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Highlights Impact and Implications

� The susceptibility to ConA-induced liver injury is highly dependent

on the timing of ConA administration.

� Depletion of Bmal1 in macrophages eliminates the administration
time-dependent effect and protects against ConA-induced acute liver
injury.

� Junb is a direct target gene of Bmal1 in macrophages.

� Bmal1 regulates M1 macrophage activation via Junb–AKT/ERK sig-
nalling pathways and controls immune-mediated hepatitis in a
circadian manner.
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This study unveils a critical role of the Bmal1–Junb–AKT/ERK axis in
the circadian control of ConA-induced liver injury, providing new
insights into the prevention and treatment of immune-mediated
hepatitis, including autoimmune hepatitis (AIH). The findings have
scientific implications as they enhance our understanding of the
circadian regulation of immune responses in liver diseases.
Furthermore, clinically, this research offers opportunities for opti-
mising treatment strategies in immune-mediated hepatitis by
considering the timing of therapeutic interventions.
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Background & Aims: Circadian rhythms play significant roles in immune responses, and many inflammatory processes in
liver diseases are associated with malfunctioning molecular clocks. However, the significance of the circadian clock in
autoimmune hepatitis (AIH), which is characterised by immune-mediated hepatocyte destruction and extensive inflamma-
tory cytokine production, remains unclear.
Methods:We tested the difference in susceptibility to the immune-mediated liver injury induced by concanavalin A (ConA) at
various time points throughout a day in mice and analysed the effects of global, hepatocyte, or myeloid cell deletion of the
core clock gene, Bmal1 (basic helix–loop–helix ARNT-like 1), on liver injury and inflammatory responses. Multiple molecular
biology techniques and mice with macrophage-specific knockdown of Junb, a Bmal1 target gene, were used to investigate the
involvement of Junb in the circadian control of ConA-induced hepatitis.
Results: The susceptibility to ConA-induced liver injury is highly dependent on the timing of ConA injection. The treatment at
Zeitgeber time 0 (lights on) triggers the highest mortality as well as the severest liver injury and inflammatory responses.
Further study revealed that this timing effect was driven by macrophage, but not hepatocyte, Bmal1. Mechanistically, Bmal1
controls the diurnal variation of ConA-induced hepatitis by directly regulating the circadian transcription of Junb and pro-
moting M1 macrophage activation. Inhibition of Junb in macrophages blunts the administration time-dependent effect of
ConA and attenuates liver injury. Moreover, we demonstrated that Junb promotes macrophage inflammation by regulating
AKT and extracellular signal-regulated kinase (ERK) signalling pathways.
Conclusions: Our findings uncover a critical role of the Bmal1–Junb–AKT/ERK axis in the circadian control of ConA-induced
hepatitis and provide new insights into the prevention and treatment of AIH.
Impact and Implications: This study unveils a critical role of the Bmal1–Junb–AKT/ERK axis in the circadian control of ConA-
induced liver injury, providing new insights into the prevention and treatment of immune-mediated hepatitis, including
autoimmune hepatitis (AIH). The findings have scientific implications as they enhance our understanding of the circadian
regulation of immune responses in liver diseases. Furthermore, clinically, this research offers opportunities for optimising
treatment strategies in immune-mediated hepatitis by considering the timing of therapeutic interventions.
© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
The circadian clock is a daily timing system that coordinates the
internal physiological processes with periodic environmental
stimuli.1 Although circadian rhythms were initially generated by
the Earth’s rotation about 2.5 billion years ago,2,3 organisms
evolved self-sustained mechanisms, letting them persist even in
the absence of daily environmental changes.4 At the molecular
level, these rhythms are typically controlled by a series of clock
components, forming a transcriptional autoregulatory feedback
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loop.5 The core mammalian ‘clock genes’ mainly include the
activation factors Bmal1 (basic helix–loop–helix ARNT-like 1)
and Clock and inhibitors Periods and Cryptochromes, although
Bmal1 is the only one whose sole deletion results in a complete
loss of many physiological and behavioural rhythms in mice.6

The transcriptional autoregulatory feedback loop exists in
almost every cell in mammals. In terms of the number of oscil-
lating genes, the liver is topping the list of most major tissues in
mice.7,8 To date, intensive studies have reported the essential
roles of the circadian clock in maintaining liver homoeostasis,
including the regulation of energy metabolism, inflammatory
responses, and virus infection.9 Disruption of the clock system
has been associated with many liver diseases, such as fatty liver,
cirrhosis, and cancer.10,11 Interestingly, the replication of the HBV
and the consequent viral hepatitis are also controlled by the
circadian clock. Among the core clock components, REV-ERB
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regulates HBV and HDV particle entry, and Bmal1 directly binds
to HBV DNA, increasing the activity of the HBV promoter activity
and thus promoting the production of viral particles in the
liver.12,13 On the contrary, Bmal1 depletion inhibits the replica-
tion of the HCV via disturbing the lipid signalling pathways.14

Autoimmune hepatitis (AIH), characterised by immune-
mediated destruction of the liver and the production of cyto-
kines, is another progressive inflammatory hepatopathy that
could lead to hepatic cirrhosis or tumour.15,16 Different from
other common liver diseases described above that were well
known to be implicated with circadian rhythms, AIH was not
investigated specifically in the aspect of biological clocks,
although inflammatory cytokines are under circadian control
and various immune responses are dependent on the time of
day.17,18

Concanavalin A (ConA)-induced liver injury is a well-
established experimental model for acute immune-mediated
hepatitis, including AIH. In the present study, we aimed to
clarify whether the hepatopathy of this model and cytokine
production are regulated by the circadian clock. Moreover, we
examined the role of Bmal1, particularly the hepatocyte and
macrophage Bmal1, in the diurnal variation of ConA-induced
liver injury, and provided a potential mechanism by which
Bmal1 regulates acute immune-mediated hepatitis.
Materials and methods
Animals
Wild-type (WT) C57BL/6 mice were purchased from Liaoning
Changsheng Biotechnology (Benxi, Liaoning, China). Adult-life
Bmal1 global knockout mice (Bmal1fl/fl-EsrCre+ mice treated
with tamoxifen, iKO), myeloid cell Bmal1 knockout mice
(Bmal1fl/fl-LysMCre+/+, Bmal1DMye), and their relative control
mice were generated as we previously described.19,20 For specific
knockdown of Bmal1 in hepatocytes, the Bmal1fl/fl mice were
injected with adeno-associated virus (AAV)-TBG-Cre or AAV-
TBG-Vector (Hanheng Biotechnology, Shanghai, China) via the
tail vein for 21 days. Male mice at 10–12 weeks old were used in
all experiments, during which all mice were maintained under
12-h light/12-h dark conditions with ad libitum access to food
and water unless specified. All animal studies were performed in
accordance with the guidelines approved by the Institutional
Animal Care and Use Committee of Dalian University of Tech-
nology, Dalian Medical University, or Shanghai University of
Medicine and Health Sciences.

