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SUMMARY

In chronic liver diseases, circadian rhythm sleep disorders
were correlated with elevated bile acid levels. Bile acids
activated Tgr5 in suprachiasmatic nucleus and reduced Per2
nuclear import, causing shorter circadian period, blunted
light entrainment via Grp, and impaired sleep processes.

BACKGROUND & AIMS: Sleep disorders (SDs) are common in
chronic liver diseases (CLDs). Some SDs arise from impaired

internal clock and are, hence, circadian rhythm SDs (CRSDs).
Bile acids (BAs), whose levels are increased in many CLDs,
reciprocally interact with circadian rhythm. This study explores
the mechanisms underlying CRSDs in CLDs and novel therapies.

METHODS: We monitored the sleep of patients with CLD using
actigraphic watch and established male mouse cholemia
models by feeding with BA or bile duct ligation. Sleep-wake
cycle and circadian rhythm were analyzed by
electroencephalogram-electromyography and locomotor wheel-
running experiments.
RESULTS: Patients with CLD showed CRSD-like phenotypes
including increased night activity and early awakening, which
were strongly correlated with increased BA levels (ie, chol-
emia). CRSDs, including shortened circadian period, were
recapitulated in 2 cholemic mouse models. Mechanistically,
elevated BAs in the suprachiasmatic nucleus (SCN) activated BA
receptor Takeda G protein-coupled receptor 5 (Tgr5), which, in
turn, increased the level and phosphorylation of Period2
(Per2), a master rhythm regulator, through extracellular signal-
regulated kinase (Erk) and casein kinase 1ε (CK1ε). Per2
phosphorylation inhibited its nuclear import, which would
release its transcriptional inhibition and expedite the circadian
cycle. Cholemia also blunted the light entrainment response
and light-induced phase change of SCN mediated by the neu-
rons expressing gastrin releasing peptide through Tgr5-Per2
axis. BA sequestrant or CK1 inhibitor reversed the CRSDs in
cholemic mice by restoring Per2 distribution.

CONCLUSIONS: Cholemia is a major risk factor for CRSDs in
CLDs and, hence, a promising target in future clinical study.
(Cell Mol Gastroenterol Hepatol 2025;19:101439; https://
doi.org/10.1016/j.jcmgh.2024.101439)
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leep disruption is prevalent in many chronic liver
1–3
*Authors share co-first authorship.
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potential ankyrin 1; TST, total sleep time; TUDCA, tauroursodeox-
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Sdiseases (CLDs), including hepatitis B (HB),
nonalcoholic liver cirrhosis (NALC),4,5 hepatic encephalop-
athy (HE),6 and primary biliary cirrhosis (PBC).7,8 The phe-
notypes and etiology of sleep disorders (SDs) in CLDs are
complex and cannot be fully attributable to the neurotoxicity
arising from HE.9,10 Some patients with CLD exhibits the
characteristics of circadian rhythm sleep disorder (CRSD),
such as the greater sleep latency, shorter sleep duration, and
dampened rest-activity rhythms.6,11 A two-process model
posits that sleep is regulated by sleep-wake-dependent
homeostatic process (S) and history-independent circadian
process (C), which seem to selectively affect the slow-wave
activity (SWA) fraction of the non-rapid eye movement
(NREM) sleep and rapid eye movement (REM) sleep,
respectively.12,13 To date, the mechanisms underlying SDs in
CLDs are unknown, leading to limited treatment options and
poor quality of life in these patients.

In mammals, numerous physiological and behavioral
processes including the sleep-wake cycle exhibit a w24-
hour circadian rhythm. The mammalian circadian system
consists of a master central clock, the suprachiasmatic nu-
cleus (SCN) in the hypothalamus, which is the principal
pacemaker and entrainable to the alternating day/night
environment, and the peripheral clocks in other tissues,
which synchronize and coordinate with SCN. At the molec-
ular level, the cell-autonomous circadian oscillator is
generated by several transcription-translation negative
feedback loops.14 In the primary feedback loop, 2 tran-
scription factors, circadian locomotor output cycles kaput
(CLOCK) and brain and muscle ARNT-like 1 (BMAL1) form a
complex that activates the transcription of PERIOD genes
(PER1, PER2, and PER3) and CRYPTOCHROME genes (CRY1
and CRY2). The translated PER and CRY proteins then form
a complex in the cytosol and are translocated to the nucleus
to repress their own transcription by inhibiting the CLOCK/
BMAL1 complex. In the meantime, PER and CRY are
degraded by the ubiquitin-proteasome system such that the
reduced levels of PER and CRY eventually release CLOCK/
BMAL1 from inhibiting PER and CRY transcription, thus
allowing another circadian cycle to begin.

PERIOD2 (PER2) is a master rhythm regulator in this
clock circuit.14 The level of PER2 over a day and the timing
of PER2 nuclear accumulation set the period and phase of
the circadian clock.15,16 Global knockout of Per2 in mice
yielded a shortened circadian period.15 Casein kinase 1d/ε
(CK1d/ε) phosphorylates PER2, which affects its stability
and nuclear translocation. For example, phosphorylation of
PER2 at Ser478 leads to PER2 degradation, and PER2-
S478A mutation lengthens the circadian period.15,17,18

External light can also induce Per2 transcription, which in-
fluences the phase of circadian rhythm.19,20 In general,
CRSDs can arise from an impaired internal clock and/or
misalignment between the internal clock and the external
1014
environment.21 Conceivably, PER2 and the factors affecting
PER2 could play a critical role in CRSDs.

Bile acids (BAs), which are synthesized in the liver, function
not only as detergents to assist lipid absorption but also as
signaling molecules to regulate a wide range of physiological
and pathophysiological processes. The synthesis and excretion
of BAs is an essential function of the liver, which are often
compromised in CLDs. In cholestasis, the compromised biliary
secretion of BAs results in the accumulation of BAs in the liver
and blood (ie, cholemia) via retrograde transport into the si-
nusoidal blood and the systemic circulation. In PBC, the rise of
serum and liver BAs was reported to correlate with disease
severity and progression.22 Circadian rhythm and BA meta-
bolism crosstalk at multiple levels.23,24 For example, BA syn-
thesis and transport are controlled by both the central and liver
clocks.23,25 Disrupted BA homeostasis or other metabolism
such as hyperlipidemia could also change central circadian
rhythms.26 It is unclear if BAs, whose blood concentration
fluctuates during the circadian cycle and fast-feeding cycle,
directly regulate SCN. This study sought to explore the mech-
anisms underlying the SDs and especially the CRSDs in CLD.

In this study, we first noticed that there were 2 groups of
patients in each CLD, characterized by normal and high
levels of serum total BA (TBA), which we referred to as
noncholemia and cholemia patients. After analyzing their
sleep parameters and clinicodemographic data, we
39
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identified the TBA level as a major risk factor strongly
correlated with the CRSD-like symptoms. Next, we validated
the role of BAs in CRSDs and circadian rhythm regulation
using mouse cholemic models and explored the underlying
mechanisms and novel therapies.

Results
Cholemia is a Major Risk Factor for SDs in
Patients With CLD

We first noticed that the patients with CLD suffered dif-
ferential degrees of sleep disruption and then screened their
clinicodemographic data to identify any potential risk factors.
The patients with CLD were classified into 2 groups based on
their levels of TBA and total bilirubin (TBIL): a low TBA, low
TBIL group and a high TBA, high TBIL group, which indicated
differential levels of cholestasis in these patients. Based on
their TBA level, we named them the noncholemia (TBA �10
Table 1.Clinical Characteristics and Actigraphic Sleep Parame

No cholemia (n

Group characteristics
Male/female 17/12
Age, years 54 (42–62)
Diagnosis
HB 9
HBC 7
PPBC 6
NALC 7

Stage
HB/heavy 9
Cirrhosis/compensated stage 1 3
Cirrhosis/compensated stage 2 6
Cirrhosis/decompensated stage 3 9
Cirrhosis/decompensated stage 4 2

Plasma tests
TBA, mmol/L 5.80 (4.20–7.6
TBIL, mmol/L 13.50 (9.10–16.
ALT, U/L 53.00 (31.00–74
AST, U/L 44.00 (35.50–76
UREA, mmol/L 4.80 (3.25–5.1
CRE, mmol/L 56.00 (41.00–61
TG, mmol/L 1.38 (0.97–2.1
TC, mmol/L 4.76 (3.84–5.1
HGB, g/L 129 (112–138
PLT, �109/L 118 (106–130
PT, s 13.80 (12.70–14
FIB, g/L 1.63 (1.41–1.7
TP, g/L 73.00 (62.50–79
AMM, mmol/L 21.00 (18.50–24

Actigraphic sleep parameters
Sleep onset 22:47 (22:34–23
Out bed 6:29 (6:18–6:4
TST, minutes 426.33 (407.34–4
WASO, minutes 43.33 (36.17–51
SFI 31.34 (26.91–33

Note: Data are presented as number or median (quartile 1–qua
ALT, Alanine aminotransferase; AMM, blood ammonia; AST, as
creatinine; FIB, fibrinogen; HB, hepatitis B; HBC, hepatitis B cir
PBC, primary biliary cirrhosis; PLT, platelet; PT, prothrombin ti
total bilirubin; TC, cholestenone; TG, triglyceride; TP, total prote
after sleep onset.
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mmol/L) and cholemia (TBA >10 mmol/L) groups (Table 1).
No significant distinction was found among other clin-
icodemographic criteria.

