. Dex was administrated to these mice and its therapeutic effect was observed. Hematoxylin and eosin (H&E) 
staining was used to determine liver pathology. Multicolor flow cytometry, cytometric bead array (CBA) method, and 
next-generation sequencing were performed to detect changes of messenger RNA (mRNA) in immune cells, cytokines, 
and Kupffer cells, respectively. Results: A mouse model of ALF can be constructed successfully using LPS/D-GaIN, 
which causes a cytokine storm in early disease progression. Innate immune cells change markedly with progression of 
liver failure. Earlier use of Dex, at 0 h rather than 1 h, could significantly improve the progression of ALF induced by 
LPS/D-GaIN in mice. Numbers of innate immune cells, especially Kupffer cells and neutrophils, increased significantly 
in the Dex-treated group. In vivo experiments indicated that the therapeutic effect of Dex is exerted mainly via the 
glucocorticoid receptor (Gr). Sequencing of Kupffer cells revealed that Dex could increase mRNA transcription level of 
nuclear receptor subfamily 4 group A member 1 (Nr4a1), and that this effect disappeared after Gr inhibition. Conclu-
sions: In LPS/D-GaIN-induced ALF mice, early administration of Dex improved ALF by increasing the numbers of 
innate immune cells, especially Kupffer cells and neutrophils. Gr-dependent Nr4a1 upregulation in Kupffer cells may 
be an important ALF effect regulated by Dex in this process. 
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1  Introduction 
 

Acute liver failure (ALF) is a type of clinical 
symptom that progresses rapidly. With its potential 
for rapid progression of acute hepatic dysfunction to 
multiorgan failure, prompt diagnosis and expeditious 
management are required. Liver transplantation is the 
ultimate cure for severe unresolved ALF. However, 
the lack of donors strongly limits the broad use of 
liver transplantation for treatment of ALF. Therefore, 
finding alternative treatments for ALF is an urgent 
medical need. Glucocorticoids have been used in the 
treatment of ALF for the prevention of hepatic en-
cephalopathy with favorable clinical results, espe-
cially in Japan (Kakisaka et al., 2017). However, the 
questions regarding the optimal dosage and treatment 
duration of glucocorticoids in ALF therapy, and the 
best time for beginning treatment are still unresolved. 

Immune damage, such as monocyte and mac-
rophage dysfunction, is an important component in 
the onset and progression of ALF (Stravitz and Lee, 
2019). Macrophages are innate immune cells with 
dual pro-inflammatory and anti-inflammatory effects, 
and they play a vital role in pathogenesis, progression, 
and remission of ALF (Possamai et al., 2014). The 
cytokine storm caused by macrophage is also a major 
factor in pathogenesis of ALF. The inherent plasticity 
of macrophages determines the diverse roles of these 
cells in different tissues, even at different stages of 
identical diseases. Determining the changes of mac-
rophages in the progression of ALF will improve the 
efficacy of immunomodulatory therapy. 

Glucocorticoids have strong immunosuppressive 
effects and their specific effect on regulating innate 
immune cells such as macrophages is a major focus of 
recent research (Robert et al., 2016). Previous studies 
have shown that glucocorticoids can affect apoptosis 
(Achuthan et al., 2018), phagocytosis (Garabuczi et al., 
2015), cytokine secretion (van de Garde et al., 2014), 
and phenotypic differentiation (Heideveld et al., 2018) 
of macrophages to mitigate progression of inflam-
matory diseases. However, glucocorticoids are now 
known to have other functions as well, and their 
immunoregulatory mechanism is no longer consid-
ered to be limited to immunosuppressive effects (Cain 
and Cidlowski, 2017; Yu et al., 2019). Because of its 
strong anti-inflammatory effect, the corticosteroid 
dexamethasone (Dex) is recommended for the treat-
ment of ALF. However, neither the immunological 

mechanisms by which glucocorticoids affect ALF 
progression nor the roles macrophages play in this 
process have thus far been clarified. Resolving these 
questions could provide scientific support for the use 
of glucocorticoids in the treatment of ALF, and facili-
tate determination of the optimal starting point for 
glucocorticoid administration. 

In China, ALF is caused mainly by viral hepatitis. 
The pathogenesis of the lipopolysaccharide (LPS)/ 
D-galactosamine (D-GaIN)-induced ALF mice model 
is considered similar to that of human liver failure 
caused by viral hepatitis (Zhao et al., 2018). Research 
has shown that D-GaIN is a liver-specific toxin that 
can selectively deplete uridine nucleotides, inhibit the 
syntheses of protein and messenger RNA (mRNA) in 
the liver, cause irreversible damage to liver cells, and 
increase liver sensitivity to LPS (Lyu et al., 2019). We 
have investigated the changes of immune cells and 
cytokines in the progression of LPS/D-GaIN-induced 
liver failure in mouse models. We further explored 
the specific immunological effects of glucocorticoids 
in ALF therapy to provide theoretical support for 
immunotherapy of ALF. 