ConA injection
A single dose (20 mg/kg or 12 mg/kg) of ConA (Sigma, C2010)
was i.v. injected through the tail vein at Zeitgeber time 0 (ZT0)
(lights on), ZT6, ZT12 (lights off), or ZT18. Mice were sacrificed
before or after ConA treatment at indicated time points to obtain
the serum and liver samples.

Macrophage depletion in mice
Clodronate liposome-mediated macrophage depletion was per-
formed as previously described. Briefly, the WT mice were i.p.
injected with 200 ll of clodronate liposomes (LIPOSOMA, C-010)
or an equal volume of PBS liposomes. Forty-eight hours later,
mice were further treated with ConA injection, and the depletion
of macrophages was evaluated by immunofluorescence staining
of F4/80 or CD68 in the liver sections.
JHEP Reports 2023
Deletion of Junb in macrophages
To obtain macrophage-specific Junb knockdown mice, the WT
mice were randomly assigned to two groups, and recombinant
AAV vectors containing either scramble-short-hairpin RNA
(shRNA) or Junb-shRNA sequences under the control of the
macrophage-specific promoter F4/80 (Hanheng Biotechnology,
Shanghai, China) were injected through the tail vein. After 28
days, the mice received ConA injection, and the extent of Junb
knockdown was assessed in macrophages using quantitative
PCR (qPCR) and Western blot analysis. This approach allowed
for specific targeting of Junb expression in macrophages and
evaluation of its effects on subsequent experiments. The shRNA
sequences for Junb were as follows: 50-GCATCAAAGTGGAGC-
GAAAGC-30.

Additional information related to materials and methods is
available in the Supplementary information.
Results
Effect of ConA administration time on mortality and liver
injury
The lethality of ConA (20 mg/kg, i.v.) varies with the timing of
treatment (Fig. S1A). Among the four groups we used, the mice
treated with ConA at ZT0 (lights on) and ZT12 (lights off) have
the highest and the lowest mortality 24 h after the treatment,
respectively, and the groups ZT6 and ZT18 were in the middle.
Therefore, to achieve obvious administration time-dependent
effects, we treated mice with ConA at ZT0 or ZT12 for all sub-
sequent experiments.

First, we weighed ConA-treated mice every 6 h for 4 days and
recorded death events over time. As shown in Fig. 1A and B,
compared with that in the ZT12 group, the decrease in body
weight of mice in the ZT0 group is more evident (Fig. 1A), which
is concomitant with a lower survival rate (Fig. 1B). Next, we used
the same dose to treat another batch of mice and sacrificed them
before (0 h) and after (12, 24, and 96 h) ConA injection for liver
and serum collection. Gross hepatic morphology showed obvious
light rough nodules on the surface of the livers in the ZT0 group,
which was peaking at 24 h (Fig. 1C). By contrast, the ZT12 group
has much milder pathological changes at all time points we
examined. Consistently, the liver injury-caused release of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
levels was lower in the ZT12 group than in the ZT0 group (Fig. 1D
and Fig. S1B). These results indicated that the deterioration ef-
fects of ConA are highly dependent on the time point when it is
administered, but not on the sampling time.

To avoid high mortality, we used a lower dose of ConA
(12 mg/kg) in all subsequent experiments for the mechanism
study (Fig. S1C). Such dose-induced milder liver injury without
death events occurred during the whole experiment. Similar to
the results using high doses, the gross observation of the livers
revealed severer hepatic injury in mice of the ZT0 group
(Fig. S1D). Consistently, serum AST and ALT were less induced in
the ZT12 group than in the ZT0 group (Fig. S1E). Then, we used
H&E staining and TUNEL (terminal deoxynucleotidyl transferase
dUTP nick-end labelling) staining to assess whether there was
necrosis or apoptosis in the injured livers (Fig. 1E). H&E staining
showed larger necrotic areas in the ZT0 group. Similarly, TUNEL-
positive cells (apoptotic cells) were significantly more numerous
in the ZT0 group (Fig. 1F).