We then analyzed the sleep parameters of these pa-
tients using actigraphic watch (Figure 1A). Compared with
the noncholemia group, the cholemic patients with CLD
exhibited significantly advanced out-bed time, shorter total
sleep time (TST), longer wake after sleep onset (WASO),
and greater sleep fragmentation index (SFI) (Figure 1A;
Table 1). These sleep parameters were correlated with
TBA levels but not with the levels of other metabolites or
clinicodemographic data (Table 2). The out-bed time was
also associated with the level of TBIL. In the patients with
the same CLD, shorter TST, longer WASO, and greater SFI
were also seen in the cholemia group, as compared with
the noncholemia group (Figure 1A�C and E). Despite no
uniform difference in the sleep and wake onset time, the
cholemic patients from every CLD type exhibited
ters of CLD Patients With or Without Cholemia

¼ 29) Cholemia (n ¼ 31) P value

17/14 .459
54 (41–62) .900

.988
10
7
6
8

.848
10
1
8
9
3

5) 118.5 (64.00–223.00) < .001
85) 84.70 (42.10–140.45) < .001
.50) 53.00 (46.00–86.00) .287
.00) 66.00 (44.00–91.00) .080
0) 4.20 (3.70–4.80) .161
.00) 49.00 (40.00–55.00) .032
9) 1.53 (1.06–1.87) .923
6) 4.59 (4.12–5.26) .888
) 125 (108–132) .164
) 121 (108–129) .994
.40) 13.90 (13.40–14.90) .257
8) 1.58 (1.43–1.75) .559
.00) 72.00 (62.00–77.00) .441
.50) 24.00 (18.00–28.00) .163

:07) 22:46 (22:27–23:19) .96
3) 5:40 (5:19–5:57) < .001
35.50) 348.33 (337.33–381.67) < .001
.67) 63.33 (56.67–76.67) < .001
.32) 36.19 (33.66–39.52) < .001

rtile 3).
partate aminotransferase; CLD, chronic liver diseases; CRE,
rhosis; HGB, hemoglobin; NALC, nonalcoholic liver cirrhosis;
me; SFI, sleep fragmentation index; TBA, total bile acid; Tbil,
in; TST, total sleep time; UREA, Urea nitrogen; WASO, wake
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Figure 1. Actigraphic sleep parameters in CLD patients with or without cholemia. (A) Representative actograms for 3
consecutive days of 1 cholemic and 1 noncholemic patient with one of the four CLDs: NALC, HB, HBC, and PBC. Blue bars
indicate activity with the same scale for each actogram. Black dotted vertical lines indicate 24:00/00:00, red dotted vertical
lines denote 06:00, and red areas represent sleep duration. Note that patients with CLD and cholemia woke earlier (before
06:00) and had shortened sleep duration compared with those without cholemia (after 06:00 or even later). (B) TST. (C) WASO.
(D) Sleep onset time and out-bed time. (E) SFI. N ¼ 60 (NALC, n ¼ 15; HB, n ¼ 19; HBC, n ¼ 14; and PBC, n ¼ 12). Mean ±
SEM, paired 2-tailed t-test. *P < .05; **P < .01; ***P < .001.
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significantly advanced wake time, whereas delayed and
advanced sleep onset was seen in the cholemic patients
with NALC and HB (Figure 1D; Table 3).

These results demonstrate that the elevated BA level is a
major, if not the only, risk factor for SDs in CLDs. The
shorter sleep duration and phase changes of the cholemic
patients with CLD are characteristic of the impairment of
internal clock and failure of the internal clock to align with
the external light in CRSDs. The blood count, procalcitonin,
and C-reactive protein test results showed no significant
difference between the noncholemic and cholemic patients
with CLD (Table 4), suggesting that inflammation was not
increased in the cholemic patients with CLD and thus was
not a confounding factor in our study.

Cholemic Mice Exhibit CRSD-like Phenotypes
To investigate whether elevated BAs are sufficient to

induce CRSD phenotypes, we created 2 mouse cholemic
models by feeding with excess BA or bile duct ligation
(BDL). Although BA feeding allows direct examination of
1014
the effect of BA on CRSDs, BDL mimics cholestasis but has
additional pathologies besides cholemia. We first analyzed
the wheel-running activities of these mice at constant
darkness (DD), which is a classic condition to characterize
the endogenous circadian rhythm (Figure 2A and B). The
effects of 4 different BAs were compared, cholic acid (CA),
chenodeoxycholic acid (CDCA), lithocholic acid (LCA), and
ursodeoxycholic acid (UDCA). Notably, the circadian pe-
riods of the BA-fed mice except the UDCA-fed mice were
much shorter than those of the normal diet (ND)-fed mice
(Figure 2A and C). The paradoxical effect of UDCA is not
surprising, as UDCA is a choleretic BA rather than a
cholestatic BA.27 No statistical difference was found in the
phase shift between BA-fed mice and ND-fed mice under
the DD condition (Figure 2A and D). The free-running
period of the BDL mice at DD was also significantly
shorter than that of the sham-operated mice (Figure 2B
and F), and BDL mice also exhibited a phase delay
(Figure 2B and G). In addition, when comparing with the
ND-fed mice or sham-operated mice, the wheel-running
39



Table 2.Correlation of Demographic and Plasma Biochemical Parameters With Sleep Disorders in CLD Patients

Sleep onset Out bed TST WASO SFI

Gender b �0.119 0.138 �0.039 �0.049 0.124
P .406 .218 .739 .685 .362

Age b �0.024 0.166 �0.155 �0.097 0.049
P .862 .127 .179 .403 .708

Diagnosis b 0.475 �0.202 �0.187 0.187 �0.101
P .022 .200 .264 .269 .580

Stage b 0.144 0.189 �0.122 �0.333 �0.032
P .509 .267 .501 .073 .872

TBA b �0.164 �1.007 �0.567 0.710 0.452
P .472 < .001 .004 .001 .037

TBIL b �0.312 �0.356 �0.160 �0.235 0.052
P .150 .038 .370 .196 .801

ALT b �0.100 0.028 �0.037 0.63 0.090
P .553 .833 .789 .654 .570

AST b �0.640 �0.053 �0.23 �0.072 �0.010
P .715 .698 .869 .627 .953

UREA b �0.089 �0.300 0.000 0.295 0.118
P .558 .803 .999 .024 .438

CRE b �0.184 �0.300 0.235 0.066 0.360
P .303 .827 .117 .659 .051

TG b �0.193 �0.163 �0.171 0.208 �0.013
P .196 .162 .167 .098 .925

TC b �0.025 0.027 0.109 0.128 �0.112
P .871 .821 .392 .320 .436

HGB b �0.091 �0.130 �0.002 0.250 0.310
P .589 .322 .986 .082 .054

PLT b 0.112 0.124 �0.089 �0.026 �0.118
P .462 .298 .480 .841 .408

PT b 0.011 �0.271 �0.143 0.023 �0.038
P .945 .128 .262 .860 .793

FIB b �0.072 0.145 0.206 �0.243 �0.203
P .641 .234 .115 .068 .178

TP b 0.273 0.112 0.057 �0.098 �0.361
P .138 .433 .705 .521 .051

AMM b 0.026 0.058 �0.129 0.036 �0.190
P .856 .607 .282 .766 .061

Note: b, standard regression coefficient; P, P value derived from multivariate linear regression analysis.
ALT, Alanine aminotransferase; AMM, blood ammonia; AST, aspartate aminotransferase; CLD, chronic liver diseases; CRE,
creatinine; FIB, fibrinogen; HGB, hemoglobin; PLT, platelet; PT, prothrombin time; SFI, sleep fragmentation index; TBA, total
bile acid; TBIL, total bilirubin; TC, cholestenone; TG, triglyceride; TP, total protein; TST, total sleep time; UREA, Urea nitrogen;
WASO, wake after sleep onset.
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activities of LCA-fed mice (Figure 2E) and BDL mice
(Figure 2H) were markedly reduced, which may reflect
the strong hydrophobicity and hence toxicity of LCA and a
broad range of pathological conditions in the BDL
model.28

We then examined BA’s impact on circadian rhythm in
mice exposed to the regular light-dark (LD) 12:12 photo-
period. To examine the dose dependence of BA and light, the
mice were fed with increasing amounts of CA and were
exposed to increasingly luminous environments
(Figure 2I�T). Their wheel-running data showed that, under
the 100 lux light condition, there was no significant differ-
ence in the circadian periods, wheel revolutions, and rest/
activity durations between the 0.1% CA-fed mice and ND-
1014
fed mice (Figure 2I, J, O, and P). By contrast, the wheel-
running period of 0.2% CA-fed mice was significantly
shorter than that of the ND-fed mice in the first week of CA
supplementation, suggesting 0.2% as the appropriate con-
centration to induce rhythmic changes (Figure 2K and O).
During the second week of continuous feeding with 0.2%
CA, the wake-up time of the mice did not further advance
and neither did return to the normal wake-up time
(Figure 2K). The 0.2% CA-fed mice exhibited substantially
shortened rest duration (ie, more running activities) in the
daytime (Figure 2Q and R), greater onset phase angle
(Figure 2S), and greater light/dark activity ratio in the 24-
hour cycle (Figure 2U), when compared with the ND-fed
mice. Thus, the 0.2% CA-fed mice exposed to light of
39



Table 3.Actigraphic Sleep Parameters of Patients With Different CLDs

NALC (n ¼ 15) PBC (n ¼ 12) HBC (n ¼ 14) HB (n ¼ 19) P value

Sleep onset time 23:10 (23:03–23:24) 22:49 (22:36–23:21) 22:48 (22:26– 23:05) 22:33 (22:09–22:42) < .001

Out bed time 5:56 (5:28–6:29) 6:16 (5:19–6:43) 6:23 (5:39–6:29) 6:06 (5:42–6:27) .586

TST, minutes 358.67 (322.67–411.67) 402.67 (357.75–425.58) 360.67 (334.50–415.33) 412.33 (367.33–432.67) .126

WASO, minutes 57.00 (49.67–73.33) 44.00 (33.92–61.83) 56.33 (37.58–72.58) 53.33 (46.67–69.0) .384

SFI 32.16 (28.24–35.00) 34.42 (31.64–37.23) 33.97 (33.06–38.00) 31.73 (30.03– 38.25) .616

Note: Data are presented as median (quartile 1�quartile 3).
CLD, Chronic liver disease; HB, hepatitis B; HBC, hepatitis B cirrhosis; NALC, nonalcoholic liver cirrhosis; PBC, primary biliary
cirrhosis; SFI, sleep fragmentation index; TST, total sleep time; WASO, wake after sleep onset.
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normal intensity woke up 3 to 4 hours earlier than the ND-
fed mice with a shorter sleep time.

