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Introduction

Immune-mediated hepatitis comprises persistent inflam-
matory liver damage, caused by the continuous recruit-
ment and infiltration of injury-related effector T cells in the 
liver. Viral hepatitis and autoimmunity hepatitis (AHI) are 
the most common forms of immune-mediated hepatitis.1 

Chemokine-directed immune cell infiltration plays an essen-
tial role in the pathogenesis of immune-mediated hepatic 
injury.2 The chemokine C-X3C motif ligand 1 (CX3CL1) 
and its sole receptor, C-X3C motif receptor 1 (CX3CR1), are 
involved in the recruitment of monocytes/macrophages 
and T cells and play critical roles in many diseases.3–5 In 
patients with severe acute hepatic B hepatitis, the expression 
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Abstract
Immune-mediated hepatitis is marked by liver inflammation characterized by 
immune cell infiltration, chemokine/cytokine production, and hepatocyte injury. 
C-X3C motif receptor 1 (CX3CR1), as the receptor of chemokine C-X3C motif 
ligand 1 (CX3CL1)/fractalkine, is mainly expressed on immune cells including 
monocytes and T cells. Previous studies have shown that CX3CR1 protects against 
liver fibrosis, but the exact role of CX3CL1/CX3CR1 in acute immune-mediated 
hepatitis remains unknown. Here, we investigate the role of the CX3CL1/CX3CR1 
axis in immune-mediated hepatitis using concanavalin A (ConA)-induced liver injury 
model in CX3CR1-deficient (Cx3cr1−/−) mice. We observed that Cx3cr1−/− mice 
had severe liver injury and increased pro-inflammatory cytokines (tumor necrosis 
factor-alpha [TNF-α], interferon-gamma [IFN-γ], interleukin-1 beta [IL-1β], and IL-6) 
in serum and liver compared to wild-type (Cx3cr1+/+) mice after ConA injection. 
The deficiency of CX3CR1 did not affect ConA-induced immune cell infiltration in 
liver but led to elevated production of TNF-α in macrophages as well as IFN-γ in T 
cells after ConA treatment. On the contrary, exogenous CX3CL1 attenuated ConA-
induced cytokine production in wild type, but not CX3CR1-deficient macrophages 
and T cells. Furthermore, in vitro results showed that CX3CR1 deficiency promoted 
the pro-inflammatory cytokine expression by increasing the phosphorylation of 
nuclear factor kappa B (NF-κB) p65 (p-NF-κB p65). Finally, pre-treatment of p-NF-

κB p65 inhibitor, resveratrol, attenuated ConA-induced liver injury and inflammatory responses, especially in Cx3cr1−/− mice. In 
conclusion, our data show that the deficiency of CX3CR1 promotes pro-inflammatory cytokine production in macrophages and T 
cells by enhancing the phosphorylation of NF-κB p65, which exacerbates liver injury in ConA-induced hepatitis.
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Impact Statement

This study aims to examine the role of the CX3CL1/
CX3CR1 axis in immune-mediated acute hepatitis. 
Using Cx3cr1−/− and Cx3cr+/+ mice, we demonstrate 
that CX3CR1 deficiency aggravated concanavalin 
A-induced acute liver injury with upregulated pro-
inflammatory factors production, but not immune cell 
infiltration. Our in vitro study showed that CX3CR1 
deficiency led to increased NF-κB activation, as well 
as TNF-α and IFN-γ production in bone marrow–
derived macrophages and spleen T cells, respec-
tively. Our data emphasize the important role of 
CX3CR1 in regulating immune cell function, and 
demonstrate that the CX3CL1/CX3CR1 axis pro-
tects the liver against acute injury, and this further 
extends our understanding of the CX3CL1/CX3CR1 
axis in liver disease. Our study also suggests that 
CX3CL1/CX3CR1 axis may be a potential thera-
peutic target in immune-mediated acute hepatitis.
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of CX3CL1 and CX3CR1 are upregulated.6 However, the role 
of the CX3CL1/CX3CR1 axis in immune-mediated hepatic 
injury remains unclear.