 
 

2  Materials and methods 

2.1  Experiments on mice 

Mouse studies were carried out in accordance 
with the National Institutes of Health guidelines and 
approved by the Animal Care and Use Committee of 
Zhejiang University, Hangzhou, China. Seven-eight 
week-old C57BL/6 male mice (weight 18–20 g) were 
purchased from Shanghai Slack Company, China and 
group-housed (4–5 mice per cage) in standard cages. 
All mice were housed in a temperature-controlled 
room on a 12 h:12 h light/dark cycle and had free 
access to water and standard mouse chow. The mice 
were fasted for 12 h before each experiment. Doses of 
5 μg/kg LPS (Sigma-Aldrich, St. Louis, MO, USA) 
and 500 mg/kg D-GaIN (Sigma-Aldrich) dissolved 
with warm phosphate-buffered saline (PBS), were 
injected intraperitoneally to mice. The mice were 
sacrificed after LPS/D-GaIN treatment for 1–5 h. The 
liver samples were weighed and photographed, and 
blood was separated to collect the serum and immune 
cells. Dex (1 mg/kg; Sigma-Aldrich) in olive oil 
(Sangon Biotech, Shanghai, China) was injected in-
traperitoneally and mice were sacrificed 4 h after Dex 
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stimulation. Glucocorticoid receptor (Gr) expression 
was suppressed with 100 μg/kg of the inhibitor RU486 
(Sigma-Aldrich) in olive oil 1 h before Dex and LPS 
injection. 

2.2  Measurement of liver necrosis 

Paraffin-embedded liver samples were sectioned 
at 4-µm thickness and stained with hematoxylin and 
eosin (H&E) as described previously (Joshi et al., 
2016). Serum alanine aminotransferase (ALT) and 
aspartate transaminase (AST) levels were determined 
using commercial reagents (Fujifilm, Tokyo, Japan). 

2.3  Flow cytometry and data analysis 

Digestive enzymes (type I collagenase 0.05% 
(0.5 g/L), type IV collagenase 0.05% (0.5 g/L), type I 
DNase 0.002% (0.02 g/L), and fetal bovine serum 
(FBS) 10% (0.1 g/mL)) were prepared with Hanks 
solution and placed in 37 °C water. After sacrificing 
experimental animals, mouse livers were taken out, 
rinsed with PBS, homogenized and placed in 10 mL 
of a solution with digestive enzymes, and digested on 
a 37 °C shaker for 15 min. The digested livers were 
filtered through a 70-μm cell strainer. Next, 50 g of 
hepatocytes and 500 g of non-parenchymal cells were 
centrifuged and pelleted at 4 °C for 10 min. Hepatic 
immune cells were isolated using 33% Percoll single 
density gradient centrifugation at 2000 r/min for  
20 min and split using 500 µL red lysate. Finally, the 
cells were washed with PBS and filtered through a 
40-µm sieve, and prepared for flow cytometry. 

Anti-mouse antibodies CD45-FITC (30-F11), 
B220-APC (RA3-6B2), CD3-CY5.5 (145-2C11), 
CD49b-BV605 (HMa2), CD4-V500 (RM4-5), CD8- 
PE (53-6.7), CD11b-APC (M1/70), F4/80-BV421 
(T45-2342), and Ly6G-AF700 (1A8) were purchased 
from BD Biosciences (NJ, USA), eBioscience (San 
Diego, CA, USA), and BioLegend (San Diego). 
FVS780 (BD Biosciences) was used to exclude dead 
cells. Stained cells were tested by 18-color flow cy-
tometry BD™ LSRFortessa (BD Biosciences). Equal 
numbers of CD45+ cells were down-sampled from 
each sample and concatenated to a file (.fcs) for analysis 
using FlowJo v10.0 (BD Biosciences). 

2.4  Serum cytokines 

Serum cytokines interleukin-6 (IL-6), tumor ne-
crosis factor-α (TNF-α), chemokine (C-C motif) ligand 2 
(CCL-2), and IL-10 levels were quantitatively measured 

with a cytometric bead array (CBA) mouse inflamma-
tion kit (BD Biosciences) following the manufacturer’s 
protocol. Statistical analysis was performed with FCAP 
Array software v3.0 (BD Biosciences). 