Under the 200 lux condition, there was no significant
difference in the circadian period between the 0.2% CA-fed
mice and the ND-fed mice, suggesting that bright light acted
as a stronger entraining signal and masked the rhythm-
altering effect of CA (Figure 2L). Meanwhile, the 0.2% CA-
fed mice exposed to 200 lux exhibited greater offset phase
angle difference (Figure 2T). Under the same 200 lux con-
dition, the 0.3% CA-fed mice did not follow the 24-hour LD
cycle anymore and started to free run, suggesting that
increased BAs exerted a bigger impact on the internal clock
and overcame the masking effect of light (Figure 2M and O).
0.3% CA feeding also led to reduced rest duration and
increased activity duration in the light phase (Figure 2P and
R). Under this condition, reversing to the ND could not
restore the normal wheel-running activity, suggesting a
lasting effect induced by a higher level of BAs. When the
light lumen was further increased to 300 lux, the brighter
light again exerted a greater ‘masking’ effect and reversed
the free-running induced by 0.3% CA (Figure 2N and O). It
should be noted that the total wheel revolutions of the 0.3%
CA-fed mice were markedly reduced (Figure 2Q), indicating
the potential toxicity of 0.3% CA. These results confirm that
BAs induce CRSD-like behaviors in a dose-dependent
manner in cholemic mice. Timed bright light exposure,
which has been widely used to reestablish a healthy shift in
Table 4.Blood Count and the Levels of PCT and CRP of Patie

No cholemia (n ¼ 29)

WBC,� 109/L 4.45 (4.05–5.15)

LYM,� 1012/L 2.1 (1.6–2.8)

MON,� 109/L 0.30 (2.15–0.44)

NEU, � 109/L 3.7 (2.53–4.95)

EOS, � 109/L 0.310 (0.16 –0.42)

BAS, � 109/L 0.030 (0.018–0.040)

PCT, ng/mL 0.285 (0.24–0.62)

CRP, mg/L 1.7 (0.65–2.53)

BAS, Basophil; CLD, chronic liver disease; CRP, C-reactive p
NEU, neutrophil; PCT, procalcitonin; WBC, white blood cell.
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the treatment of patients with CRSD,29 can mask the CA-
induced rhythmic changes in cholemic mice.

Sleep Patterns of Cholemic Mice Were
Consistent With CRSDs

To confirm that the locomotor activities indeed reflect
sleep and wakefulness, we examined the electroencephalo-
gram (EEG)/electromyogram (EMG) signals, which are the
golden standard for sleep studies, in the control and CA-fed
mice (Figure 3). The EMG signals were almost entirely
restricted to the night, during which time the nocturnal
rodents are awake and active. Conversely, the EEG signals
were stronger during the daytime and dampened during the
night (Figure 3A and D�F). Notably, the REM sleep, which is
controlled by process C, was almost absent in the night/
dark and exclusively restricted to the day. The NREM sleep,
which represents the principal marker of process S during
sleep, was also reduced after the night started and gradually
increased as the day approached. Such EEG/EMG signal
patterns are consistent with a normal sleep/wakefulness
cycle of a nocturnal animal.

CA feeding significantly increased the EMG signals dur-
ing the day as well as EEG signals (mostly the NREM waves)
during the night, which together are consistent with the
increased drowsiness during the day and restlessness dur-
ing the evening as experienced by the cholemic patients
with CLD (Figure 3B and D�F). These changes in EEG/EMG
nts With CLD

Cholemia (n ¼ 31) P value

4.0 (3.78–4.85) .376

2.45 (1.83–2.88) .374

0.41 (0.26–0.56) .227

4.0 (2.25–5.73) .801

0.310 (0.213 –0.400) .838

0.035 (0.018–0.050) .570

0.245 (0.168–0.35) .152

1.9 (0.65–2.53) .378

rotein; EOS, eosinophil; LYM, lymphocyte; MON, monocyte;
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signals were almost completely reversed by CA withdrawal
(Figure 3C and D�F). In particular, CA diet advanced the
phase of wakefulness about 2 hours, which was reversed by
CA withdrawal (Figure 3D). The REM sleep showed a similar
phase change after CA feeding, which was partly restored by
CA withdrawal, whereas the NREM sleep pressure became
almost equally high in the night as in the day after CA
feeding (ie, almost lost its original phase) (Figure 3E and F).
These data demonstrate that the increased BA level affected
sleep in a fashion similar to its effect on circadian rhythm.
The impact of BA on the circadian process could build up a
sleep deficiency with increased sleep pressure that affected
NREM sleep via the homeostatic process.
BA Levels in the Cholemic Patients With CLD and
Mouse Models

To better understand the role of BAs in CRSDs and better
characterize the cholemic mouse models, we systemically
examined the BA levels in the blood of the patients with CLD
(Figure 4A and B) and in the blood and SCN tissues of the
BDL and CA-fed mice (Figure 4C�J). Because the levels of
total or individual BAs were almost identical in the non-
cholemic CLDs, we grouped them as one data. The levels of
TBA and individual BAs except 3-dihydrocaffeic acid
(DHCA) were significantly higher in the cholemic patients
with CLD than those in the non-cholemic patients with CLD
(Figure 4A and B). The TBA levels in the PBC groups were
higher than those of HB, hepatitis B cirrhosis (HBC), and
NALC groups, consistent with a higher degree of cholestasis
in PBC. CA, CDCA, and their glycine (not taurine) conjugated
forms represented the abundant primary BAs, whereas
deoxycholic acid (DCA), LCA, glycodeoxycholic acid (GDCA),
and glycolithocholic acid (GLCA) were the predominant
secondary BAs. Compared with the non-cholemic patients,
CA, glycocholic acid (GCA), taurocholic acid (TCA), taur-
ochenodeoxycholic acid (TCDCA), UDCA, glycoursodeox-
ycholic acid (GUDCA), and tauroursodeoxycholic acid
(TUDCA) showed the greatest fold of increase in the
cholemic patients with CLD. Notably, CA (as well as GCA and
TCA) levels were increased in the cholemic patients with all
4 types of CLDs, suggesting CA as the most important BA in
the cholemia of CLDs.
Figure 2. (See previous page). CRSD-like phenotypes in chol
or diet supplemented with 2% of CA, CDCA, LCA, and UDCA,
beginning time of BA diet. N ¼ 6. (B) Representative actogra
beginning time of sham or BDL surgery. N ¼ 3. (C�E) The intrins
with ND and BAs. Mean ± SEM, 1-way ANOVA, Tukey’s multiple
6. (F�H) The intrinsic period, phase shift, and locomotor activi
SEM, unpaired t-test, ***P < .001 vs sham, N ¼ 3. (I�N) Represen
LD 12:12 environment with varying light intensities. N ¼ 3. (I) ND
100 lux. (L) 0.2% CA chow þ 200 lux. (M) 0.3% CA chow þ 20
darkness, white areas indicate exposure to 100 lux light, blue are
exposure to 300 lux light. The red filled triangles indicate the beg
to replace CA-containing diet with ND. N ¼ 3. (O–T) The intrinsic
phase angle, and offset phase angle of the mice from panels I–N
for Q and R, Tukey’s multiple comparisons test, *P < .05; **P <
activity ratio of the ND- and 0.2% CA-fed mice. Mean ± SEM,
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The serum TBA levels in the sham-operated and BDL
mice were at comparable range as those in the noncholemic
and cholemic patients with CLD (Figure 4A�D). In com-
parison, the serum TBA only rose to 10,000 ng/mL in the
0.2% CA-fed mice (Figure 4B, D, H). Thus, BDL, a widely
used model for cholestasis, induced a comparable level of
cholemia as in cholemic patients with CLD, whereas CA
feeding provided a more moderate model sufficient to
induce CRSD phenotypes. BDL induced 16 BA species to
markedly rise in the serum, with TCA, a- tauro-muricholic
acid (TMCA), TCDCA, and TUDCA being most dramatically
increased (Figure 4C and D). BDL surgery also changed the
TBA levels and BA profiles in the SCN similarly as in the
systemic blood (Figure 4E and F), indicating that the
permeability of the blood-brain barrier (BBB) was
compromised. Leaky BBB has been reported in previous
BDL models.30,31

In the CA-fed mice, the blood CA level was increased
about 8-fold compared with the control mice (Figure 4G
and H). The CA level remained largely unchanged in the
SCN, which was not surprising as the BBB permeability
likely remained intact in the CA-fed mice, given the mod-
erate condition of 0.2% CA (Figure 4I and J). DCA was
increased in both serum and SCN with w8- and w31-fold
(Figure 4G and I), reflecting the massive conversion of CA
to secondary BA by the gut bacteria. Similar rise of DCA
was seen in the cholemic patients with CLD and the BDL
mice, and has been reported in the CA-fed mice.32 The
secondary BAs are mainly eliminated in the colon through
feces. However, a small amount of deconjugated secondary
BAs can enter the circulation by passive diffusion and
serve as potential signaling molecules. Hydrophobic BAs
like DCA, which are potent agonists for Tgr5, also can
diffuse across the BBB via passive diffusion and exert their
action in the SCN.