Ample evidence suggests that macrophages and T cells 
play key roles in liver diseases.7,8 Hepatic macrophages, 
consisting of fetal-derived resident macrophages, Kupffer 
cells, and monocyte-derived macrophages, constitute the 
largest immune cell population in the liver.9 As the resident 
macrophages, Kupffer cells are essential for preventing tis-
sue damage and initiating immune responses by produc-
ing cytokines and chemokines.10 In reference to various 
chemokines, peripheral monocytes rapidly infiltrate the 
inflamed liver and differentiate to macrophages, exhibiting 
large heterogeneity in multifarious secretion of proinflam-
matory cytokines, which further cause hepatocellular dam-
age.11,12 For example, hepatic macrophages are the major 
source of tumor necrosis factor-α (TNF-α), one of the most 
prominent hepatotoxicity cytokines.13 In addition, T cells 
have a crucial role in viral and autoimmune hepatitis by 
releasing interferon-γ (IFN-γ), contributing to the disease 
progression.7,13,14

CX3CL1, also known as fractalkine, is the only known 
member of the CX3C chemokine family. CX3CL1 exists in 
two forms: a membrane-bound form and a soluble form.15 
The membrane-bound CX3CL1, containing a chemokine 
domain, a mucin-like stalk and a transmembrane domain,16 
mediates cell adhesion and signaling transmissions via bind-
ing to its sole receptor, CX3CR1, which express on the sur-
face of monocytes/macrophages, dendritic cells, T cells, and 
natural killer (NK) cells. Membrane-bound CX3CL1 can be 
cleaved by metalloproteases including a disintegrin and met-
alloproteinase10 or 17 (ADAM10 or ADAM17), to generate 
a soluble form of CX3CL1.17 The soluble CX3CL1 acts as a 
potent chemoattractant that recruits CX3CR1+ monocytes 
and T cells.18,19 Although numerous studies have shown that 
CX3CL1/CX3CR1 signaling plays an essential role in brain, 
lung, kidney, and cardiovascular diseases,20 there is little 
information on the role of CX3CL1/ CX3CR1 axis in acute 
immune-mediated hepatitis. Previous studies showed that 
the expression level of CX3CL1 is upregulated in primary 
biliary cirrhosis,21 chronic liver injury, and fibrosis.6 CX3CR1 
deficiency in mice promoted liver inflammation and subse-
quent fibrosis in a carbon tetrachloride (CCl4)-induced liver 
injury model,22 as well as in a bile duct ligation–induced 
fibrosis model.23 However, the precise role of the CX3CL1/
CX3CR1 axis in other liver diseases, especially in acute 
immune-mediated hepatitis, remains unknown.

The intravenous injection of concanavalin A (ConA) in 
mice is a widely used murine model of human acute hepa-
titis.24,25 Here, we investigate the role of CX3CR1 in acute 
immune-mediated hepatitis using a ConA-induced acute 
hepatitis model in Cx3cr1−/− and Cx3cr1+/+ mice. We dem-
onstrate that the deficiency of CX3CR1 exacerbated ConA-
induced liver injury through upregulation of TNF-α and 
IFN-γ production in macrophages and T cells, respectively, 
but did not affect immune cell infiltration in the liver. 
Meanwhile, an in vitro study showed that CX3CR1 defi-
ciency increased nuclear factor kappa B (NF-κB) activation in 
macrophages and T cells. Finally, we report that p-NF-κB p65 
inhibitor, resveratrol, reduced TNF-α/IFN-γ production and 

attenuated CX3CR1 deficiency–enhanced ConA-induced 
liver damage.

Materials and methods

Mice

Cx3cr1CreER+/+ (JAX 021160) mice were purchased from 
The Jackson Laboratory (Bar Harbor, ME) and crossed 
with wild-type C57BL/6 mice to generate Cx3cr1CreER+/− 
mice. Cx3cr1CreER+/− mice were further crossed with 
Cx3cr1CreER+/− mice. Homozygous Cx3cr1CreER+/+ mice 
are CX3CR1-deficient (Cx3cr1−/−) and littermate 
Cx3cr1CreER−/− mice are CX3CR1-sufficient (Cx3cr1+/+). 
All mice had a C57BL/6 background. Both male and female 
mice were used. All animal experiments were reviewed and 
approved prior to commencement of the activity by the 
Animal Care and Use Committee from Tulane University 
(permit number 633). Mice were kept in the specific-path-
ogen-free animal facility of Tulane University School of 
Medicine, with a 12 h light/dark cycle.