2.5  Immunohistochemistry 

Liver sections were blocked in 3% normal goat 
serum in PBS for 45 min at room temperature and 
incubated with the primary antibody F4/80 (Abcam, 
Cambridge, UK; 1:400 (v/v)) overnight at 4 °C. Pri-
mary antibodies were detected using horseradish pe-
roxidase (HRP)-conjugated goat anti-rabbit secondary 
antibody (CST, Boston, USA; 1:400 (v/v)) for 50 min, 
and 3,3'-diaminobenzidine (DAB) solution (Proteintech, 
Chicago, USA). All operations followed manufacturers’ 
instructions. Liver sections were scanned with pano-
ramic MIDI (3DHISTECH, Budapest, Hungary). 

2.6  Real-time polymerase chain reaction 

RNA was extracted from liver samples by the 
TRIzol method. Kupffer cells were isolated using the 
methods of Leroux et al. (2012), and RNA was ex-
tracted from the cells using the RNeasy Plus Mini Kit 
(Qiagen, Bremen, Germany). Relative mRNA expres-
sion was determined using SYBR Green Master Mix 
(TaKaRa Bio, Kyoto, Japan). The primers used were 
the following: Cd86 forward 5'-ATGGACCCCAGA 
TGCACCAT-3', reverse 5'-CAACTTTTGCTGGTC 
CTGCC-3'; Cd163 forward 5'-TGCTGTCACTAA 
CGCTCCTG-3', reverse 5'-CATTGCATGCCAGGT 
CATCG 3'; Gr forward 5'-GAAAGTTGGGGGAGT 
GTGCT-3', reverse 5'-GGGTCTCATCTAATGGGC 
CG-3'; Nr4a1 forward 5'-TATCAAGCCCCAGCAG 
TGTG-3', reverse 5'-GCTGTCCTTCCACTGCTCTT-3'. 
Mix was run on a LightCycler 480 System. Running 
programs were as follows: pre-heating, 30 s at 95 °C; 
40 cycles of 3 s at 95 °C and 30 s at 60 °C; 15 s at 
95 °C, 1 min at 60 °C, 15 s at 95 °C. Glyceraldehyde- 
3-phosphate dehydrogenase (GAPDH) was used as a 
housekeeping gene. 

2.7  RNA-seq data process 

RNA libraries of LPS/D-GaIN and LPS/D-GaIN+ 
Dex were constructed by Microwell-seq and then 
sequenced by Illumina HiSeq (Illumina, California, 
USA). Because sequencing errors and low quality may 
produce false barcodes, we discarded read pairs with 
a base quality below 10. Cells with high proportions 
of transcript counts derived from mitochondria-encoded 
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genes were also excluded. We used the SEURAT 
package in R for clustering and digital gene expression 
(DGE) data were used as inputs. DoHeatmap function 
was used to determine differential gene expression in 
LPS/D-GaIN and LPS/D-GaIN+Dex samples. 

2.8  Statistical analysis 

Data analysis was performed with GraphPad 
Prism 7.0 (San Diego). Continuous variables are shown 
as mean±standard error of the mean (SEM). Two- 
group comparisons were carried out using Student’s 
t-test. Comparison of three or more groups was per-
formed using one- or two-way analysis of variance 
(ANOVA). Mouse survival was computed by the 
Kaplan-Meier estimator and statistical significance 
was calculated using log-rank test. Two-sided tests 
were used and only P values of <0.05 were consid-
ered significant. 

 
 

3  Results 

3.1  LPS/D-GaIN-induced mouse model of ALF 

To construct a stable animal model of ALF, we 
injected LPS/D-GalN into eight-week-old mice for 5 h 
through intraperitoneal administration. To quantita-
tively assess the ALF model, liver enzymes and 
pathological tests were performed on mouse blood 
and liver at different time points (Fig. 1a). It was 
found that levels of ALT and AST started to rise after 
4 h of administration (Fig. 1b). A macroscopic view 
of the treated ALF model livers showed obvious 
congestion (Fig. 1c). Liver H&E staining showed that 
interstitial congestion began to appear in mice at 4 h 
after the administration of the ALF model drugs, and 
became more severe at 5 h. The hepatic sinus was 
blocked and liver cells had inflammatory necrosis, 
accompanied by infiltration of liver non-parenchymal 
cells (Fig. 1c). 

It has been well established that cytokine dam-
age related to immune damage plays an important role 
in the progression of liver failure. In this study, serum 
cytokine levels were measured at different stages of 
ALF progression in ALF mice induced by LPS/ 
D-GalN. We found that IL-6 level significantly in-
creased at 1 h, reached a peak at 2 h and then gradu-
ally decreased. Compared with the control group, 
serum TNF-α level initially increased, and then de-

creased rapidly after reaching a maximum at 1 h. 
CCL-2 level began to increase at 1 h and reached a 
maximum after 2 h. However, changes in the anti- 
inflammatory factor IL-10 was mostly consistent with 
that of TNF-α, decreasing after a brief rise at the ini-
tial stage (Fig. 1d). 