Moreover, we examined the expression of an apoptosis-
related protein, cleaved Caspase-3 in liver lysate, and found
2vol. 5 j 100856
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Fig. 1. Effect of ConA administration time on mortality and liver injury. (A–D) Wild-type mice were maintained in the regular 12-h light/12-h dark cycles and
treated with ConA (20 mg/kg body weight, i.v.) at ZT0 (lights on) or ZT12 (lights off). (A) Percentage of body weight loss following ConA treatment for 96 h (n =
14–15). (B) Survival curve of mice following ConA treatment for 96 h (n = 14–15). (C) Representative photographs of the livers following ConA treatment for 12, 24,
or 96 h. (D) Serum AST and ALT levels of mice following ConA treatment for 24 h. (E–I) Wild-type mice were treated with PBS or ConA (12 mg/kg body weight, i.v.)
at ZT0 or ZT12 for 24 h. (E) Representative images of H&E (the dotted lines mark liver damage areas) and TUNEL staining of the livers. Scale bar = 20 lm. (F)
Quantification of liver damage areas and TUNEL-positive cells. (G) Western blot analysis of the protein expression and quantification of cleaved caspase-3 and
caspase-3 in the liver. ELISA analysis of the (H) serum and (I) hepatic contents of inflammatory cytokines. Data are presented as mean ± SEM. *p <0.05, **p <0.01,
and ***p <0.001. Statistical significance was determined using the unpaired Student t test in (A), the log-rank test in (B), and two-way ANOVA in (D) and (F–I). ALT,
alanine aminotransferase; AST, aspartate aminotransferase; ConA, concanavalin A; iNOS, inducible nitric oxide synthase; TNF, tumour necrosis factor; TUNEL,
terminal deoxynucleotidyl transferase dUTP nick-end labelling; ZT, Zeitgeber time.
higher induction in the ZT0 group than in the ZT12 group
(Fig. 1G). Because ConA-induced hepatitis is immune-related,
we examined the mRNA expression levels of several pro-
inflammatory factors, tumour necrosis factor (TNF)-a, IL-6,
inducible nitric oxide synthase (iNOS), and IL-1b in the
liver (Fig. S1F) and their protein levels in the serum (Fig. 1H)
and liver lysate (Fig. 1I) and found that all these factors were
more obviously induced in the ZT0 group than in the ZT12
group.
JHEP Reports 2023
Administration time-dependent effect of ConA is controlled
by the endogenous circadian clock
To investigate whether the administration time-dependent effect
of ConA is mediated by the endogenous circadian clock, or by the
cycling light exposures, we first repeated the above experiments
with mice maintained under constant darkness for more than 1
week (Fig. 2A) to eliminate the effects of environmental light,
and the ConA injection time is referred to as CT0 (or CT12),
which corresponds to ZT0 (or ZT12) on the regular light/dark
3vol. 5 j 100856



H

IL
-6

 (p
g/

m
l)

Ctrl iKO

ZT0
ZT12

0

500

1,000

1,500 ** n.s.*

IL
-1

2 
(p

g/
m

l)

Ctrl iKO

ZT0
ZT12

0

500

1,000

1,500 *** n.s.* p = 0.07

TN
F-

α 
(p

g/
m

l)

Ctrl iKO

ZT0
ZT12

0
200
400
600
800

1,000 * n.s.p = 0.08

G

Ctrl iKO

ZT0
ZT12

0.0
0.5
1.0
1.5
2.0
2.5

R
el

at
iv

e 
IL

-6
m

R
N

A 
le

ve
l

* n.s.*

Ctrl iKO

ZT0
ZT12

0.0
0.5
1.0
1.5
2.0
2.5

R
el

at
iv

e 
IL

-1
2

m
R

N
A 

le
ve

l

*
* n.s.

Ctrl iKO

ZT0
ZT12

0.0
0.5
1.0
1.5
2.0
2.5

R
el

at
iv

e 
iN

O
S

m
R

N
A 

le
ve

l

***
*** n.s.

Ctrl iKO

ZT0
ZT12

0.0
0.5
1.0
1.5
2.0

R
el

at
iv

e 
TN

F-
α

m
R

N
A 

le
ve

l

***
* n.s.

*

F

E

Ctrl iKO

ZT0
ZT12

0

500

1,000

1,500

Se
ru

m
 A

LT
 (U

/L
) ***

*** n.s.
p = 0.07

Ctrl iKO

ZT0
ZT12

0

200

400

600
Se

ru
m

 A
ST

 (U
/L

) ***
** n.s.

Ctrl iKO

ZT0
ZT12

0
50

100
150
200

Po
si

tiv
e 

TU
N

EL
 

ce
lls

 (v
ie

w
 fi

el
d)

***
*** n.s.

Ctrl iKO

ZT0
ZT12

0
20
40
60
80

N
ec

ro
si

s 
ar

ea
 (%

) ***
*** n.s.

D
ZT0 ZT12 ZT0 ZT12

H&E

TUNEL

Liver

Bmal1fl/fl (ctrl) Bmal1fl/fl-EsrCre+ (ctrl)

24h 24h

Collect
samples

ConA injection
(i.v.)7 days

Tamoxifen treatment (i.g.)

L D

D1 D2 D3 D4 D5

12 h Light : 12 h Dark

ZT0: Lights on ZT12: Lights off

ZT0 ZT12 ZT12ZT0

C Bmal1fl/fl

Bmal1fl/fl-EsrCre+

Groups:
1. Ctrl + ConA (ZT0)
2. Ctrl + ConA (ZT12)
3. iKO + ConA (ZT0) 
4. iKO + ConA (ZT12)

B

PBS ConA

* CT0
CT12

PBS ConA

* CT0
CT12

0
200
400
600
800

1,000

Se
ru

m
 A

LT
 (U

/L
)

0
200
400
600
800

Se
ru

m
 A

ST
 (U

/L
)

A PBS or ConA
injection (i.v.)

Constant darkness

24 h 24 h

Wild-type D D•••••• ••••••
Groups:
1. PBS (CT0)
2. PBS (CT12)
3. ConA (CT0) 
4. ConA (CT12)

Collect
samples

CT0 CT12 CT0 CT12

Fig. 2. Administration time-dependent effect of ConA is controlled by the endogenous circadian clock. (A) Schematic diagram of the study design on ConA-
induced liver injury in wild-type mice under constant darkness conditions. (B) Serum AST and ALT levels. (C–H) Bmal1fl/fl (Ctrl) and Bmal1fl/fl-EsrCre+ (iKO) mice
were treated with ConA at ZT0 or ZT12 for 24 h. (C) Schematic diagram of the study design. (D) Representative images of liver photographs, H&E (the dotted line
marks liver damage areas), and TUNEL staining. Scale bar = 20 lm. (E) Quantification of liver damage areas and TUNEL-positive cells. (F) Serum AST and ALT levels.
(G) qPCR analysis of the mRNA expression of inflammatory cytokines in the liver. (H) ELISA analysis of the hepatic contents of inflammatory cytokines. Data are
presented as mean ± SEM. *p <0.05, **p <0.01, and ***p <0.001 for the indicated comparisons by two-way ANOVA. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; Bmal1, basic helix–loop–helix ARNT-like 1; ConA, concanavalin A; CT, ConA injection time; Ctrl, control; DD, constant darkness; iKO, Bmal1
global knockout mice; iNOS, inducible nitric oxide synthase; LD, light–dark; ns, no statistical difference; qPCR, quantitative PCR; TNF, tumour necrosis factor;
TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labelling; ZT, Zeitgeber time.