Animal model of ConA-induced acute liver 
inflammation

ConA-induced liver injury in mice is a well-established model 
to investigate the pathology of human acute hepatitis.26,27 
ConA is mainly deposited in the liver after intravenous injec-
tion, leading to the activation of T cells and macrophages. 
The proinflammatory cytokines released from T cells and 
macrophages will further induce the death of sinusoidal 
endothelial cells and hepatocytes. This process shares many 
similarities to human immune-mediated hepatitis.27 Hence, 
we chose a ConA-mediated mouse model system to explore 
the role of CX3CL1/CX3CR1 in acute immune-mediated 
hepatitis. The type IV concanavalin A (ConA, Sigma, C2010) 
was dissolved in sterile phosphate-buffered saline (DPBS, 
Thermo Fisher, 21-031-CV) at 1.8 mg/mL prior to use. For 
the acute hepatitis model, mice were injected with ConA 
intravenously at a single dose of 15 mg/kg body weight. All 
mice were euthanized under CO2 at the endpoint. Serum 
was obtained at 8 and 24 h after ConA injection for aspartate 
aminotransferase (AST) and alanine aminotransferase (ALT) 
measurement.

Histology and immunohistochemistry

Liver specimens were excised and fixed in 4% paraformalde-
hyde overnight, and embedded in paraffin. Sections of 4 µm 
thickness were stained with hematoxylin and eosin (H&E) 
using Histology Research Core Lab. Hepatocyte necrosis was 
observed by light microscopy.

Immunostaining of macrophages and T cells

After overnight fixation in 4% paraformaldehyde, liver spec-
imens were immersed in 30% sucrose for 24 h, snap frozen 
in optimal cutting temperature compound (OCT, Thermo 
Fisher, 50-363-579) and sectioned (7 µm). For macrophage 
staining, slides were immunostained with rat anti-F4/80 
antibody (1:400 dilution, Bio-rad, MCA497GA) overnight 
at 4°C, and visualized with Alexa Fluor 594-conjugated 
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donkey anti-rat IgG antibody (1:500 dilution, Invitrogen, 
A-21209). For T cell staining, slides were immunostained 
with Alexa Fluor 488-conjugated rabbit anti-CD3 anti-
body (1:200 dilution, Santa Cruz, sc-20047) overnight at 
4°C. Images were assessed and acquired on a Leica DMRE 
Research Epi-Fluorescence microscope.

In vitro stimulation of bone marrow–derived 
macrophages

Bone marrow–derived macrophages (BMDMs) from 
Cx3cr1+/+ and Cx3cr1−/− mice were digested with a gentle 
cell dissociation reagent (Gibco, A11105-01), and incubated 
with 10 μg/mL ConA in dulbecco’s modified eagle medium 
(DMEM) supplemented with 10% fetal bovine serum (FBS) 
and 20 ng colony-stimulating factor-1 (CSF-1) at 37°C.

Spleen cells and T cells

Spleens were excised from euthanized Cx3cr1+/+ and 
Cx3cr1−/− mice. Spleens were mashed with plungers of 5 
mL syringe in phosphate-buffered saline (PBS) and passed 
through 40 μm cell strainers. Spleen cells were then resus-
pended in 1× red blood cell (RBC) lysis buffer (Biolegend, 
420301) to remove red blood cells, and kept on ice after 
washing with PBS. Splenic T cells and non-T cells were iso-
lated using MACS Pan T Cell isolation kit (Miltenyi Biotec, 
130-095-130) following the manufacturer’s protocol. Spleen 
cells, T cells and non-T cells were plated and incubated with 
10 μg/mL ConA in DMEM supplemented with 10% FBS, 
respectively.

Flow cytometry

The fresh liver tissues were harvested from euthanized 
Cx3cr1+/+ and Cx3cr1−/− mice after ConA injection. Livers 
were mashed and passed through 70µm cell strainers to 
get single cell suspension. After washing twice with PBS, 
the pellet was resuspended in 10 mL 40% Percoll and cen-
trifuged at 500 g for 25 min. After centrifugation, the pellet 
containing hepatic immune cells was resuspended in flow 
cytometry staining buffer (PBS with 2% bovine serum albu-
min [BSA]). The immune cells suspension was washed twice 
with staining buffer and incubated with CD16/32 (FcγRIII/
II, ebioscience, 101325) at 4°C for 15 min to block non-spe-
cific Fc receptor binding. The antibody cocktails were added 
and incubated at 4°C for 30 min. The antibodies used are 
listed in Supplemental Table1. Samples were analyzed on a 
BD FACSAria flow cytometer and analyzed using Flow-Jo 
software.