3.2  Changes of immune cell numbers in the pro-
gression of LPS/D-GaIN-induced ALF in mice 

In order to clarify the changes in liver and blood 
immune cells in ALF induced by LPS/D-GalN, blood 
and liver samples at different time points were pro-
cessed into single cell suspension, which was assayed 
using multicolor flow cytometry. Because the ALF 
mice were in the late stage of liver failure at 5 h and 
the number of immune cells decreased significantly, 
this experiment only monitored changes in liver im-
mune cells at 1–4 h. 

As shown in Figs. 2a and 2b, there were no sig-
nificant changes in quantities of liver B cells, CD4+ T 
cells, CD8+ T cells, natural killer (NK) cells, or nat-
ural killer T (NKT) cells at 1–3 h. However, there was 
apparent evidence of liver failure as the inflammatory 
response progressed at 4 h when all of the above- 
mentioned cells decreased in number (Figs. 2a and 
2b). The number of neutrophils among liver innate 
immune cells increased during 1 to 2 h, and began to 
decrease at 3 h. Kupffer cells of liver colonized 
macrophages began to decrease at 1 h (Figs. 2a and 
2c). To clarify the changes of blood immune cells 
during ALF progression, the peripheral blood of ALF 
mice modeled with LPS/D-GalN was subjected to 
multicolor flow cytometry at 1–4 h. Among adaptive 
immune cells, in the blood, we found that B cells, 
CD4+ T cells, or CD8+ T cells did not change signifi-
cantly as a whole; however, NK cells and NKT cells 
were reduced in number compared to the control group 
(Figs. 2d and 2e). There was no significant change in 
neutrophils belonging to blood innate immune cells. 
The number of monocytes decreased significantly at  
1 h, and then increased gradually (Figs. 2d and 2f). 

3.3  Effects of early use of Dex on LPS/D-GaIN-  
induced ALF mice survival and liver damage 

Early use of glucocorticoids is recommended for 
treatment of ALF (Fujiwara et al., 2014). To investi-
gate the effect of glucocorticoid intervention on ALF, 
ALF mice induced by LPS/D-GaIN were treated with  
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Dex at 0 and 1 h (Fig. 3a). Our results showed that the 
survival rates of ALF mice given Dex at 0 h were 
significantly improved compared with the group modeled 
by LPS/D-GaIN alone (Fig. 3b). However, there was 
no difference in survival rates of ALF mice given Dex 
at 1 h compared with the ALF mice (Fig. 3b). Ap-
plying Dex at 0 h can significantly improve the liver 
congestion and liver tissue structure. Hepatic sinus 
congestion was significantly improved, and liver ALT 
and AST levels were markedly reduced (Figs. 3c and 
3d). Nevertheless, aggravated liver damage could still 
be seen after Dex treatment at 1 h (Figs. 3c and 3d).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Detection of serum cytokines by the CBA method 
demonstrated that blood proinflammatory cytokines 
such as IL-6, TNF-α, and CCL-2 were significantly 
reduced after Dex 0 h therapy compared with the 
untreated LPS/D-GaIN mice (Fig. 3e). Nevertheless, 
application of Dex at 1 h could still play a role in 
inhibiting the secretion of inflammatory factors. At 
the same time, the serum anti-inflammatory cytokine 
IL-10 increased significantly in mice treated with Dex 
at 0 h; but IL-10 level in the late Dex administration 
group did not change significantly compared with the 
LPS/D-GaIN control group (Fig. 3e). 

Fig. 1  LPS/D-GaIN-induced mouse ALF model 
(a) Schematic illustration of ALF mouse sample processing. (b) Changes of serum ALT and AST levels during mice ALF 
progression. All groups are compared with a PBS control group (n=5 or 9). (c) Representative images of mouse liver samples 
and hepatic hematoxylin and eosin (H&E) staining (n=5; scan bar=50 μm (×200) or 25 μm (×400)). (d) Serum levels of 
IL-10, IL-6, TNF-α, and CCL-2 after different time durations of LPS/D-GaIN stimulation (n=5 or 4). All groups are com-
pared to a PBS control group. Data are expressed as mean±standard error of the mean (SEM). The number and value of each 
sample are shown by various marks. * P<0.05; ** P<0.01. LPS, lipopolysaccharide; D-GaIN, D-galactosamine; ALF, acute 
liver failure; ALT, alanine aminotransferase; AST, aspartate aminotransferase; IL-10, interleukin-10; IL-6, interleukin-6; 
TNF-α, tumor necrosis factor-α; CCL-2, chemokine (C-C motif) ligand 2 
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3.4  Effect of Dex on the number of Kupffer cells in 
mice with LPS/D-GaIN-induced ALF 