BDL is known to induce inflammation,33 which could
affect circadian rhythm and complicate the interpretation of
our findings. Therefore, we examined the hepatic and in-
testinal mRNA expression of cytokine TNFa, IL-1b, IL-6, and
IL-10 from the sham-operated and BDL mice as well as the
ND or CA-fed mice (Figure 4K�N). The cytokine expression
did not show significant difference in the liver and intestine
in 14 days in the CA-fed mice, whereas they were markedly
emic mice. (A) Representative actograms of mice fed with ND
running under DD conditions. Red filled triangles denote the
ms of sham and BDL mice. Red filled triangles denote the
ic period, phase shift, and locomotor activities of the mice fed
comparisons test, *P < .05; **P < .01; ***P < .001 vs ND, N ¼
ties of mice that underwent sham surgery and BDL. Mean ±
tative actograms of mice fed with different doses of CA under
þ 100 lux. (J) 0.1% CA chow þ 100 lux. (K) 0.2% CA chow þ
0 lux. (N) 0.3% CA chow þ 300 lux. The gray areas indicate
as indicate exposure to 200 lux light, and yellow areas indicate
inning time of CA diet, and blue filled triangles denote the time
period, activity duration, wheel revolution, rest duration, onset
. Mean ± SEM, 1-way ANOVA for O, S, and T, 2-way ANOVA
.01; ***P < .001 vs ND þ 100 lux, N ¼ 3. (U) The light/dark

paired t-test, *P < .05 vs ND, N ¼ 3.
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increased 7 days after the BDL operation. The absence of
systemic inflammation in the CA-fed mice, which was pro-
nounced in the BDL model, confirmed feeding with 0.2% CA
as an effective, nontoxic model, which was used in the
following studies.

Increased BAs in the SCN-induced Changes in
Circadian Rhythm

Next, we explored whether the rise of BA alone in the
SCN was sufficient to alter circadian rhythm in mice by
microinjection of CA into SCN. Three hours after 1 nmoL and
10 nmoL of CA was injected, the TBA level in the SCN was
increased to 12 mM and 18 mM (Figure 5A), which
completely or partly returned to the control level 10 hours
after injection. Injection of 10 nmoL of CA did not induce
any change in cytokine (TNFa, IL-1b, IL-6, and IL-10)
expression (Figure 5B), indicating little inflammation in the
injected SCN tissue. The locomotor activities showed that,
compared with the mice injected with artificial cerebrospi-
nal fluid (ACF), injection of 10 nmoL CA significantly
shortened the circadian period in the mice running at DD
(Figure 5C and D). Injection of 1 nmoL and 10 nmoL CA both
induced a phase delay (Figure 5E). These data confirm that
the increased BAs in the SCN accounts for the cholemia-
induced shorter period, which is the fundamental mecha-
nism underlying the early awakening and decreased sleep
quality in mice under normal LD environment and the CRSD
symptoms of patients with CLD.

CA Alters Circadian Oscillating Expression of
Clock Genes and Increases Per2 Level in the
SCN

Reverse transcription polymerase chain reaction (RT-
PCR) analysis showed that the mRNA oscillation peaks of
Clock, Bmal1, Per1, and Per2 genes in the SCN of the mice
were shifted forward about 4 hours, with a shortened
period after the mice were fed with CA diet for 1 week,
although their expression levels were similar compared
with the ND-fed mice (Figure 5F). Consistent with the
transcript levels, the protein levels of Clock, Bmal1, Per1,
and Cry1 were largely unchanged in the SCN of the mice fed
with increasing amount of CA (Figure 5G and H). However,
Per2 level was increased in a dose-dependent manner in the
SCN of CA-fed mice. As examined by immunoblotting, the
specificity of the commercial antibodies against the clock
proteins used in this study was validated by overexpression
using constructs encoding mouse Clock, Bmal1, Per1, Per2,
and Cry1 and RNA interference (RNAi) with small
Figure 3. (See previous page). Sleep-wake rhythm disturbanc
spectra, and hypnogram during a 24-hour period and repres
alternation, and night under the baseline (A), CA diet (B), and
(D), NREM sleep (E), and REM sleep (F) duration during the 2
Tukey’s multiple comparisons test, *P< .05; **P< .01; ***P< .001
(G) Representative EEG and EMG for NREMS, REMS, and WAKE
periods, respectively.
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interfering RNAs (siRNAs) targeting the clock genes in
mouse NIH3T3 cells (Figure 5I and J). We also analyzed the
expression of Clock, Bmal1, Per1, Per2, and Cry1 in the SCN
at CT 10 and CT 22 from the CA-fed mice by immunofluo-
rescence, which showed similar oscillating expression
pattern as detected by RT-qPCR (Figure 5K and L). Impor-
tantly, consistent with the immunoblotting data, only the
expression of Per2, not other clock proteins, was induced by
CA treatment.

CA Alters the Level, Phosphorylation, and
Nucleo-cytoplasmic Distribution of Per2

To explore the role of Per2 in rhythm disturbance in
cholemic mice, we examined the expression and subcellular
distribution of Per2 in SCN neurons. The immunofluores-
cent staining showed that CA increased the level of Per2 and
especially in the cytoplasm of SCN neurons (Figure 6A and
B). We verified Per2’s distribution by separation of nuclear
and cytoplasmic proteins. Compared with the control mice,
Per2 was reduced in the nuclear fraction but increased in
the cytosolic fraction of the SCN of the CA-fed mice
(Figure 6C and D). The CA-induced nucleocytoplasmic
redistribution was confirmed in the NIH/3T3 cells. After
applying the serum shock, the Per2 level showed a circadian
rhythmic oscillation in NIH/3T3 cells: reaching a trough at
approximately 12 hours and a peak at 24 hours (Figure 6E).
Immunofluorescence showed that Per2 in the control cells
was mainly in the cytoplasm 12 hours after serum shock
and localized to the nucleus 24 hours after serum shock
(Figure 6F, G, and H), whereas CA treatment markedly
increased the cytoplasmic/nuclear ratio of Per2 at 24 hours
after serum shock (Figure 6F, G, and H). Immunoblotting
with a phosphor-specific antibody revealed that phosphor-
ylation of Per2 at Ser478 was increased in the SCN after the
mice were treated with 0.1% or 0.2% CA but not with 0.3%
CA (Figure 6I and J). Locomotor activity analysis of Per2-/-

mice showed that their free-running period was shorter
than that of the wild-type (WT) mice running at DD
(Figure 6K and L). Feeding with 0.2% CA could not further
shorten the free-running period of Per2-/- mice (Figure 6K
and L), confirming that Per2 was the target mediating the
CA’s rhythm-altering effects.

Tgr5 Mediates the CA-induced Changes in Per2
and Circadian Period Shortening

Next, we characterized the signaling pathway upstream
of Per2 in the CA-fed cholemic mouse model. BAs are known
to interact with both intracellular nuclear receptors, mainly
e in cholemic mice. (A–C) Representative EEG, EMG power
entative 400s-EEG and EEG actographs at day, day-night
CA diet withdrawal (C) condition. N ¼ 3. (D–F) Wakefulness
4-hour period in panels A�C. Mean ± SEM, 2-way ANOVA,
vs baseline, #P< .05; ##P< .01; ###P< .001 vs CA diet, N¼ 3.
of mice. The open and closed bars indicate the light and dark
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the farnesoid X receptor (FXR), preganane X receptor (PXR),
and the vitamin D receptor (VDR), and transmembrane G
protein-coupled receptors, mainly the Takeda G-protein-
coupled receptor 5 (TGR5). RT-PCR analysis show that the
mRNA levels of Pxr and Vdr were undetectable in the cer-
ebellum, brainstem, hypothalamus, and cortex of mice,
whereas the mRNA expression of Tgr5 and Fxr varied in
various brain regions (Figure 7A). Tgr5 was expressed at
much higher levels than Fxr in the hypothalamus and cortex.
The Tgr5 protein level was also higher in the hypothalamus
and cortex than in other brain regions (Figure 7B). Impor-
tantly, the Tgr5mRNA and protein in mouse SCN exhibited a
24-hour circadian rhythm with the highest level at ZT10 and
the lowest level at ZT22�ZT2 (Figure 7C and D). Immuno-
histochemistry confirmed that Tgr5 was expressed across
the entire SCN, with a concentration in the ventral retinor-
ecipient core at ZT10 and an oscillatory rhythm in the SCN
of the control mice (Figure 7E). When 1 nmoL or 10 nmoL
CA was injected into the SCN at CT15, Tgr5 mRNA expres-
sion was significantly increased 3 hours after injection
(Figure 7F), and the induced Tgr5 protein was mainly
localized to the ventral core (Figure 7G). The levels of Tgr5
mRNA and protein remained at a high level even 10 hours
after injection of 10 nmoL CA. We speculated that Tgr5
mediated the effect of CA on Per2.