Western blot

Total protein from BMDM and T cells was extracted using 
the M-PER Protein Extraction Reagent (Pierce, Rockford, 
IL) containing protease and phosphatase inhibitors accord-
ing to the manufacturer’s protocol. Protein concentration 
was determined using the bicinchoninic acid (BCA) protein 
assay kit (Thermo Scientific, 23225). Total 30–60 μg total pro-
tein was loaded and separated on 4–15% protein gels (Bio-
Rad, 456-8084), transferred onto polyvinylidene difluoride 
(PVDF) membrane (Bio-Rad, 1620177) and blocked with 2% 

BSA in Tris-buffered saline with Tween-20 (TBST) for 1 h. 
Membranes were then incubated with the following primary 
antibodies: NF-κB p65 (Cell Signaling, 8242S), P-NF-κB p65 
(Cell Signaling, 3033S), and β-actin (Cell Signaling, 4970S), 
overnight at 4°C. All membranes were washed three times 
with TBST (10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween-
20), and then incubated with a secondary goat anti-rabbit 
antibody for 1 h at room temperature. The signals were 
visualized using ECL Western Blotting Substrate (Thermo 
Scientific, 32109). Band density was quantified using Image 
J software.

Cytokine/chemokine assessment

The mouse serum cytokines were measured using the 
LEGENDplexTM mouse inflammation kit (Biolegend, 
740446), including interleukin-1 alpha (IL-1α), IL-1β, IL-6, 
IL-10, IL-12p70, IL-17A, IL-23, IL-27, MCP-1, IFN-β, IFN-γ, 
TNF-α, and GM-CSF. Cytokines (TNF-α, IFN-γ, IL-6, IL-1β, 
and MCP-1) in the cell culture supernatant and serum were 
measured using ELISA kits (R&D Systems)

Quantitative real-time polymerase chain reaction

Total RNA was extracted from frozen liver tissues using TRIzol 
reagent (Invitrogen, 15596018), and purified by RNeasy Mini 
kit (Qiagen, 74104). Total RNA (500 ng) was converted to 
complementary DNA (cDNA) using a high-capacity cDNA 
reverse transcription kit (Applied Biosystems, 4374967). 
Equal amounts of cDNA were added to SYBR Green Master 
Mix (Applied Biosystems, A25742) to detect target transcripts 
expression. Data for relative expression were calculated using 
the 2−∆∆Ct method. Primers used for quantitative real-time 
polymerase chain reaction (qPCR) are listed as follows: IFN-
γ: forward 5′-CAGCAACAGCAAGGCGAAAAAGG-3′, 
reverse 5′-TTTCCGCTTCCTGAGGCTGGAT-3′; TNF-α:  
forward 5′-CCCTCACACTCAGATCATCTTCT-3′, reverse 
5′-GCTACGACGTGGGCTACAG-3′; IL-6: forward 5′-TAGT 
CCTTCCTACCCCAATTTCC-3′, reverse 5′-TTGGTCCTTAG 
CCACTCCTTC-3′; IL-1β: forward 5′-GCAACTGTTCCTG 
AACTCAACT-3′, reverse 5′-ATCTTTTGGGGTCCGTCAA 
CT-3′; MCP1: forward 5′-ACACCCTGTTTCGCTGTAGG-3′, 
reverse 5′-GATTCCTGGAAGGTGGTCAA-3′; CX3CL1: 
forward 5′-ACGAAATGCGAAATCATGTGC-3′, reverse  
5′-CTGTGTCGTCTCCAGGACAA-3′; GAPDH, forward  
5′-AGGTCGGTGTGAACGGATTTG-3′, reverse 5′-TGTAGA 
CCATGTAGTTGAGGTCA-3′.

Statistical analysis

Data are presented as mean ± SEM. Statistical analysis was 
performed using GraphPad Prism. Differences between 
groups were analyzed by unpaired Student’s t-test. A p-value 
less than 0.05 was taken to denote statistical significance.

Results

Increased ConA-induced liver injury in Cx3cr1−/− 
mice compared to wild-type Cx3cr1+/+ mice