Research article
cycle. Consistent with the previous conclusion, we found highly
similar effects in serum levels of AST and ALT (Fig. 2B) and mRNA
levels of TNF-a, IL-6, and iNOS in the liver (Fig. S2), that is, milder
induction of these factors in mice treated with ConA at rest-to-
active transit (CT12).

It is well established that nutrient availability plays a crucial
role in regulating peripheral circadian rhythms, particularly in
the liver.9,21 Therefore, we next investigated whether dietary
JHEP Reports 2023
intake could impact the diurnal variation of ConA-induced acute
liver injury. We conducted experiments on mice following a
regular light/dark cycle and subjected them to different feeding
conditions: ad libitum, daytime-restricted feeding, or nighttime-
restricted feeding before and during ConA treatment (Fig. S3A).
Serum and liver samples were collected 24 h after ConA injection
at either ZT0 or ZT12. The data presented in Fig. S3B and C
demonstrate that serum levels of AST and ALT, as well as
4vol. 5 j 100856



mRNA levels of inflammatory cytokines in the liver, consistently
exhibited lower levels in the ZT12 group than in the ZT0 group.
Notably, these differences were not influenced by any specific
feeding behaviour.

Finally, we used tamoxifen-inducible Bmal1 global knockout
mice (iKO)19 to investigate whether the loss of endogenous
circadian rhythms will eliminate the timing effect of ConA. qPCR
results confirmed the knockout efficacy in the liver, and the
hepatocytes and hepatic non-parenchymal cells (Fig. S4A and B).
Wheel running activity results confirmed the loss of circadian
behaviour in iKO mice under constant darkness conditions
(Fig. S4C), which is comparable with our previous results.6,19 As
expected, the results showed that Bmal1 deletion did abolish the
diurnal variations between the ZT0 and ZT12 groups in hepatic
pathology (Fig. 2C–E), serum aminotransferases, and the levels of
inflammatory cytokines in the liver (Fig. 2F–H). Moreover, the
iKO mice were grossly healthier than Ctrl mice irrespective of
ConA administration time, and the above pathological and mo-
lecular changes were much milder in the iKO mice, particularly
for the ZT0 groups, suggesting that lack of the core clock gene is
protective to ConA-induced liver injury. Taken together, our data
strongly implied that the administration time-dependent effect
of ConA is controlled by the endogenous circadian clock, but not
food intake or external light exposure.

Depletion of Bmal1 in hepatocytes failed to affect ConA-
induced liver injury
Interestingly, ConA induction significantly reduced Bmal1
expression in hepatocytes (Fig. 3A and B). However, the
expression level of Bmal1 in hepatic non-parenchymal cells was
contrarily elevated after ConA treatment (Fig. 3C and D). We then
meant to dissect the contribution of Bmal1 in hepatocytes and
hepatic non-parenchymal cells to ConA-induced liver injury. The
Bmal1fl/fl mice were injected with AAV-TBG-Cre to selectively
knock out Bmal1 in hepatocytes but retain Bmal1 expression in
hepatic non-parenchymal cells (Fig. S5A–D). After that, the mice
were subjected to ConA-induced hepatitis as before (Fig. 3E).
Surprisingly, unlike the global Bmal1 deletion, hepatocyte-
specific Bmal1 depletion failed to protect the liver injury and
inflammatory responses induced by ConA, and the administra-
tion time-dependent effect of ConA-induced hepatic injury was
not affected as well (Fig. 3F–J), implying that the expression of
Bmal1 in hepatocytes is likely to be dispensable during the
pathogenesis of ConA-induced autoimmune hepatitis.

Macrophage depletion protects the liver from ConA-induced
injury irrespective of the administration time of ConA
Macrophages and T cells play an essential role in the pathogen-
esis of ConA-induced hepatitis,22,23 and their numbers exhibit
significant circadian rhythms in many immune-mediated in-
flammatory diseases.18 To investigate whether they mediate the
circadian difference in ConA-induced hepatitis, we examined the
number of CD86 (a marker for M1-type macrophage; Fig. S6A),
CD206 (a marker for M2-type macrophage; Fig. S6B), and CD3
and CD4 (markers for T cells; Fig. S6C and D) positive cells in the
liver by immunofluorescence. Although the results showed no
significant difference in CD206, CD3, or CD4 staining between
the ZT0 and ZT12 groups, the abundance of CD86-positive cells
in the ZT0 group was significantly higher than that in the ZT12
group. Consistently, the expression of M1 macrophage signature
genes (TNF-a, IL-6, iNOS, and IL-1b) was also higher in the ZT0
group (Fig. S1F), suggesting that macrophages, particularly M1
JHEP Reports 2023
macrophages, may be the major inflammatory cells mediating
the administration time-dependent effect of ConA in hepatitis.
Furthermore, mice were treated with clodronate liposomes to
deplete macrophages and then subjected to ConA treatment
(Fig. S7A). The depletion was confirmed by immunofluorescence
of pan-macrophage markers, F4/80, and CD68 (Fig. S7B and C).
H&E and TUNEL staining showed that the deletion of macro-
phages remarkedly protected the liver from ConA-induced hep-
atopathy (Fig. S7D and E). Serum aminotransferases (Fig. S7F)
and the mRNA expression of pro-inflammatory molecules
(Fig. S7G) were less induced as well. Notably, macrophage
depletion also completely abolished the diurnal variation of
ConA induction on liver injury and inflammatory response.