 
In order to clarify the immunological mechanism 

in the early Dex administration in improving ALF,  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

multicolor flow cytometry was used to detect changes 
in liver and blood immune cells. Our study found that 
the use of Dex at 0 h in LPS/D-GaIN mouse models 
significantly increased the number of Kupffer cells 
and neutrophils in liver, while the numbers of B cells,  

Fig. 2  Changes of liver and blood immune cell numbers during LPS/D-GaIN-induced ALF in mice 
(a) Gating strategy for surface maker analysis within the total liver nonparenchymal cells. (b, c) t-SNE map of CD45+ cells 
analyzed by expression of CD45, B220, CD3, CD4, CD8, CD49b, CD11b, Ly6G, and F4/80 in liver based on 15 000 CD45+ 
cells pooled from 15 mice and stacked bar plots of cell numbers within different subsets. (d) Gating strategy for makers within 
the blood immune cells. (e, f) t-SNE map distribution of CD45+ blood cells analyzed by intensities of CD45, B220, CD3, CD4, 
CD8, CD49b, CD11b, and Ly6G markers from 15 000 CD45+ cells and stacked bar plots of cell numbers within different 
subsets. The results are expressed as mean±standard error of the mean (SEM; n=3 per group per time point). LPS, lipopoly-
saccharide; D-GaIN, D-galactosamine; t-SNE, t-distributed stochastic neighbor embedding; SSC-A, side scatter area; FSC-A, 
forward scatter area; FSC-H, forward scatter height; MDM, monocyte derived macrophage; PBS, phosphate-buffered saline 
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CD4+ T cells, CD8+ T cells, NKT cells, and NK cells, 
which belong to adaptive immune cells, were signifi-
cantly reduced (Fig. 4a). Similarly, the numbers of 
blood neutrophils increased, and numbers of B cells 
and NK cells decreased in the early Dex intervention 
group (Fig. 4b). Previous work has verified that glu-
cocorticoids mainly exerted their effects as anti-  
allergic effects on macrophages and neutrophils, which 
form part of the innate immune system (Tuckermann 
et al., 2007). Considering the effects of glucocorti-
coids on multiple phenotypes of macrophages and the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

importance of macrophages in the progression of 
ALF (Possamai et al., 2014), we sorted Kupffer cells 
and examined their phenotypes (Figs. 4c and 4d). In 
ALF with early intervention of Dex, we found that the 
elevated numbers of liver macrophages were mainly 
M2 anti-inflammatory immune cells (Fig. 4e). 

3.5  Effect of Dex on Nr4a1 expression in Kupffer 
cells in LPS/D-GaIN-induced ALF mice  

To further clarify the specific mechanism by 
which early Dex treatment mitigated, we sequenced  

Fig. 3  Effects of early administration of Dex on ALF mice survival and liver injury 
Male C57 mice were treated with LPS/D-GaIN and Dex at early (0 h) and later (1 h) time. (a) Schematic illustration of mice 
processing. (b) Kaplan-Meier survival of ALF mice receiving Dex 1 mg/kg at 0 and 1 h (n=15). Log-rank test P<0.001 
between LPS/D-GaIN group and LPS/D-GaIN+Dex 0 h group. Log-rank test P>0.05 between LPS/D-GaIN group and 
LPS/D-GaIN+Dex 1 h group. (c) Representative sample images and hematoxylin and eosin (H&E) staining of livers har-
vested at 4 h after the administrations of LPS/D-GaIN (n=5; scan bar=50 μm (×200) or 25 μm (×400)). (d) Changes in serum 
ALT and AST levels (n=8). (e) CBA methods detect serum levels of IL-6, TNF-α, CCL-2, and IL-10 (n=5). All groups are 
compared with the LPS/D-GaIN control group. The data are shown as mean±standard error of the mean (SEM). The number 
and value of each sample are shown by various marks. ** P<0.01. LPS, lipopolysaccharide; D-GaIN, D-galactosamine; Dex, 
dexamethasone; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CBA, cytometric bead array; IL-6, 
interleukin-6; TNF-α, tumor necrosis factor-α; CCL-2, chemokine (C-C motif) ligand 2; IL-10, interleukin-10 
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RNA sequencing to detect Kupffer cells after flow 
sorting and found that the hepatocyte damage-related 
molecules, calcium-binding proteins S100A8, S100A9, 
and the chemokine CXCL-10 were significantly in-
creased in Kupffer cells of LPS/D-GaIN-induced ALF 
mice. The Dex treatment group showed increased 
nuclear receptor Nr4a1 expression in Kupffer cells as 
well as changes in the heat shock protein HSP sub-
family genes (Figs. 5a and 5b). Nr4a1 can participate 
in the systemic immune response by affecting cell 
proliferation. Therefore, we hypothesized that the 
effect of early use of Dex to increase liver Kupffer 
cells may be related to the increase of Nr4a1 expres-
sion. Quantitative polymerase chain reaction (qPCR) 
assays confirmed that expression of Nr4a1 in Kupffer 
cells and liver in the early Dex treatment group was 
significantly increased (Figs. 5c and 5d). 