To that end, we first injected oleanolic acid (OA), a Tgr5
agonist, into the mouse SCN at ZT15 and examined the
mRNA and protein level of Tgr5 in the SCN together with the
wheel running activity 2 hours after injection (ZT17). In-
jection of 10 nmoL OA induced evident elevation of Tgr5
mRNA (Figure 7H) but no change in cytokine (TNFa, IL-1b,
IL-6, and IL-10) expression (Figure 7I), indicating no
inflammation in the injected SCN tissue. Injection of 10
nmoL of OA shortened the circadian period of the mice
running at DD, as compared with the ACF-injected mice
(Figure 7J and K). In addition, OA injection of 1 nmoL and 10
nmoL both induced a significant phase shift (Figure 7L). We
further proved the role of Tgr5 in CA-induced rhythmic
changes using RNAi. The injection of adeno-associated virus
(AAV) against Tgr5 reduced Tgr5 protein level (Figure 7M)
and reversed the CA-induced period shortening, as
compared with the mice injected with the scrambled AAV
(Figure 7N and O). These results demonstrate that Tgr5 is
the key BA receptor mediating the CA-induced rhythmic
changes.
Figure 4. (See previous page). BA levels in the cholemic pat
serum individual (A) and total (B) BAs of noncholemic and chole
multiple comparisons test; a, b, and c, respectively, indicate P <
vs non-cholemic CLD, N ¼ 3. The levels of serum individual (C
SEM, 2-way ANOVA, Tukey’s multiple comparisons test, *P <
dividual (E) and total (F) BAs in the SCN of the sham-operated a
comparisons test, *P < .05; **P < .01; ***P < .001 vs sham, N ¼
fed with ND or chow supplemented with 0.2% CA. Mean ± SEM
of individual (I) and total (J) BAs in the SCN of the mice fed with N
ANOVA, Tukey’s multiple comparisons test, **P < .01 vs ND, N
and IL-10 mRNA from the sham-operated and BDL mice. Mean
< .05; **P < .01 vs sham, N ¼ 3. The liver (M) and intestinal (N)
and CA-fed mice. Mean ± SEM, 2-way ANOVA, Tukey’s multip
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Erk-CK1ε Pathway Mediates the CA-induced
Changes Downstream of Tgr5

Mechanistically, TGR5 activates a number of downstream
signaling targets, including the cAMP-PKA, ERK, AKT, and
transient receptor potential ankyrin 1 (TRPA1).34 We
examined the expression of these downstream targets in the
SCN from the mice fed with increasing amount of CA and
found that the expression level of extracellular signal-regu-
lated kinase (Erk) and phosphorylated Erk (p-Erk) were
increased similarly as Tgr5 after CA feeding, whereas the
expressions of Pka, Akt, and Trpa1 remained unchanged
(Figure 8A and B). In addition to Erk, the protein level of CK1ε
but not CK1dwas also increased after CA feeding as shown by
both immunoblotting (Figure 8A and B) and immunofluo-
rescence (Figure 8C and D).

We then functionally verified the role of Erk by injection
of 0.2 mmoL of temuterkib, an Erk1/2 inhibitor, into the SCN
of the mice at CT6 running at DD. We then fed the mice with
2% CA at CT12 ,and their circadian locomotor rhythms were
monitored for 10 days. Like Tgr5 RNAi, temuterkib effec-
tively reversed the CA-induced shortening of circadian
period (Figure 8E and F). Similar to CA feeding, injection of
10 nmol CA into the mouse SCN increased the levels of Tgr5,
p-Erk, and CK1ε (Figure 8G and H). These effects were
reversed by the co-injection of SBI-115, a Tgr5 antagonist,
as well as by temuterkib, but were reinforced by the co-
injection of ML-184, an Erk agonist (Figure 8G and H).
Together, these results demonstrate that Erk and CK1ε
partake in the signaling pathway downstream of Tgr5,
mediating the CA-induced CRSDs in the cholemic mice.
CA Blunts the Light-induced Phase Shift via the
Tgr5-Per2 Pathway in the GRP-expressing
Neurons

SCN contains several types of neurons in its ventral and
dorsal region. The gastrin releasing peptide (GRP)-, vaso-
active intestinal peptide (VIP)-, and arginine vasopressin
(AVP)-expressing neurons have previously suggested to
closely integrate into SCN’s neural network.35 Double-
labeled immunofluorescent staining showed a colocaliza-
tion of TGR5 in the GRP-expressing neurons, whereas little
TGR5 was detected in the AVP- and VIP-expressing neurons
(Figure 9A), suggesting that TGR5 and BA signaling act via
the GRP neurons. The GRP-expressing neurons are known to
ients with CLD and cholemia mouse models. The levels of
mic patients with CLD. Mean ± SEM, 2-way ANOVA, Tukey’s
.05, P < .01, and P < .001 vs non-cholemic CLD, ***P < .001
) and total (D) BAs in sham-operated and BDL mice. Mean ±
.05; **P < .01; ***P < .001 vs sham, N ¼ 3. The levels of in-
nd BDL mice. Mean ± SEM, 2-way ANOVA, Tukey’s multiple
3. The levels of serum individual (G) and total (H) BAs in mice
, unpaired 2-tailed t-test, ***P < .001 vs ND, N ¼ 3. The levels
D or chow supplemented with 0.2% CA. Mean ± SEM, 2-way
¼ 3. The liver (K) and intestinal (L) levels of TNFa, IL-1b, IL-6,
± SEM, 2-way ANOVA, Tukey’s multiple comparisons test, *P
levels of TNFa, IL-1b, IL-6, and IL-10 mRNA from the ND-fed
le comparisons test, N ¼ 3.
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localize to the SCN ventral retinorecipient zone, from which
they communicate the photic resetting signals received from
retina to other neurons within the SCN network. Injection of
GRP into the SCN region can induce phase shift and acti-
vation of Per gene.36,37 Therefore, we speculated that acti-
vation of TGR5 by BAs may influence the synthesis or
secretion of GRP, which in turn changes the light-induced
phase shift responses. To verify this speculation, we moni-
tored the light-induced phase shift at ZT15 or ZT22 in
C56BL/6J mice and found that injection of CA or OA into the
SCN at ZT6 partially abolished the light-induced phase shift
effects (Figure 9B�E). Consistent with its critical role in
phase regulation, CA or OA also abolished the light pulse-
induced elevation of Per2 mRNA (Figure 9F) but not Per1
mRNA (Figure 9G). Immunohistochemistry further shows
that the levels of TGR5 and GRP protein were low in the SCN
of ACF-injected mice but were increased soon after light
pulse given at ZT15 (Figure 9H, I, and J). Injection of CA or
OA into the SCN partly blunted the light-induced increase in
TGR5 and GRP (Figure 9H, I, and J). Together, these results
confirmed that CA blunts the light entrainment via the Tgr5-
Per2 pathway in the Grp-expressing neurons of the SCN.

Drugs Lowering BA Level and Enhancing Per2
Stability Reverse CRSD in Cholemic Mice

As mentioned above, cholemia induced the CRSDs in mice
by affecting the nucleocytoplasmic distribution of Per2 in the
SCN. We next tested the possibility whether decreasing cir-
culatory BAs level by cholestyramine (CHO), a BA sequestrant
that binds to BAs in the intestine and blocks BA absorption,
could rescue the cholemic mice from the CRSD-like pheno-
types. In these experiments, we also tested the effects of PF-
670462, a selective CK1ε/d inhibitor. We first monitored the
rest-activity rhythms of 0.2% CA-fed mice for at least 2 weeks
running at DD, then fed with a diet further supplemented
with 6% CHO (w/w) or subcutaneously injected PF-670462
(50 mg/kg) at CT6 every day for 2 weeks (Figure 10A and
B). Treatment with CHO and PF-670462 both extended the
voluntary rest-activity period of CA-fed mice close to the
normal free-running period of the control mice
(Figure 10A�D). In addition, the serum and SCN TBA levels
and the oscillating expression of Per2 in the CA-fed mice were
Figure 5. (See previous page). Circadian rhythmic changes
lation of the clock genes in the SCN. (A) TBA levels in SCN at 0
into SCN. Mean ± SEM, 2-way ANOVA, Tukey’s multiple comp
mRNA levels of TNFa, IL-1b, IL-6, and IL-10 in the SCN from the
2-way ANOVA, Tukey’s multiple comparisons test, N ¼ 3. (C) Re
of ACF, 1 nmoL CA, and 10 nmoL CA to SCN at CT15 under D
Intrinsic period (D) and phase shift (E) of the mice injected with C
way ANOVA for E, Tukey’s multiple comparisons test, *P < .05
Per2, Clock, and Bmal1 in the SCN of the mice fed with ND or d
shown. N ¼ 3. Note that CA feeding shortened the free-running p
the clock proteins Clock, Bmal1, Per1, Cry1, and Per2 in the S
0.2%, and 0.3%) for 1 week. Mean ± SEM, 1-way ANOVA, Tukey
Representative immunoblots (I) and quantitation (J) of Clock, Bm
(OE) the mouse clock genes or NIH3T3 cells with the mouse clock
multiple comparisons test, **P < .01; ***P < .001 vs vector, N ¼
Per1, Cry1, Bmal1, and Clock in the SCN tissues harvested at CT
SEM, 2-way ANOVA, Tukey’s multiple comparisons test, *P < .0
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restored to those of the control mice 1 week after CHO or PF-
670462 treatment (Figure 10E�H). These results showed
that CHO and PF-670462 reversed the CRSDs in cholemic
mice running under DD through Per2. We also explored the
therapeutic effects of CHO and PF-670462 on the CRSDs in
the CA-fed mice running under the regular LD: 12:12 envi-
ronment. The wheel-revolutions and the day/night activity
ratio of the CA-fed mice treated with CHO and PF-670462
were restored to those of the ND-fed mice (Figure 10I�L).
In addition, PF-670462 treatment also reduced the levels of
CK1ε and CK1d in the SCN (Figure 10M), as well as reversing
the nucleocytoplasmic distribution of Per2 (Figure 10N).
Thus BA sequestrant and CK1ε/d inhibitor also reversed the
irregular rhythms in cholemic mice running under regular LD
condition through Per2.