To investigate whether the CX3CL1/CX3CR1 axis is involved 
in the pathogenesis of immune-mediated hepatitis, we first 
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established the ConA-induced liver injury mouse model by 
a single-dose ConA injection in mice. We observed that ConA 
injection led to increased CX3CL1 levels in the liver and 
serum of wild-type mice (Supplemental Figure 1). Next, we 
injected ConA into Cx3cr1−/− and Cx3cr1+/+ mice and found 
that Cx3cr1−/− mice had a significantly higher mortality rate 
than age- and sex-matched Cx3cr1+/+ mice at 24 h after ConA 
injection (Figure 1(A)). Furthermore, the surviving Cx3cr1−/− 
mice had more body weight loss than Cx3cr1+/+ mice (Figure 
1(B)). To evaluate ConA-induced liver injury, we measured 
AST and ALT levels, which are markers of liver injury. As 
illustrated in Figure 1(C) and (D), Cx3cr1−/− mice had signifi-
cantly higher serum AST and ALT levels than Cx3cr1+/+ mice 
at 8 and 24 h after ConA injection. Consistently, H&E  
staining of liver sections showed an increased hepatocyte 
necrosis area in Cx3cr1−/− mice compared to Cx3cr1+/+ mice 
(Figure 1(E)). Taken together, these results demonstrate that 
the absence of CX3CR1 signaling exacerbates ConA-induced 
immune-mediated hepatitis.

CX3CR1 deficiency does not affect ConA-induced 
immune cell infiltration in liver

To investigate the underlying mechanism of increased liver 
injury in CX3CR1-deficient mice, we examined the num-
ber of various immune cells that infiltrated into the liver 
of Cx3cr1−/− and Cx3cr1+/+ mice at 8 and 14 h after ConA 
injection. We chose these two time points because the liver 
injury reached the peak severity at 8 h and began to sub-
side at 24 h after ConA injection. Unexpectedly, we did not 
observe a significant difference in the cell counts, including 
ly6C + monocytes, ly6C- monocytes, CD4+ T cells, CD8+ T 
cells, and NKT cells, between Cx3cr1−/− and Cx3cr1+/+ mice 
at both time points (Figure 2(A) and (B)). Since macrophages 
and T cells play essential roles in ConA-induced inflamma-
tion,28 we examined the distribution of hepatic macrophages 
and T cells by immunofluorescent (IF) staining using specific 
antibodies against F4/80 and CD3, markers of macrophage 
and T cell, respectively. Consistent with the fluorescence 
activated cell sorting (FACS) results, we did not observe 
a significant difference in macrophage or T cell density in  
the liver section obtained 24 h after ConA injection 
between Cx3cr1+/+ and Cx3cr1−/− mice (Figure 2(C) and (D)). 
These data indicate that the absence of CX3CR1 does not 
contribute to liver injury through altering the recruitment 
of immune cells.

CX3CR1 deficiency leads to increased  
cytokine and chemokine levels in  
serum and liver

Since CX3CR1 deficiency does not affect the immune cell 
recruitment, we next investigated whether it would affect the 
functionality of immune cells, with the focus on cytokine and 
chemokine release, which play an important role in ConA-
induced hepatitis. We first measured the serum cytokine 
and chemokine level at 8 and 24 h after ConA injection and 
found that, compared to Cx3cr1+/+ mice, many pro-inflam-
matory cytokines and chemokines exhibited an upward ten-
dency in Cx3cr1−/− mice (Figure 3(A)). Among them, TNF-α, 
IFN-γ, IL-6, IL-1β, and MCP-1 are significantly increased in 

Cx3cr1−/− mice (Figure 3(A)). Next, we measured the mRNA 
level of these cytokines and chemokines in the liver of 
Cx3cr1+/+ and Cx3cr1−/− mice at 3 h after ConA injection. We 
found that hepatic proinflammatory gene expression includ-
ing TNF-α, IL-1β, IL-6, IFN-γ and MCP-1 was significantly 
increased in Cx3cr1−/− mice compared to Cx3cr1+/+ mice 
(Figure 3(B)). Altogether, these data suggest that CX3CR1 
deficiency increases the expression of several important pro-
inflammatory cytokines and chemokines, such as TNF-α and 
IFN-γ, which may lead to more severe inflammation and 
liver damage.

Disruption of CX3CL1/CX3CR1 axis leads 
to enhanced pro-inflammatory properties of 
macrophage and T cells