3.6  Effects of Gr inhibition on LPS/D-GaIN-induced 
ALF in mice and Nr4a1 level in Kupffer cells 

Glucocorticoid can bind to intracellular Gr 
(Panettieri et al., 2019), which translocates to the cell 
nucleus to interact with glucocorticoid response elements 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(GREs), thereby exerting genomic effects that alter 
protein expression. Interestingly, glucocorticoids also 
manifest almost immediate non-genomic actions by non- 
specific interactions with the cell membrane, or specific 
interactions with cytosolic Gr (cGR) or membrane- 
bound Gr (mGR) non-genomic mechanisms, which 
could not be eliminated by Gr inhibitors (Panettieri  
et al., 2019). 

The results of this study show that Gr mRNA 
expression in Kupffer cells increases significantly in 
ALF mice treated early with Dex. Gr inhibitors 
completely inhibited the beneficial effect of Dex on 
survival of ALF mice (Figs. 6a and 6b). The results of 
H&E staining showed that liver and hepatic cord 
structures of ALF mice were disordered and that 
congestion occurred in the liver sinus after inhibiting 
the action of Gr (Fig. 6c). Serum ALT and AST levels 
also increased significantly after administration of Gr 
inhibitors (Fig. 6d), suggesting that the early use of 
Dex to improve the progress of mice ALF works 
mainly through the genomic effects of Gr. The qPCR 
results demonstrate that the Nr4a1 mRNA in Kupffer 
cells increased after Gr inhibition by RU486 (Fig. 6e). 

Fig. 4  Effects of early use of Dex on immune cells in LPS/D-GaIN-induced ALF mice 
Samples of LPS/D-GaIN-induced WT mice treated with or without Dex were collected at 4 h. (a, b) The proportion of dif-
ferent immune cells in CD45+ cells in liver (a) and blood (b) with or without Dex treatment. (c) Distribution of Ly6G− 

CD11b+F4/80+ Kupffer cells between ALF mice without and with Dex treatment by flow cytometry. (d) F4/80 protein expres-
sion in ALF mice without or with Dex treatment by immunohistochemical (IHC) techniques. Scan bar=50 μm. (e) Differ-
ential mRNA expression levels of Cd86 (left) and Cd163 (right) in Kupffer cells of ALF mice without or with Dex treatment. 
The data are shown as mean±standard error of the mean (SEM), n=5 per group. * P<0.05; ** P<0.01. n.s., not significant; 
LPS, lipopolysaccharide; D-GaIN, D-galactosamine; Dex, dexamethasone; WT, wild-type; Mon, monocyte; Neu, neutrophil 
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4  Discussion 
 

The etiology of liver failure is complex, and 
there are still inadequate numbers of specific animal 
models for different causes of liver failure (Stravitz 
and Lee, 2019). In 2018, the Guidelines for the Diag-
nosis and Treatment of Liver Failure of China pro-
posed that the main cause of liver failure in China is 
viral hepatitis, especially hepatitis B virus (HBV) 
(CMA, 2019). Therefore, the application range of 
APAP (Acetaminophen)-induced ALF mice is limited. 
Our team previously found that LPS/D-GaIN could 
induce a model of ALF mice, but there still have some 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
problems such as non-uniform dosage standards and 
poor repeatability. This study found that 18–20 g 
C57BL/6 male mice, which received LPS 5 μg/kg and 
D-GaIN 500 mg/kg intraperitoneally after fasting for 
12 h, could show significant manifestations of ALF 
with good reproducibility. 