Discussion
In this study, we first identified elevated level of BAs as a

major risk factor for CRSDs in patients with CLD. Then we
demonstrated that the increase of BAs in the blood and SCN
is sufficient to induce shorter circadian period and phase
shift, which are fundamental to the CRSD-like phenotypes in
the cholemic patients with CLD, using 2 cholemic mouse
models. Next, we showed that BAs activate Tgr5 in the SCN,
which in turn phosphorylates Erk, CK1ε, and eventually
Per2 (Graphical Abstract). Per2 phosphorylation at Ser478
mitigates its nuclear import with a net effect of fewer Per2/
Cry complex in the nucleus, which would release the Clock/
Bmal1 complex from inhibition by Per2/Cry and allow Per/
Cry transcription to resume. These would result in an
expedited circadian period and advanced phase (Graphical
Abstract).

Metabolites, including BAs, can gain access to the brain
under some pathophysiological conditions, partly as a result
of the leaky BBB or high hydrophobicity (Graphical Ab-
stract). Two studies suggested that BAs played a role in HE
and ataxia once they crossed the BBB.38,39 Other proposed
mechanisms for the SDs in CLDs include impaired melatonin
metabolism, impaired thermoregulation, and increased
ammonia level, all of which result from impaired liver
function. Because CLDs are complex and other pathogenic
factors could precede cholestasis in their etiology, BAs likely
induced by CA injected into the SCN and circadian oscil-
, 3, and 10 hours after injection of 1 nmoL CA or 10 nmoL CA
arisons test, **P < .01, vs ACF-injected mice, N ¼ 3. (B) The
mice injected with vehicle ACF or 10 nmoL CA. Mean ± SEM,
presentative wheel-running actograms of mice after injection
D condition. Red triangles indicate the time of SCN injection.
A or ACF into SCN. Mean ± SEM, 2-way ANOVA for D and 1-
; **P < .01, vs ACF, N ¼ 3. (F) Relative mRNA levels of Per1,
iet containing 0.2% CA for 1 week. Two circadian cycles were
eriod. Representative immunoblots (G) and quantitation (H) of
CN after mice were fed with increasing amount of CA (0.1%,
’s multiple comparisons test, *P < .05; **P < .01 vs ND, N ¼ 3.
al1, Per1, Cry1, and Per2 in the NIH3T3 cells overexpressing
genes silenced by RNAi. Mean ± SEM, 1-way ANOVA, Tukey’s
3. Immunofluorescent staining (K) and quantitation (L) of Per2,
10 and CT22 from the mice fed with ND or 0.2% CA. Mean ±
5; **P < .01 vs ND, N ¼ 3.
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Figure 6. Per2 plays a crucial role in CA-induced period shortening. Immunofluorescent staining (A) and semi-
quantification (B) of Per2 in the SCN of ND-fed or CA-fed mice under DD condition. Green, Per2. Blue, DAPI (nuclei). Mean
± SEM, unpaired 2-tailed t-test, **P < .01 vs ND, N ¼ 3. Immunoblots (C) and quantitation (D) of the nuclear and cytoplasmic
expression of Per2 from the SCN after mice were fed with ND or CA for 1 week. Lamin B1 and b-actin serve as markers for the
nucleus and cytoplasm, respectively. Mean ± SEM, paired 2-tailed t-test, ***P < .001 vs ND, N ¼ 3. (E) Per2 protein rhythmic
expression in NIH3T3 cells within 44 hours after serum shock. Immunofluorescent staining (F) and quantitation (G and H) of
Per2 in NIH3T3 cells 12 hours and 24 hours after serum shock. Note that Per2 shuttles between nucleus and cytoplasm under
normal condition, whereas CA induced an appreciable increase of total Per2 with significant decrease of nuclear/cytoplasmic
ratio. Mean ± SEM, unpaired 2-tailed t-test, *P < .05 vs ND, N ¼ 3. Immunoblots (I) and quantitation (J) of pPer2 (Per2
phsphorylated at Ser478) in the SCN after mice were fed with increasing amount of CA (0.1%, 0.2%, and 0.3%) for 1 week.
Mean ± SEM, 1-way ANOVA, Tukey’s multiple comparisons test, **P < .01; ***P < .001 vs ND, N ¼ 3. (K) Representative
wheel-running actograms and intrinsic periods (L) of WT and Per2 KO mice under DD condition before and after feeding with
0.2% CA. Red filled triangles denote the beginning time of 0.2% CA diet. Mean ± SEM, paired 2-tailed t-test, **P < .01 vs WT
or before receiving CA diet, N ¼ 3.
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represent only one potential mechanism in the SDs of CLDs.
This is relevant, as the patients with CLD could manifest
other SD types besides CRSDs, and most of our mechanisms
were investigated using the BA feeding model not the BDL
model, in which inflammation and other pathologies could
disrupt sleep too.
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In mammalians, the circadian system has a 2-hour
plasticity around its internal period.21 The circadian
period of CA-fed mice was shortened to about 23.2 hours,
which theoretically should be able to synchronize to the 24-
hour external LD cycle. However, the light-induced phase
shift was both blunted in the CA-fed mice. The light signal is
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Figure 7. Tgr5 is expressed in SCN and mediates the CA-induced period shortening. (A) Relative mRNA levels of Fxr,
Tgr5, Pxr, and Vdr in the cerebellum, brainstem, hypothalamus, and cortex of mice. Mean ± SEM, 2-way ANOVA, Tukey’s
multiple comparisons test, *P < .05; **P < .01, vs other brain regions, N ¼ 3. (B) Immunoblots of TGR5 in the cerebellum,
brainstem, hypothalamus, and cortex. N ¼ 3. (C) Oscillating expression of Tgr5 mRNA in the SCN. Mean ± SEM, 1-way
ANOVA, Tukey’s multiple comparisons test, *P < .05; **P < .01 vs ZT2, N ¼ 3. (D) Circadian oscillations of TGR5 protein in
the SCN with a representative immunoblot shown underneath. Mean ± SEM, 1-way ANOVA, Tukey’s multiple comparisons
test, *P < .05; **P < .01 vs ZT2, N ¼ 3. (E) Immunohistochemical staining showing the circadian oscillation of TGR5 in mouse
SCN. N ¼ 3. (F) Tgr5mRNA levels at 3 hours and 10 hours after injection of 1 nmoL CA and 10 nmoL CA into the SCN at CT15.
Mean ± SEM, 2-way ANOVA, Tukey’s multiple comparisons test, **P < .01 vs before CA or 3 hours after CA, N ¼ 3. (G)
Immunohistochemical staining of TGR5 at 3 hours after injection of 10 nmoL CA into the SCN of mice at CT15. (H) Tgr5 mRNA
levels in the SCN after 1 nmoL OA injection at CT15. Mean ± SEM, unpaired 2-tailed t-test, **P < .01 vs ACF, N ¼ 3. (I) mRNA
levels of TNFa, IL-1b, IL-6, and IL-10 in the SCN after injection of 10 nmoL OA at CT15. Mean ± SEM, 2-way ANOVA, Tukey’s
multiple comparisons test, N ¼ 3. Representative wheel-running actograms (J) of the mice with 10 nmoL OA or ACF injected
into SCN with the intrinsic period (K) and phase shift (L) shown. Black triangles indicate the SCN injection time of OA or ACF.
Mean ± SEM, 2-way ANOVA, Tukey’s multiple comparisons test, *P < .05 vs before injection, *P < .05; **P < .01 vs ACF, N ¼
3. (M) Immunoblots of TGR5 in the SCN of the mice injected with AAV9-shTgr5 virus or control shRNA. N ¼ 3. Actograms (N) of
the mice injected with AAV9-shTgr5 virus or control shRNA and their intrinsic periods (O). Blue triangle indicates the injection
time of AAV-shTGR5 or ACF (at CT6), and red triangles denote the beginning time of 0.2% CA diet. BCA: before CA diet, ACA:
after CA diet. Mean ± SEM, paired 2-tailed t-test, *P < .05 vs BCA, N ¼ 3.
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Figure 8. Erk and CK1ε mediate the CA-induced changes downstream of TGR5. Representative immunoblotting (A) and
quantitation (B) of TGR5, AKT, p-AKT, cAMP, TRPA1, ERK, p-ERK, CK1ε, and CK1d in the SCN of mice fed with increasing
amount of CA (0.1%, 0.2%, 0.3%) for 1 week. Mean ± SEM, 2-way ANOVA, Tukey’s multiple comparisons test, *P < .05; **P <
.01; ***P < .001 vs ND, N ¼ 3. Immunofluorescent staining (C) and semi-quantification (D) of CK1ε and CK1d in the SCN of
mice fed with ND or 0.2% CA diet for 1 week. Green, CK1ε; red, CK1d. Mean ± SEM, paired 2-tailed t-test, **P < .01 vs ND,
N ¼ 3. Representative wheel-running actograms (E) and intrinsic period (F) of mice injected with 0.2 mmoL temuterkib (Tem) or
ACF. Blue triangles indicate the injection time of Tem, red triangles denote the beginning time of 0.2% CA diet. Mean ± SEM,
paired 2-tailed t-test, *P < .05 ACA (after CA diet) vs BCA (before CA diet), N ¼ 3. Representative immunoblots (G) and
quantitation (H) of TGR5, p-ERK, and CK1ε of the SCN from the mice injected with CA, SBI-115 (TGR5 antagonist), OA, Tem
(Erk antagonist), and ML-184 (Erk agonist). Mean ± SEM, 1-way ANOVA, Tukey’s multiple comparisons test, *P < .05; **P <
.01; ***P < .001 vs the control group, N ¼ 3
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transmitted from the retina to the ventrolateral region of
SCN via the retinohypothalamic tract, and the ventrolateral
region of SCN mainly contains GRP neurons and VIP neu-
rons.40 Light signal induces acute expression of Per1/2 and
further promotes releasing of GRP and VIP from the
ventrolateral region, which reach the dorsomedial region of
SCN to deliver resetting signal and trigger the resynchro-
nization process.35 We show here that Tgr5 is mainly
distributed in the GRP-containing neurons of SCN, and CA
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disrupts the light-induced synchronizing signals via Per2
and GRP. These findings explain why cholemic mice could not
follow the normal LD environment and why the light-induced
phase shift was blunted. The shorter sleep duration would
result in accumulated sleep debt and increase the pressure of
Process S in the patients with CLD. The failure of entrainment
to external LD cycle would further cause the misalignment of
Process S with Process C (Graphic Abstract). Immunohisto-
chemistry showed that Tgr5 was also expressed in other
39