TNF-α and IFN-γ, two main cytokines involved in immune-
mediated hepatic injury, can be produced by macrophages 
and T cells, which also expressed CX3CR1. To investigate 
whether the absence of CX3CR1 influences the cytokine 
release from these cells, we compared the TNF-α and IFN-γ 
production of BMDMs or splenic T cells from Cx3cr1−/− and 
Cx3cr1+/+ mice. For macrophages, we incubated CX3CR1-
deficient or sufficient BMDMs with ConA for 24 and 48 h, 
followed by measuring TNF-α and IFN-γ in the superna-
tant. We found that BMDMs from Cx3cr1−/− mice secreted 
significantly more TNF-α than Cx3cr1+/+ mice at 48 h after 
ConA treatment (Figure 4(A)), but there was no signifi-
cant difference in the level of IFN-γ between Cx3cr1−/− and 
Cx3cr1+/+ BMDMs (Figure 4(B)). For splenic T cells, we first 
isolated spleen cells from Cx3cr1−/− and Cx3cr1+/+ mice and 
treated them with ConA for various time points. We found 
that CX3CR1-deficient spleen cells secreted more IFN-γ than 
Cx3cr1+/+ cells (Figure 4(D)). TNF-α was undetectable in 
both cells. To further determine whether T cell contributes 
to the enhanced IFN-γ expression, we purified T cells from 
spleen and incubated them with ConA for 48 h. Interestingly, 
we observed that splenic T cells from Cx3cr1−/− mice secrete 
more IFN-γ than that from Cx3cr1+/+ mice (Figure 4(E)). 
These results suggest that CX3CR1 may act as a negative 
regulator of cytokine expression. To investigate whether 
this effect is mediated via the interaction with CX3CL1, 
we pre-treated BMDMs and splenic T cells with full-length 
CX3CL1 (CX3CL1-FF) or the chemokine domain of CX3CL1 
(CX3CL1-CD), followed by ConA stimulation. We found that 
exogenous CX3CL1 significantly inhibited ConA-induced 
TNF-α expression in Cx3cr1+/+ BMDMs (Figure 4(C)), as 
well as IFN-γ expression in Cx3cr1+/+ T cells (Figure 4(D)). 
However, there was no effect in Cx3cr1−/− BMDMs and  
T cells. These results suggest that the CX3CL1/CX3CR1 axis 
is a negative regulator of ConA-induced cytokine produc-
tion, and interruption of this axis leads to enhanced pro-
inflammatory properties of macrophages and T cells.

The deficiency of CX3CR1 increased the 
inflammation by increasing the phosphorylation  
of NF-κB-p65 in macrophages and T cells

To further investigate the mechanism underlying CX3CR1 
deficiency–increased cytokine production, we determined 
the activation of NF-κB pathway, a well-established inducer 
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Figure 1.  Increased Con A-induced liver injury in Cx3cr1−/− mice compared to wild-type Cx3cr1+/+ mice.
Immune-mediated hepatitis was induced by intravenous injection with 15 mg/kg body weight of ConA in Cx3cr1+/+ and Cx3cr1−/− mice. (A) Kaplan-Meier survival 
curves of Cx3cr1+/+ (n = 12) and Cx3cr1−/− (n = 12) mice. (B) Cx3cr1+/+ (n = 12) and Cx3cr1−/− (n = 8) mice were weighed before ConA injection (initial body weight), 
and before euthanasia (final body weight). The data of A and B were combined from three independent experiments. (C, D) Serum AST and ALT were measured at 8 
and 24 h after ConA treatment (Cx3cr1+/+ n = 4; Cx3cr1−/− n = 4). (E) Left: Representative H&E staining in the liver of ConA-treated Cx3cr1+/+ mice and Cx3cr1−/− mice. 
(original magnification: 40× and 200×). The scale bars are 500 μm (40×) and 100 μm (200×), respectively. Right: The quantification of liver necrosis area.
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of pro-inflammatory cytokines, in BMDMs and T cells from 
Cx3cr1−/− and Cx3cr1+/+ mice. To this end, we incubated 
Cx3cr1−/− and Cx3cr1+/+ BMDMs with ConA for 48 h before 
protein extraction. As indicated in Figure 5(A) and (B), the 
phosphorylation of NF-κB-p65 was higher in Cx3cr1−/− 
BMDMs than Cx3cr1+/+ BMDMs. Furthermore, we treated 
Cx3cr1−/− and Cx3cr1+/+ BMDMs with ConA and resveratrol, 
an inhibitor of NF-κB p65 phosphorylation. We found that 
the TNF-α expression in BMDMs were significantly inhib-
ited, especially in Cx3cr1−/− BMDMs (Figure 5(C)). We also 
observed a similar phenomenon in T cells, which showed 
increased NF-κB-p65 phosphorylation in Cx3cr1−/− T cells. 
Importantly, resveratrol abolished increased IFN-γ expres-
sion in Cx3cr1−/− T cells (Figure 5(D) to (F)). Taken together, 
these results suggest that the deficiency of CX3CR1 enhanced 
the proinflammatory properties of macrophages and T cells 
through active NF-κB-p65 phosphorylation.