Hepatocyte death, immune cell infiltration, and 
microcirculation disorders are typical histopathological 
findings of liver failure. Hepatocyte damage and ne-
crosis can induce immune responses, which can fur-
ther trigger microcirculation disorders and systemic 
inflammatory reactions because of the abundant hepatic 
blood flow. In this study, we tested the changes of 

Fig. 5  Effects of Dex on Nr4a1 expression in the liver and Kupffer cells in LPS/D-GaIN-induced ALF mice 
LPS/D-GaIN-induced WT mice were treated with or without Dex and liver samples were collected 4 h later. (a) RNA se-
quencing of Kupffer cells sorted from the liver in two groups (mentioned above). Gene expression heatmap showed the top 
differentially expressed genes between two samples. Yellow indicates high expression; purple and black indicate low ex-
pression. (b) Volcano plot of the Kupffer cells sequencing data. (c, d) mRNA expression levels of Nr4a1 in mice liver 
samples (c) and Kupffer cells (d) between four groups (n=5 per group). All groups are compared with the LPS/D-GaIN group. 
The data are shown as mean±standard error of the mean (SEM). * P<0.05; ** P<0.01. LPS, lipopolysaccharide; D-GaIN, 
D-galactosamine; Dex, dexamethasone; WT, wild-type 
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liver and blood immune cells at different time points 
in the progression of ALF in our mouse model and 
verified the specific changes of immune cells and 
inflammatory factors. Consistent with the previous 
research indicating that ALF was mainly driven by 
the innate immune response (Possamai et al., 2014), 
our study demonstrated that cells involved in the 
innate immune response, especially monocytes and 
neutrophils, show relatively large changes during 
progression of LPS/D-GaIN-induced ALF. 

ALF is accompanied by a severe systemic in-
flammatory response in many cases (Stravitz and Lee, 
2019), and cytokine damage is thought to play a vital 
role in the progression of ALF. Researchers have 
found that increases in serum cytokines such as IL-6 
and TNF-α can damage liver cells at the initial stage 
but promote hepatocyte regeneration in advanced 
stages (Scheving et al., 2007). Some recent studies 
used cytokines such as IL-6, TNF-α, and IL-10  
as important indicators to determine liver failure  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

progression (Wang et al., 2014; Bao et al., 2017). The 
results of this study indicate that LPS/D-GaIN-induced 
ALF mice had a significant cytokine storm at the 
onset of ALF. IL-6 and TNF-α increased sharply 
within 1 h of drug administration, accompanied by a 
significant increase in the anti-inflammatory cytokine 
IL-10, indicating that immune disorders appear in the 
initial stage of ALF (Bernal et al., 2010). Without 
early treatment, irreversible damage to hepatocytes 
would occur. Inflammatory cells recruited with ele-
vated chemokine CCL-2 level in advanced stages 
would further aggravate ALF progression. 

Many clinical studies have shown that early 
glucocorticoid therapy for ALF could improve patient 
survival (Fujiwara et al., 2014; Karkhanis et al., 2014), 
but there is a lack of supporting research to suggest 
the specific immunological mechanism for this effect. 
Dex and methylprednisolone are the recommended 
drugs for treating ALF (Cain and Cidlowski, 2017).  
In our mouse models, we chose the 4th hour of 

Fig. 6  Effects of Gr inhibition on LPS/D-GaIN-induced ALF in mice and Nr4a1 levels in Kupffer cells 
(a) Gr mRNA expression of the Kupffer cells with or without LPS/D-GaIN and Dex administration (n=5). (b) Kaplan-Meier 
survival estimation of LPS/D-GaIN-challenged WT mice receiving no treatment, Dex treatment, or Dex and Gr antagonist 
RU486 (n=15). Log-rank test P<0.01 between Dex group and Dex-RU486 group. (c) Liver hematoxylin and eosin (H&E) 
staining after Dex or RU486 stimulation in LPS/D-GaIN-challenged WT mice (n=5; scan bar=100 μm). (d) Serum ALT and 
AST level changes among all groups (n=8). (e) Gr inhibition downregulates Nr4a1 mRNA levels in Kupffer cells in 
LPS/D-GaIN-induced WT mice (n=5). The results are shown as mean±standard error of the mean (SEM). ** P<0.01. LPS, 
lipopolysaccharide; D-GaIN, D-galactosamine; Dex, dexamethasone; Gr, glucocorticoid receptor; WT, wild-type; ALT, al-
anine aminotransferase; AST, aspartate aminotransferase; PBS, phosphate-buffered saline; Nr4a1, nuclear receptor subfamily 
4 group A member 1 



Deng et al. / J Zhejiang Univ-Sci B (Biomed & Biotechnol)   2020 21(9):727-739 737

LPS/D-GaIN treatment as the end point of the study 
instead of the 5th hour because by the 5th hour of 
treatment, liver cells exhibited severe necrosis and 
disintegration, including a marked reduction in the 
numbers of non-parenchymal cells. We found that 
administration of Dex at 0 h in LPS/D-GaIN-induced 
ALF mice can achieve better results than treatment at 
later stages of disease progression. However, wild-type 
(WT) mice treated with LPS/D-GaIN for 1 h already 
showed evidence of a severe cytokine storm. Alt-
hough Dex still could inhibit the secretion of pro- 
inflammatory cytokines such as IL-6, TNF-α, and 
CCL-2 at this stage, hepatocyte damage was already 
irreversible. Thus, administration of immunoregulators 
with suppressive functions such as Dex, at this stage 
will worsen the progression of ALF disease. 