Figure 9. Light entrainment response is blunted in CA-treated mice. (A) Immunofluorescent staining showing double-
labeling of TGR5 and GRP, TGR5 and AVP, and TGR5 and VIP. Note the co-localization (yellow) of TGR5 with GRP but not
AVP and VIP in the merged images. (B) Representative actograms of the mice running under DD condition showing the phase
delay effect of 30-min light pulse (200 lux) given at ZT15 after 10 nmoL of CA, OA or ACF was preinjected into the SCN at ZT6.
(C) Representative actograms of the mice running under DD condition showing the phase advance effect of 30-min light pulse
(200 lux) given at ZT22 after 10 nmoL of CA or OA or ACF was preinjected into the SCN at ZT6. Red triangles indicate the
beginning time of light exposure, blue triangles denote the time (ZT6) of 10 nmol CA, 10 nmoL OA or ACF injection into the
SCN. Phase delay (D), phase advance (E), and mRNA levels of Per2 (F) of mice treated with light pulse or light pulse plus CA,
OA, or ACF injection into the SCN. Mean ± SEM, 2-way ANOVA, Tukey’s multiple comparisons test, **P < .01 vs light or
control, N ¼ 3. (G) mRNA levels of Per1 in the SCN after light pulse or light pulse plus CA or OA injection into the SCN. Mean ±
SEM, paired 2-tailed t-test, **P < .01 vs control, N¼ 3. (H) Immunohistochemical and immunofluorescent staining of TGR5 and
GRP in the SCN of the mice treated with light pulse or light plus CA or OA combination. (I, J) Quantitation of TGR5 and GRP
showed in panel H. Mean ± SEM, 1-way ANOVA, Tukey’s multiple comparisons test, *P < .05; **P < .01; ***P < .001 vs the
ACF mice, N ¼ 3.

18 Zhou et al Cellular and Molecular Gastroenterology and Hepatology Vol. 19, Iss. 3
regions of the SCN and the brain. Tgr5-BA signaling might
provide additional regulation in these neurons.

Finally, 2 pharmacological agents, CHO and PF-670462,
can reverse the CRSDs in cholemic mice. Traditionally,
CHO has been used in the treatment of cholestasis and
hyperlipidemia.41 Our findings suggest that CHO could be a
repurposed drug to treat CRSDs in patients with CLD. In
fact, in addition to BA sequestrant, drugs targeting other
aspects of BA metabolism were also used to treat pruritus,
fatigue, and SDs in PBC. These include peroxisome
proliferator-activated receptor agonist Seladelpar and ileal
BA transporter inhibitor Linerixibat.42,43 PF-670462, a
potent and selective inhibitor of CK1ε/d44 that could
lengthen the circadian period in SCN,45 is currently in pre-
clinical development. PF-670462 effectively restores the
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rest-activity rhythm of CA-fed mice and thus represents
another promising candidate to treat CRSD.

In conclusion, our findings uncovered a novel role of BAs
in circadian rhythm regulation and CRSDs in CLDs.
Lowering blood BAs and enhancing Per2 stability represent
promising strategies in future clinical studies to treat the
CRSDs in patients with CLD.
Materials & Methods
Patient Study

A total of 60 patients with CLD were recruited from the
Third People’s Hospital of Taiyuan and enrolled into this
study, who suffered from one of the following CLDs: HB
(n ¼ 19), HBC (n ¼ 14), NALC (n ¼ 15), and PBC (n ¼ 12).
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Figure 10. Rescue of CRSDs by BA sequestrant and CK1 inhibitor. Representative actograms showing the wheel-running
activities of mice fed with ND, CA alone, CAþCHO (A), or treated with CAþPF-670462 (B) running under DD conditions, with
their intrinsic periods shown in (C, D). Red, blue and green triangles denote the beginning time of CA diet, CHO supple-
mentation, and the injection of PF670. Mean ± SEM, 1-way ANOVA, Tukey’s multiple comparisons test, *P < .05; **P < .01;
***P < .001 vs ND or CA, N ¼ 3. The serum (E) and SCN (F) levels of TBA in the mice given with ND, CA, or CA þ CHO. Mean ±
SEM, 1-way ANOVA, Tukey’s multiple comparisons test, *P < .05; **P < .01; ***P < .001 vs ND, N ¼ 3. Oscillation of Per2
mRNA expression 1 week after the mice were given with CHO (G) or PF670 (H). Two circadian cycles are shown. Repre-
sentative actograms of CA-fed mice running under LD12:12 condition and given with CHO (I) or PF670 (J). Red, blue, and
green triangles denote the beginning time of CA diet, CHO supplementation and PF670 injection. Wheel revolution of the mice
given with ND, CA, or CA þ CHO (K) or CA þ PF670 (L). Mean ± SEM, 2-way ANOVA, Tukey’s multiple comparisons test, *P <
.05; **P < .01 vs ND, N ¼ 3. (M) Immunoblots of CK1ε and CK1d in the SCN of mice given with ND, CA, or CA þ PF670. (N)
Immunofluorescent staining of Per2 in the SCN of mice treated with ND, CA, or CA þ PF670 for 1 week under DD conditions.
Insets show enlargements of the smaller framed areas. N ¼ 3.
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The participant demographics are shown in Table 1. We did
not include any patient diagnosed with late stages of
cirrhosis (III, IV), HE, and complications that would affect
1014
sleep or circadian rhythm, including heart diseases (New
York Hearth Association Class III–IV), diabetes, neurode-
generative disease, stroke, long-term alcoholism, and use of
39
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psychotropic drugs or opioids. All human studies were
conducted following the Declaration of Helsinki Principles
and the Guideline issued by the Ethics Committee of Taiyuan
Third People’s Hospital (Approval No.: 2023-21). All par-
ticipants signed the informed consent form.

The sleep-wake cycle of patients with CLD was moni-
tored using actigraphic watch equipped with ActiGraph
GT3Xþ accelerometer (ActiGraph). Patients were instructed
to wear the watch for 7 consecutive days to measure their
sleep parameters. The ActiLife 6 software (ActiGraph) was
used to analyze the actigraphic parameters, including sleep
onset time, out-bed time, TST, WASO, and SFI. Sleep onset
indicated the first minute at which the algorithm scored
“asleep.”WASO was defined as the total numbers of minutes
that the subject was awake after sleep onset. SFI was
defined as the sum of the movement index (MI) and the
fragmentation index (FI). MI was the percentage of epochs
with y-axis counts >0 in the sleep period, whereas FI was
the percentage of 1-min periods of sleep vs all periods of
sleep during the sleep period. These parameters were used
to evaluate sleep duration and quality. Blood biochemistry
tests, including alanine aminotransferase, aspartate amino-
transferase, total BAs, bilirubin, albumin, plasma D-dimer,
plasma prothrombin time, creatinine, and hemoglobin, were
carried out by the Department of Laboratory Medicine,
Third People’s Hospital of Taiyuan.

Animal Experiments: Chow and BDL
Male C57BL/6J mice, age 5 to 6 weeks and body weight

18 to 20 grams, were purchased from the Experimental
Animal Center, Shanxi Medical University. All animals were
individually housed in cages each equipped with a running
wheel, and all the cages were placed in a light- and
temperature-controlled (25 ± 1 �C) room with chow and
water provided without restriction. The animal experiment
protocol was approved by the Bioethical Committee of
Shanxi Medical University (Approval No.: CIRP-IACUC-(R)
2019012) and was conducted in compliance with the
Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23, Revised 1996).