P-NF-κB p65 inhibitor resveratrol can protect the 
liver from CX3CR1 deficiency–enhanced ConA-
induced damage

Furthermore, we examined the effect of resveratrol in ConA-
induced liver injury in Cx3cr1−/− and Cx3cr1+/+ mice. To this 
end, we treated mice with resveratrol or control vehicle by 
oral gavage for seven consecutive days, and injected mice 
with ConA after the last gavage. In contrast to Cx3cr1+/+ mice, 
which only showed a downward trend of serum AST and 
ALT after resveratrol treatment (Figure 6(A)), the pretreat-
ment of resveratrol in Cx3cr1−/− mice significantly attenuated 
ConA-induced liver injury, as evidenced by the reduction of 
serum AST and ALT levels at 8 or 24 h after ConA injection 
(Figure 6(B)). H&E staining showed that resveratrol treat-
ment significantly attenuated the ConA-induced hepatocyte 
necrosis area in both Cx3cr1−/− and Cx3cr1+/+ mice (Figure 
6(E) and (F)). To further determine the effect of resveratrol 
on the ConA-induced cytokine production, we compared 
the proinflammatory level in the serum of Cx3cr1−/− and 
Cx3cr1+/+ mice at 8 and 24 h after ConA injection. We 
found that resveratrol specifically reduced the level of 
serum cytokines, including TNF-α, IFN-γ, IL-6, and IL-1β in 
Cx3cr1−/− mice, but not Cx3cr1+/+ mice, at both time points 
(Figure 6(C) and (D)). Taken together, these results dem-
onstrate that inhibition of NF-κB-p65 phosphorylation can 
protect the liver from the enhanced damage due to the defi-
ciency of CX3CR1.

Discussion

In this study, we demonstrate that the deficiency of CX3CR1 
ameliorates ConA-induced immune-mediated hepatitis and 
proinflammatory cytokine production. Interestingly, we 
observed that CX3CR1 deficiency did not affect immune 
cell infiltration in the liver but led to increased expression 
of TNF-α production in BMDMs, and IFN-γ production in 
splenic T cells, which were associated with the enhanced 
NF-κB-p65 phosphorylation, an indicator of NF-kB activa-
tion. Finally, the inhibition of NF-κB-p65 phosphorylation 
attenuated ConA-induced cytokine release and liver injury.

ConA-induced hepatitis is a well-established experimental 
murine model of acute immune-mediated hepatitis. In contrast 

to other models, ConA-induced liver injury is primarily driven 
by the activation of T cells and macrophages and the produc-
tion of inflammatory cytokines, which lead to hepatocyte 
damage. These features resemble the pathophysiological pro-
cess of viral or autoimmune hepatitis in humans.25,29 Utilizing 
this model, we observed that ConA injection led to increased 
CX3CL1 in mice, which is consistent with a previous finding 
in human viral hepatitis,6 further confirming its feasibility as 
an immune-mediated hepatitis model. Numerous studies have 
demonstrated the beneficial or detrimental role of CX3CR1 in 
diseases, mostly through its interaction with the sole ligand, 
CX3CL1, mediating leukocyte recruitment.30,31 However, in 
our study, CX3CR1-deficient and CX3CR1-sufficient mice 
exhibited similar immune cell infiltration in the liver after 
ConA, which suggests that CX3CL1-induced chemotaxis 
is tissue specific. Indeed, we previously demonstrated that 
CX3CL1/CX3CR1-mediated monocyte recruitment is specifi-
cally required for kidney macrophage regeneration, but not 
for macrophages in the lung and spleen.18 Consistently, in a 
CCl4-induced liver damage model, CX3CR1 deficiency did not 
change the number of leukocytes and macrophages in 48 h 
after CCl4, but prolonged macrophage survival.23

We also demonstrate that CX3CR1 deficiency leads to 
increased TNF-α production in bone marrow–derived mac-
rophages. Many studies have shown that CX3CR1 not only 
acts as a chemokine receptor, but also can initiate intracel-
lular signaling pathways upon binding with CX3CL1.32 A 
previous study also showed that Kupffer cells in CX3CR1-
deficient mice had increased expression of TNF-α and TGF-β 
in a CCl4-induced chronic liver injury/fibrosis model.22 It 
should be noted that CX3CR1 mainly expressed on mono-
cyte-derived macrophages, rather than steady-state resident 
Kupffer cells in the liver.33,34 Further study is required to 
determine the relative effect of CX3CR1 deficiency on either 
monocyte-derived macrophages or resident Kupffer cells. 
CX3CR1 was reported to control the differentiation and sur-
vival of infiltrating monocytes in liver fibrosis.23 Although 
we did not notice a difference in infiltrated ly6C + or 
ly6C- monocytes between Cx3cr1−/− and Cx3cr1+/+ mice 
after ConA, it will be interesting to determine the effect of 
CX3CR1 on macrophage polarization (M1 versus M2) in fur-
ther studies.