Bmal1 deletion in myeloid cells protects the liver from ConA-
induced injury irrespective of the administration time of
ConA
The results of global Bmal1 deletion, hepatocyte-specific Bmal1
deletion, and macrophage depletion described above indicate a
possibility that macrophage Bmal1 may mediate the pathological
effect of ConA in a time-dependent manner. To prove our hy-
pothesis, we used myeloid cells, particularly macrophage Bmal1
deletion mice (Bmal1fl/fl-LysMCre+/+, Bmal1DMye),24 to repeat the
study of ConA-induced hepatitis. First, the expression of Bmal1
in the isolated hepatocytes, hepatic non-parenchymal cells, and
peritoneal macrophages was examined to confirm the
macrophage-specific Bmal1 depletion (Fig. S8A and B). Next, we
treated these mice and their littermate controls with ConA at ZT0
and ZT12 to induce autoimmune hepatitis (Fig. 4A). Similar to the
iKO mice and macrophage depletion mice, the diurnal variation
of ConA-induced liver injury disappeared in the Bmal1DMye mice
(Fig. 4B). Moreover, the Bmal1DMye mice also developed milder
hepatopathy revealed by H&E and TUNEL staining (Fig. 4B and C)
and the decreased levels of serum AST and ALT (Fig. 4D).
Meanwhile, the staining of an M1 macrophage marker, CD86
(Fig. 4E), and the levels of pro-inflammatory molecules in the
liver, TNF-a, IL-6, iNOS, IL-12, and IL-1b (Fig. 4F and G), were also
lowered by Bmal1 deletion in myeloid cells. Thus, Bmal1 deletion
in myeloid cells may protect ConA-induced liver injury irre-
spective of the ConA administration time.

Transcriptomics analysis on the effects of Bmal1 deletion in
ConA-induced hepatitis
To understand the molecular mechanism of Bmal1 and the
circadian clock in the pathogenesis of ConA-induced hepatitis,
we performed RNA sequencing (RNA-seq) using liver samples of
the iKO mice and their littermate controls (Ctrl) treated with
ConA at ZT0 or ZT12. Principal component analysis (Fig. 5A) and
Pearson correlation analysis (Fig. S9A) showed that the repro-
ducibility of samples in the same group was very good. We
compared the differential gene expression of the four groups and
found that the Ctrl mice injected with ConA at ZT0 had a distinct
transcriptomic profile compared with other groups (Fig. 5B). This
gross expression pattern is consistent with the severity of ConA-
induced hepatitis.

According to volcano plot analysis, there were 2,906 differ-
entially expressed genes between the ZT0-Ctrl and ZT12-Ctrl
groups, with the number of genes upregulated and down-
regulated in the ZT12-Ctrl group being 1,299 and 1,607
(Fig. S9B), respectively. However, only 90 differentially
expressed genes were detected between the ZT0-iKO and ZT12-
iKO groups (Fig. S9C). Therefore, we combined the two iKO
5vol. 5 j 100856



J

0

500

1,000

1,500

IL
-6

 (p
g/

m
l)

Bmal1fl/fl Bmal1∆Hep

ZT0
ZT12

**

0
200
400
600
800

1,000
iN

O
S 

(p
g/

m
l)

Bmal1fl/fl Bmal1∆Hep

ZT0
ZT12

*p = 0.07

0

500

1,000

1,500

Bmal1fl/fl Bmal1∆Hep

ZT0
ZT12

**

TN
F-

α 
(p

g/
m

l)

I

TNF-α IL-6 iNOS
0.0
0.5
1.0
1.5
2.0

R
el

at
iv

e
m

R
N

A 
le

ve
l ***** * ***** Bmal1fl/fl (ZT0)

Bmal1fl/fl (ZT12)
Bmal1∆Hep (ZT0)
Bmal1∆Hep (ZT12)

p = 0.06

H

0
200
400
600
800

Se
ru

m
 A

ST
 (U

/L
)

Bmal1fl/fl Bmal1∆Hep

ZT0
ZT12

** ***

0
200
400
600
800

1,000

Se
ru

m
 A

LT
 (U

/L
)

Bmal1fl/fl Bmal1∆Hep

ZT0
ZT12

** ***

G

0
50

100
150
200
250

Po
si

tiv
e 

TU
N

EL
ce

lls
 (v

ie
w

 fi
el

d)

Bmal1fl/fl Bmal1∆Hep

ZT0
ZT12

*** ***

0
20
40
60
80

N
ec

ro
si

s 
ar

ea
 (%

)

Bmal1fl/fl Bmal1∆Hep

ZT0
ZT12

*** ***F
ZT0 ZT12 ZT0 ZT12

H&E

TUNEL

Liver

Bmal1fl/fl Bmal1∆Hep

E

21 days
L D

D1

12 h Light : 12 h Dark

ZT0: Lights on ZT12: Lights off 24 h 24 h

Collect
samples

ConA injection
(i.v.)

ZT0 ZT12 ZT12ZT0
Bmal1fl/fl

AAV-TBG-vector or 
AAV-TBG-Cre 
injection (i.v.)

Groups:
1. Bmal1fl/fl + ConA (ZT0)
2. Bmal1fl/fl + ConA (ZT12)
3. Bmal1∆Hep + ConA (ZT0) 
4. Bmal1∆Hep + ConA (ZT12)