Studies have demonstrated that macrophage in-
tervention is a promising treatment for ALF (Possa-
mai et al., 2014; Lewis et al., 2020). We found that 
early use of Dex in LPS/D-GaIN-induced ALF mice 
could significantly increase the number of Kupffer 
cells, which were mainly M2 type macrophages that 
promoted tissue repair cells. Dex treatment combined 
with Gr that activates expression of nuclear genes, 
plays this protective function. Nr4a1 is an important 
nuclear receptor that affects cell proliferation and 
differentiation, promotes angiogenesis, and partici-
pates in hormone synthesis. It can participate in many 
physiological and pathological responses of the body 
by regulating the transcription of target genes (Car-
penter et al., 2020; Gagliano et al., 2020; Wang et al., 
2020). Studies have indicated that overexpression of 
Nr4a1 in macrophages can reduce the expression of 
pro-inflammatory cytokines IL-6 and CCL-2 (Bonta 
et al., 2006). It also can mediate differentiation of 
Ly6Chigh monocytes to non-classical Ly6Clow mono-
cytes and eliminate damaged endothelial cells, thereby 
maintaining vascular integrity (Hanna et al., 2011; 
Honda et al., 2020). Our study found that the tran-
scription level of Nr4a1 in Kupffer cells increased in 
ALF mice treated early with Dex, indicating that 
Nr4a1 plays a significant role in the process of phe-
notypic differentiation of macrophages, especially in 
transformation to an anti-inflammatory phenotype 
and cytokine secretion. In vivo experiments showed 
that Dex regulation of Nr4a1 in Kupffer cells was 
Gr-dependent. Contrary to the results of this study, 
another study found that Dex could downregulate 

mRNA level of Nr4a1 in the testis (Valdez et al., 
2019), and Nr4a1 has diverse effects in different cells 
and diseases (Gagliano et al., 2020; Wang et al., 
2020). There is a need for deeper investigation of the 
direct mechanism by which Dex affects Nr4a1 in 
Kupffer cells. 

 
 

5  Conclusions 
 
In summary, this study clarified the changes of 

immune cells and cytokines in the progression of 
LPS/D-GaIN-induced ALF in mice, and found that 
early use of Dex mitigated ALF by increasing the 
numbers of innate immune cells, especially Kupffer 
cells and neutrophils. Gr-dependent Nr4a1 upregula-
tion in Kupffer cells may be an important effect of 
Dex treatment in ALF mice. 
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中文概要 
 
题 目：早期使用地塞米松可通过糖皮质激素受体依赖的

方式促进 Kupffer 中 Nr4a1表达来改善小鼠急性

肝衰竭 
目 的：本研究旨在明确地塞米松（Dex）对脂多糖/D-半

乳糖胺（LPS/D-GaIN）诱导的急性肝衰竭（ALF）

小鼠的治疗效果，并探讨其发挥作用的免疫学机

制。 
创新点：首次发现，早期使用 Dex 对 LPS/D-GaIN 诱导的

小鼠 ALF具有较好的治疗效果，库普佛（Kupffer）

细胞在该过程中发挥重要的作用。 

方 法：C57BL/6 小鼠通过 LPS/D-GaIN 腹腔注射诱导建

立小鼠 ALF 模型，然后不同时间点予以 Dex，观

察其治疗效果。使用糖皮质激素受体（Gr）抑制

剂检测其具体作用机制；通过血清肝酶检测和苏

木素-伊红（H&E）染色明确肝脏损伤情况；使

用多色流式细胞术检测肝脏和血液免疫细胞变

化；使用流式微珠阵列（CBA）法检测小鼠血清

细胞因子变化；使用二代测序检测小鼠 Kupffer

细胞信使 RNA（mRNA）变化。 

结 论：早期使用 Dex 可增加小鼠肝脏 Kupffer 细胞数目，

并促进 Kupffer 细胞中 Nr4a1 表达，从而改善

LPS/D-GaIN 诱导的小鼠 ALF。 
关键词：糖皮质激素；地塞米松；库普佛细胞；急性肝衰

竭；Nr4a1 