In this study, we found that CX3CR1 deficiency increased 
ConA-induced IFN-γ expression in splenic T cells. A previ-
ous study has demonstrated that CX3CR1 is expressed in 
hepatic T cells and its deficiency impaired the IL-17A pro-
duction and Th17 cell differentiation.35 Whether this is the 
case in our system needs further investigation. Interestingly, 
supplementary exogenous CX3CL1 reduced ConA-induced 
cytokine production in both macrophages and splenic  
T cells, suggesting that CX3CL1 may be a negative regu-
lator of immune activation in immune-mediated hepatitis. 
Our results showed that CX3CR1 deficiency led to increased 
NF-κB-p65 phosphorylation, and inhibition of NF-κB activa-
tion protected the liver from CX3CR1 deficiency-enhanced 
ConA-induced damage. Previous studies also showed that 
the CX3CL1/CX3CR1 axis is involved in inflammatory pro-
cesses through several inflammatory signaling pathways 
including NF-κB,32 a well-known inducer of the expression 
of various pro-inflammatory genes. For example, CX3CL1 
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Figure 6.  P-NF-κB-p65 inhibitor resveratrol can protect the liver from CX3CR1 deficiency–enhanced ConA-induced damage.
Cx3cr1+/+ and Cx3cr1−/− mice were pre-treated with 30 mg/kg body weight of resveratrol or vehicle (DMSO) seven times by intragastric administration, followed by 
intravenous injection with 13 mg/kg body weight of ConA. (A, B) Serum AST and ALT were measured at 8 and 24 h after ConA injection. (C, D) Serum TNF-α, IFN-γ, 
IL-6, IL-1β levels at 8 h (C) and 24 h (D) after ConA injection. (E) Liver necrosis was evaluated by H&E staining (original magnification: 40× and 200×). The scale bars 
are 500 μm (40×) and 100 μm (200×), respectively. (F) The quantification of liver necrosis area. 
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promoted the transportation of p65 protein out of the 
nucleus and led to the reduction of TNF-α in RAW264.7 cells, 
which demonstrates that CX3CL1 participated in rendering 
intestine resident macrophages to become hyporesponsive to 
LPS.36 In another study, Cx3cr1−/− mice exhibited increased 
phosphorylation of p65 in a model of amyotrophic lateral 
sclerosis,37 and acetylation of p65 in microglia of dentate 
gyrus.38 However, in an LPS-induced lung injury model, 
Cx3cr1−/− mice exhibited reduced NF-κB activation com-
pared to WT mice.39 Thus, the CX3CL1/CX3CR1/ NF-κB 
axis may play opposite roles in different diseases, depending 
on target cells and disease progression. It should be noted 
that although resveratrol has been demonstrated to suppress 
NF-κB-dependent cytokine production,40–42 it also affects 
other signaling pathways,43 which may contribute to the 
reduced liver injury without influencing the production of 
TNF-α and IFN-γ. Further study is required to investigate the 
effect of resveratrol in these pathways. Our in vitro data dem-
onstrate that CX3CL1 inhibited pro-inflammatory cytokine 
expression both in macrophages and T cells, which suggests 
that the effect of CX3CL1 is not restricted to myeloid cells. 
Although we did not determine the effect of CX3CL1 in vivo 
in this study, other studies have demonstrated the beneficial 
effect of recombinant CX3CL144 or CX3CL1-Fc45 treatment 
in disease models.

In conclusion, we demonstrate that the deficiency of 
CX3CR1 led to increased NF-κB activation, which upregu-
lated pro-inflammatory cytokine production in macrophages 
and T cells, further exacerbating liver injury in ConA-
induced acute immune-mediated hepatitis. The interrup-
tion of the CX3CL1/CX3CR1/NF-kB axis attenuated liver 
inflammation and injury. Thus, the CX3CR1/CX3CR1 axis 
may be a potential therapeutic target in immune-mediated 
hepatitis.
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