C

A

D

0

1

2

3

Bm
al

1/
β-

ac
tin

*

PBS ConA 
0.0
0.5
1.0
1.5
2.0

R
el

at
iv

e 
B

m
al

1
m

R
N

A 
le

ve
l

PBS ConA 

**

Liver non-parenchymal cells

Bmal1 69

1 2 3

43β-actin

1 2 3 kDa
PBS ConA

Bmal1 69

1 2 3

43β-actin

1 2 3 kDa
PBS ConA

0.0

0.5

1.0

1.5 *

Bm
al

1/
β-

ac
tin

PBS ConA 

B
Hepatocytes

PBS ConA 
0.0

0.5

1.0

1.5

R
el

at
iv

e 
B

m
al

1
m

R
N

A 
le

ve
l ***
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groups for the following analysis. Thus, compared with those in
the ZT0-Ctrl group, in total 2,339 differentially expressed genes
were detected in the iKO mice, of which 1,090 genes were
markedly downregulated and 1,249 genes were upregulated
(Fig. 5C). Furthermore, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway enrichment analysis identified that
most of the downregulated pathways were associated with
immune and inflammatory responses (Fig. 5D), such as
JHEP Reports 2023
transforming growth factor-beta signalling pathway, cytokine-
cytokine receptor interaction, and TNF signalling pathway,
which is consistent with the in vivo less inflammatory pheno-
types. By contrast, the upregulated genes in iKO livers were
mainly enriched in metabolism-related pathways, including
drug metabolism, steroid hormone biosynthesis, amino acid
metabolism, and glutathione metabolism (Fig. 5E), implying
that the liver function was improved in the iKO mice. Notably,
6vol. 5 j 100856
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presented as mean ± SEM. *p <0.05, **p <0.01, and ***p <0.001 for the indicated comparisons by two-way ANOVA. ALT, alanine aminotransferase; AST, aspartate
aminotransferase; Bmal1, basic helix–loop–helix ARNT-like 1; ConA, concanavalin A; iNOS, inducible nitric oxide synthase; LD, light–dark; ns, no statistical
difference; qPCR, quantitative PCR; TNF, tumour necrosis factor; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labelling; ZT, Zeitgeber time.
KEGG pathway analysis showed similar results for the com-
parison between the ZT0-Ctrl and ZT12-Ctrl groups (Fig. S9D
and E).

We next focused on the TNF signalling pathway, which has
been reported to be highly related to immune-mediated hep-
atisis25,26 and was significantly enriched and downregulated in
both the iKO and ZT12-Ctrl groups as compared with the ZT0-
Ctrl group. Therefore, the differentially expressed genes of the
TNF signalling pathway are presented in Fig. 5F, and there were
in total 20 genes downregulated in the ZT12-Ctrl and iKO groups
(Fig. S10A). Consistent with the findings of RNA-seq, the
JHEP Reports 2023
significant downregulation of genes in the TNF signalling
pathway was mostly independently validated by qPCR analysis
(Fig. S10B). Interestingly, among the validated downregulated
genes, Junb is an important transcription factor that may regu-
late the expression of other genes in the TNF signalling pathway,
such as Ptgs2, Cxcl2, Cxcl3, Cxcl10, Ccl2, Il6, Socs3, and
Mmp9,27–30 and it has been reported that Junb is involved in
ConA-induced acute liver injury and other immune-mediated
hepatisis.31 Moreover, we found that the expression of Junb
mRNA exhibited robust circadian rhythmicity in the liver
(Fig. 5G). Thus, here we hypothesised that the prevented liver
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injury and blunted diurnal variation in the iKO mice might result
from inhibition of Junb expression and rhythms. To test this
hypothesis, we first analysed the expression and cellular local-
isation of Bmal1 and Junb in liver tissues of ConA-induced hep-
atitis by immunofluorescence staining. The results showed that
upon ConA induction, the expression levels of Bmal1 and Junb
were particularly increased and localised in CD86-positive
macrophages within the liver. However, after Bmal1 deletion,
JHEP Reports 2023
the signalling of Junb was weakened (Fig. 5H). To further
investigate this, hepatic macrophages were extracted from both
ConA-treated Ctrl mice and iKO mice, and the mRNA expression
levels of Bmal1 and Junb were examined. qPCR results demon-
strated that deletion of Bmal1 markedly attenuated ConA-
induced upregulation of Junb in hepatic macrophages (Fig. S11).

These data suggest that Junb is a potential regulatory target of
Bmal1 in macrophages and Bmal1 may control the diurnal
8vol. 5 j 100856



variation of ConA-induced hepatitis by regulating macrophage
activation via Junb.

Junb was identified as a new target of Bmal1 in macrophages
Next, we aimed to detect whether Junb would be a direct target
of Bmal1 in macrophages. We isolated bone marrow-derived
macrophages from the iKO and Ctrl mice. After synchronisation
using dexamethasone, we observed clear circadian rhythms in
mRNA levels of both Bmal1 (Fig. 6A) and Junb (Fig. 6B) in Ctrl
cells, whereas iKO cells displayed dampened rhythms and overall
lower mRNA levels. Next, we used the JASPAR database (jaspar.
genereg.net) to analyse the DNA sequence of the murine Junb
promoter and found a potential binding site for Bmal1 in the
region near the transcription start sites (Fig. 6C). Chromatin
immunoprecipitation (ChIP) assay and subsequent qPCR results
indicated that direct binding of Bmal1 to the region embracing
the potential binding site was enhanced (Fig. 6D and E and
Fig. S12). Furthermore, a luciferase reporter assay using a WT
Junb promoter sequence (Fig. 6F) and the sequence with a mu-
tation at the binding site (Fig. 6G) revealed activation and
blocking of the activation of Junb transcription by Bmal1/Clock,
respectively. These results indicated that Junb is a direct target of
Bmal1 in macrophages via binding to the potential E-box-like
element.

Junb knockdown in macrophages protects the liver from
ConA-induced injury
Subsequently, we used an AAV viral vector containing the
macrophage-specific promoter F4/80 and Junb shRNA sequence
to selectively knock down Junb in macrophages. The mice were
then subjected to ConA-induced hepatitis (Fig. 7A). After 28 days
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of AAV injection, the decrease in Junb mRNA and protein
expression in peritoneal macrophages was confirmed (Fig. S13A
and B). Similar to the Bmal1DMye mice, Junb knockdown in
macrophages dramatically alleviated the severe liver injury
caused by ConA. In addition, the diurnal variation of the injury
was abolished in the Junb knockdown mice (Fig. 7B–D).
Furthermore, the infiltration and time-dependent variation of
CD86+ M1 macrophages (Fig. 7E) and the secretion of pro-
inflammatory cytokines (Fig. 7F) were significantly attenuated
in knockdown mice. Similar to the in vivo phenotypes, the
knockdown of Junb remarkedly reduced ConA-induced CD86
and TNF-a expression in RAW264.7 cells (Fig. S14 and Fig. 8A and
B). Taken together, the knockdown of Junb in macrophages may
protect against ConA-induced liver injury by reducing M1
macrophage activation and alleviating inflammatory responses.

Junb activated M1 macrophages via AKT and ERK signalling
pathways
Lastly, we further explored the signalling pathway that contrib-
utes to Bmal1/Junb axis-mediated liver inflammatory responses.
It has been reported that the AKT and extracellular signal-
regulated kinase (ERK) signalling pathways are critical to the
pro-inflammatory response of M1 macrophages.32,33 Moreover,
Junb could regulate the activity of AKT and ERK signalling
pathways.29,34 Indeed, phosphoinositide 3-kinase (PI3K)–AKT
and mitogen activated protein kinase (MAPK) signalling path-
ways were significantly affected by Bmal1 deletion in ConA-
induced livers (Fig. 5D), and AKT and ERK are the most clas-
sical signalling molecules in the PI3K–AKT and MAPK signalling
pathways, respectively. Therefore, we examined whether Junb
regulates M1 macrophage activation through these pathways. As
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shown in Fig. 8C and D and Fig. S15, ConA treatment time-
dependently induced AKT and ERK phosphorylation in
RAW264.7 cells, although this induction was significantly
inhibited by Junb silencing. In addition, Western blot confirmed
higher hepatic expression levels of p-ERK and p-AKT in the ZT0
JHEP Reports 2023
group than in the ZT12 group, whereas knockdown of Junb in
macrophages and deletion of Bmal1 eliminated this time-
dependent difference and lowered the levels of p-ERK and p-
AKT (Fig. 8E–H). Collectively, these data suggested that the
Bmal1/Junb axis-mediated diurnal control of ConA-induced liver
10vol. 5 j 100856
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inflammatory response is at least partly dependent on the acti-
vation of AKT and ERK signalling pathways.
Discussion
Extensive studies demonstrated that disruption of the circadian
rhythms is implicated in various major liver diseases, including
fatty liver, cirrhosis, and cancer.10,11 Here, by studying a well-
known immune-mediated liver injury model that is induced by
i.v. injection of ConA, we further found that the severity of
hepatitis was dependent on the administration time of ConA and
JHEP Reports 2023
this timing effect was eliminated by the removal of the core clock
component Bmal1 or knocking down its direct targeting gene
Junb in macrophages in mice. More importantly, these mice
developed milder hepatitis than controls that have an intact
clock system, suggesting that the macrophage Bmal1/Junb axis
may serve as a promising target for immune-mediated liver
injury. Furthermore, we identified that AKT and ERK signalling
pathways mediated the role of the Bmal1/Junb axis in the
pathogenesis of ConA-induced liver injury.

First, we confirmed the temporal variation in ConA-induced
hepatotoxicity on WT mice, which can also be observed in
11vol. 5 j 100856
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some medicines that have side effects on the liver in a dosing
time-dependent manner, such as acetaminophen,35 Fuzi,36 and
brucine.37 Contrary to a lipopolysaccharide-induced sepsis
model,38 administration of ConA at the start of the rest phase,
but not the active phase, was more harmful to mice under both
regular light/dark cycles and constant darkness conditions,
implicating that there is a drug specificity and this timing effect
is not mediated by the light/dark cycle. We also excluded the
effect of timing of food intake by subjecting mice to either day-
time- or nighttime-restricted feeding. Furthermore, by main-
taining the adult-life Bmal1 knockout mice under regular light/
dark conditions, which allowed the mice to exhibit day/night
variations in behavioural activities but lacked endogenous
circadian rhythms,6,19 we found that the difference in hepatic
injury between different time points of ConA administration
completely disappeared in these mice. These findings strongly
support the notion that the endogenous circadian clock, rather
than light exposure or feeding status, predominantly contributes
to the diurnal variation of ConA-induced hepatitis. However,
considering that feeding is a key regulator of the liver,9,21 further
validation with additional feeding/fasting schedules may be
warranted to fully elucidate the role of feeding in the observed
hepatic injury. Moreover, it remains unclear whether the diurnal
variation of ConA-induced hepatitis is influenced by glucocorti-
coids, which are known to be crucial to the circadian control of
immunity.39,40 Further investigations are needed to determine
the potential involvement of glucocorticoids in this context.

T cells and macrophages are the main immune cells that
mediate ConA-induced hepatitis, and their function was known
to be regulated by circadian rhythms.41 It has been shown that
Bmal1 is involved in the development of immune-related dis-
eases by regulating T cells42 and macrophages.18 Here, we
confirmed the significant increase of these two cell types in the
injured liver, whereas the temporal variation was obvious in
macrophages only. This fluctuation of macrophages that con-
tributes to the administration time-dependent effect of ConA
was further confirmed by the removal of macrophages. It is well
known that macrophages acquire distinct functional phenotypes
in response to various stimuli or under different pathophysio-
logical conditions.43 Classical M1 (pro-inflammatory) and alter-
native M2 (anti-inflammatory) activation of macrophages
represent two extremes of a dynamic changing state of macro-
phage activation.44 Our study revealed that the number of M1
macrophages, but not that of M2-type macrophages, significantly
varied between time points with higher levels in the liver of mice
treated with ConA at ZT0. The secretion of inflammatory cyto-
kines showed similar pattern as well, implicating the involve-
ment of M1 macrophages in the timing effect of ConA. As these
cytokines damage contiguous tissue and inhibit the proliferation
of surrounding cells,45 the findings that depletion of total mac-
rophages attenuated hepatopathy further suggested the primary
contribution of M1 macrophages.

Given that the core clock component Bmal1 plays a funda-
mental role in the circadian immune responses in macro-
phages38 and both global Bmal1 deletion and macrophage
depletion in the present study eliminated the timing effect of
ConA in mice, it is reasonable to propose an essential role of
macrophage Bmal1 in these processes. As expected, results with
the myeloid Bmal1 knockout mice strongly supported the finding
that the myeloid Bmal1 mediated the timing effect. Although,
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unlike macrophages, neutrophils were also myeloid lineage
originated and increased in the liver by ConA administration, and
they did not vary in the number between the ZT0 and ZT12
groups (data not shown). Therefore, the timing effect of ConA
was mainly attributed to the clocks in macrophages. It is notable
that mice with selective knockdown of Bmal1 in hepatocytes
failed to affect either the circadian variation or the damaging
effect of ConA-induced liver injury, indicating that the role of
Bmal1 in macrophages is dominant over its function in hepato-
cytes in this setting. We acknowledge that the AAV-TBG-Cre-
mediated depletion we used resulted in only approximately
50% depletion in Bmal1 protein expression. This partial depletion
may not fully reflect the actual impact of hepatocyte Bmal1
deficiency on ConA-induced liver injury. Therefore, an alterna-
tive strategy using Cre/loxP-mediated hepatocyte-specific Bmal1
depletion may provide additional valuable insights to verify the
role of Bmal1 in ConA-induced liver injury. Moreover, the
opposite regulation of Bmal1 in hepatocytes compared with non-
parenchymal liver cells upon ConA induction suggests a cell-
specific role of Bmal1 in immune-mediated liver injury,
although the underlying mechanisms remain unclear. Moreover,
accumulating evidence indicates that the function of Bmal1
varies across different cell types. For instance, Bmal1 in hepa-
tocytes prevents atherogenesis,46 whereas myeloid Bmal1 is
deleterious in this particular condition.20 Therefore, it is crucial
to comprehend the distinct regulatory mechanisms underlining
Bmal1 function in response to ConA exposure within various cell
types. Furthermore, investigating the role of Bmal1 in other cell
types, such as T cells, is necessary for future studies to gain a
comprehensive understanding of its function.

In addition to eliminating the timing effect, myeloid Bmal1
deletion also alleviated ConA-induced liver injury. Clock pro-
teins, especially Bmal1, as a transcription factor, regulate the
expression of various immune-related genes.47,48 To reveal the
molecular mechanism of the particular AIH model in the current
study, we performed RNA-seq using liver samples from the iKO
and control mice treated with ConA at ZT0 or ZT12 to screen
differentially expressed genes. The most downregulated path-
ways in the iKO group were associated with immune and in-
flammatory responses. Among them, a transcription factor, Junb,
from the TNF signalling pathway, was significantly higher
expressed in the ZT0-Ctrl mice than in the other three groups.
This pattern is highly consistent with their phenotypes. Impor-
tantly, the expression level of Junb mRNA exhibited rhythmicity
throughout 24 h in the WT liver with peak and trough at ZT0 and
ZT12, respectively, which is similar to Bmal1. Further investiga-
tion by ChIP suggested Junb as a direct target of Bmal1 in mac-
rophages. Moreover, specific knockdown of Junb in macrophages
dampened the phenotypic variations between ZT0 and ZT12 and
alleviated ConA-induced liver injury, which highly mimics the
effect of Bmal1 deletion in macrophages.

Junb performs an essential role in liver regeneration, liver
ischaemia–reperfusion injury, and hepatocellular carci-
noma.49,50 It regulates the expression of various cytokines in a
tissue- or cell-specific manner. Mice lacking Junb in hepatocytes
displayed a mild increase in ConA-induced liver injury. How-
ever, globally knocking down Junb in the liver inhibits inter-
feron-c secretion through natural killer T/natural killer cells,
thus protecting hepatocytes from ConA injury.31 These results
may indicate a dominant role of Junb in immune cells over
12vol. 5 j 100856



hepatocytes. Furthermore, studies have indicated that Junb is
strongly expressed in macrophages and plays a central role in
macrophage activation.27,51–53 With the aim of a more detailed
view of the molecular changes in the diurnal variation of ConA-
induced liver injury, we sought to investigate the molecular
mechanisms of Junb-regulated M1 macrophage activity. It is
well known that AKT and ERK signalling pathways are the key
factors in the pro-inflammatory response in M1 macro-
phages.32,33 In addition, Junb could affect cartilage degenera-
tion in osteoarthritis by regulating ERK phosphorylation.34 Junb
plays a crucial role in pancreatic beta cell apoptosis by regu-
lating AKT phosphorylation.54 Therefore, we proposed the hy-
pothesis that Junb may regulate M1 macrophage activation
through AKT and ERK signalling pathways in ConA-induced
hepatitis. Indeed, KEGG pathway analysis revealed that activa-
tion of the PI3K–AKT and MAPK pathway might be related to
the diurnal variation of ConA-induced liver injury. In vitro, we
found that ConA could promote the activation of M1 macro-
phage and the secretion of various cytokines. However,
knocking down Junb inhibits the phosphorylation of AKT and
ERK, which ultimately reduces the activation of M1 macro-
phages and the secretion of cytokines. In vivo, ERK and AKT
phosphorylation in the liver of the ZT0 group was higher than
the ZT12 group, whereas Junb knockdown in macrophages and
Bmal1 knockout eliminated this difference. Thus, the evidence
demonstrated that Bmal1 in macrophages could regulate the
diurnal variation of ConA-induced hepatitis and the molecular
mechanism is that Bmal1 could directly bind to the promoter of
JHEP Reports 2023
Junb to regulate M1 macrophage activation through the AKT
and ERK signal pathways. M1 macrophages could produce large
amounts of pro-inflammatory cytokines that induce inflam-
matory responses and apoptosis in hepatocytes through direct
contact with hepatocytes, which exacerbates liver injury and
even liver failure.

Altogether, our results showed that Bmal1 could regulate
macrophage activation by targeting Junb–AKT/ERK pathway,
leading to the circadian variation in ConA-induced hepatitis. This
temporal difference in outcomes based on the time of infection
should have broader relevance for other circadian-gated im-
mune-mediated inflammatory diseases. The molecular clock
acted as a timed regulator of Junb activity in macrophages, which
greatly affected the inflammasome output through macrophage
activation. Given the importance of macrophages in innate im-
munity, it is distinctly possible that many aspects of the innate
immune system mediated by macrophages could be under
circadian regulation. Therefore, the activation of the Bmal1–
Junb–AKT/ERK axis might also explain the variations of circadian
rhythms in inflammatory diseases caused by macrophage acti-
vation, such as COVID-19,55–58 respiratory tract infections,59

atherosclerosis,20,60 and sepsis.61 Further understanding of the
interaction between Junb and Bmal1 not only could facilitate an
effective target for the prevention and improvement of AIH but
could also provide insight into the temporal control of inflam-
mation. Meanwhile, it might reveal opportunities for chrono-
therapies in the treatment of circadian-gated immune-mediated
inflammatory diseases.
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