The mouse model of cholemia was induced by feeding
with BAs or by common BDL. Specifically, mice were fed
with normal chow supplemented with 0.2% (w/w) of CA,
CDCA, LCA, and UDCA. The BA-containing chows were
prepared by Beijing Huafukang Biotechnology Co LTD. BDL
was performed based on a classical protocol and a recent
modification for mice.46,47 The mice are subjected to double
ligation of the common bile duct followed by a section of the
bile duct between the ligatures. Specifically, the mice
received 60 mg/kg body weight of buprenorphine before the
surgery. Midline laparotomy was performed under iso-
flurane anesthesia. The bile duct was isolated from the
surrounding tissues, and silk ligatures were tied at proximal
and distal end to the liver hilus. Finally, the bile duct was
resected between the 2 ligatures. In the sham-operated
animals, the bile duct was only isolated but not ligated.
The BDL and sham-operated animals were sacrificed 7 days
after surgery, and the plasma and tissues were harvested for
further experiments.
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EEG/EMG Recordings and Sleep
Analysis

For EEG/EMG monitoring, C57BL/6J Mice were deeply
anesthetized with isoflurane (1%–3%) and fixed to a mouse
stereotaxic apparatus (RWD Life Science). The skull bone
was exposed after incision of the skin. Two symmetrical
holes (diameter, 0.7 mm) were made perpendicularly to the
skull with a skull drill (RWD Life Science) at the sites
(anteroposterior, A/P: 1.8 mm; medio-lateral, M/L: ±1.5
mm). Two EEG electrodes were screwed into the skull from
the holes separately, and a reference electrode was screwed
into the skull at the site (A/P: �2.0 mm, M/L: 1.5 mm), with
2 flexible wires for EMG recording inserted in the neck
muscle. The electrode base was then fixed on the mouse
skull with dental cement. For postsurgical recovery, the
mice were placed under the LD 12:12 circumstance for 1
week and then in the recording chamber on a swivel
mounted system from Shike Biotechnology for another 2
days of adaptation to allow them to move freely in their
cage. Then EEG/EMG signal was then recorded continuously
for consecutive 24-hour periods.

EEG/EMG signals were amplified using Powerlab
PL15T02 (AD Instruments), filtered (EEG: 0.5–300 Hz; EMG:
30–300 Hz) and digitized at a sampling rate of 1000 Hz. The
data were finally analyzed by Sleep Pro software (Pinnacle
Technology) for the scoring of sleep states in 10-second
epochs during the 24-hour recording. The sleep states
include wake, NREM sleep, and REM sleep, using the
following criteria: (1) wake: active behavior accompanied
by desynchronized EEG of low amplitude; (2) NREM sleep:
more synchronized EEG, higher in amplitude, with particu-
larly notable power in the delta (0.5�4.0 Hz) band, and low
EMG activity; and (3) REM sleep: small amplitude EEG,
particularly notable power in the theta (5.5�8.5 Hz) band,
and lower EMG activity.

Locomotor Wheel-running Experiments
The wheel-running experiments were conducted as

previously decribed.48 Animals were subjected to voluntary
wheel running under the LD 12:12 circumstance for 7 days
before any experiment. Then one-half of the mice were kept
in the LD 12:12 circumstance, and the other one-half of mice
were released into constant darkness (DD). All mice were
continuously monitored for 1 month, and locomotor activity
signals were acquired by the VitalView Data Acquisition
System (Mini-Mitter). Data were analyzed by the ActiView
Biological Rhythm Analysis software (Mini-Mitter). The
recorded circadian variation of rest and activity was used to
approximate the sleep-wake rhythm of the mice and deduce
their circadian periods. To measure the phase-delay effect, a
light pulse was given at CT15 after the mice were treated
with CA or OA.

Under LD 12:12 condition, the rest-activity rhythms
were monitored before and after the mice were fed with
increasing amount of CA, 0.1%, 0.2%, 0.3% (w/w) and
exposed to light environment of different lumens (ie,
different intensities [100, 200, and 300 lux]). To measure
the effects of CA and OA on light entrainment and “jet-lag”
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phase shift, the mice were subjected to an 8-hour advance
from the conventional LD 12:12 schedule, and the locomo-
tor activities were recorded during the re-entrained days.
For therapeutic experiments, 3% (w/w) CHO (MCE, HY-
104081) was added to the diet, and PF-670462 dihydro-
chloride (MCE, HY-15490) was subcutaneously injected.

Intracephalic Injection and Transfection in Mice
in vivo

Intracephalic injection was carried out under the normal
light (200 lux) or under DD (dim red light, <4 lux) condition
after the mice adapted to the voluntary wheel-running
environment for at least 2 weeks. Animals were anes-
thetized with 20% urethane hydrate (1.3 g/kg body weight,
intraperitoneal) and placed on a stereotaxic apparatus
(RWD Life Science). The skull bone was exposed after
incision of the skin. Two symmetrical holes (diameter 1
mm) were made perpendicularly to the skull with a skull
drill (RWD Life Science) at the injection site (A/P: �0.46
mm; M/L: 0.2 mm). A glass micropipette was attached to a
10-mL syringe and then slowly and vertically inserted into
the hole (depth 5.6 mm from the skull surface) to reach the
left and right SCN.

For CA and OA microinjection, 1 nmoL or 10 nmoL of CA
(Sigma, C1129) and OA (MCE, HY-N0156) was prepared in 4
mL of ACF and injected into the SCN with 2 mL into each side
at a rate of 200 nL/min using a microinjection pump (RWD
Life Science). For RNAi of Tgr5, the recombinant AAV
encoding the short hairpin RNAs (shRNAs) against the
mouse Tgr5 was co-injected into the SCN with a recombi-
nant AAV encoding EGFP (pHBAAV-U6-mGpbar1-MCS-CMV-
EGFP), which served as a positive control for neuron
infection. 1.5 mL of 2 recombinant AAVs (1.0 � 1012 mg/mL)
were mixed and injected into each side of the SCN at the
abovementioned rate. The AAV encoding the shRNAs against
Tgr5 was prepared by Hanbio company, and the shRNA
sequences were as follows: Top strand: 50-AATTCG
GAACTCTGTTATCGCTCATCTCATTTCAAGAGAATGAGATGAG
CGATAACAGAGTTCCTTTTTTG-30; Bottom strand: 50-GATC
CAAAAAAGGAACTCTGTTATCGCTCATCTCATTCTCTTGAAATGA
GATGAGCGATAACAGAGTTCCG-30.

After microinjection, the glass micropipette was kept
inside for 10 minutes and then slowly withdrawn over 5
minutes. After removing the glass micropipette, the burr
hole was sealed with bone cement, and mice were put back
to the cage after they were fully awake. The mice usually
resumed normal activities within 12 hours after surgery and
continued voluntary wheel running afterwards.

BA Extraction and Liquid Chromatography-mass
Spectrometry Analysis

Venous EDTA-blood was drawn from the patients with
CLD and centrifuged 3000 � g at 4 �C for 10 minutes to
produce plasma. Mouse retro-orbital blood was collected
and allowed to sit 30 to 60 minutes to produce serum.
Human plasma, mouse serum, and mouse SCN tissues,
which were dissected from the mouse brain, were snap-
frozen in liquid nitrogen. Approximately 100 mg of SCN or
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100 mL plasma or serum was homogenized in or mixed with
200 mL of 50% methanol. 300 mL of homogenate was spiked
with 20 mL internal standard. Then 2 mL of ice-cold alkaline
ACN was added, and the samples were vortexed, shaken
continuously for 1 hour, and centrifuged at 11,000 g for 10
minutes. The supernatant was aspirated and precipitant was
extracted with another 1 mL of ice-cold alkaline ACN. Su-
pernatants from the 2 extraction steps were pooled, evap-
orated, and reconstituted in 100 mL of 50% MeOH. The
samples were applied to ultra high-pressure liquid chro-
matography system coupled with a Q-Exactive orbitrap
mass spectrometer (Thermo Fisher).

BA identification was performed by comparing accuracy
of m/z value (<25 ppm), and tandem mass spectrometry
(MS/MS) with an in-house database established with avail-
able standards. The 7-fold cross-validation and response
permutation testing were used to evaluate the robustness of
the model. The variable importance in the projection value
of each variable in the orthogonal partial least squares
discriminant analysis (OPLS-DA) model was calculated to
indicate its contribution to the classification. BA with the
VIP value >1 was further applied to Student’s t-test at
univariate level to measure the significance of each BA; the
P values less than .05 were considered as statistically
significant.
Cell Culture, Chemicals, and Reagents
Mouse embryonic fibroblast NIH3T3 cells were pur-

chased from China Center for Type Culture Collection,
cultured in Dulbecco modified Eagle medium (DMEM;
Hyclone) supplemented with 10% fetal bovine serum (FBS;
Hyclone), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin, and maintained at 37 �C in a water-saturated
chamber containing 5% CO2. For serum shock experiment,
cells were cultured in 24-well plates for a day before the
medium was changed with DMEM supplemented with 50%
horse serum (Procell) at the time 0. Two hours after the
serum shock was applied, the high serum-containing me-
dium was replaced with a serum-free DMEM. Cells were
then harvested every 4 hours, and 13 samples in total were
collected for immunoblotting or immunofluorescence anal-
ysis. Reagents used in cell culture experiment included SBI-
115 (MCE, HY-111534) at 10 mM, temuterkib (MCE, HY-
101494) at 5 mM, ML-184 (MCE, HY-116461) at 1 mM, OA
(MCE, HY-N0156) at 1 mM, and CA (Sigma, C1129) at 1 mM.
Other chemicals and reagents were from Sigma unless
otherwise stated.

For overexpression experiment, the cDNAs encoding
mouse Per2, Per1, Clock, Bmal1, and Cry1 were subcloned in
pcDNA3.1 constructs, and 2 mg of DNA were mixed with
lipofectamine 2000 (Life Technologies) and transfected into
the NIH3T3 cells seeded at 1.25 � 105 cells per well in 6
well plates. For siRNA transfection experiment, the NIH3T3
cells were seeded at 1.25 � 105 cells per well in 6 well
plates and transfected with lipofectamine 2000 (Life Tech-
nologies) and 150 pmoL of siRNAs targeting the mouse
clock genes. Cells were harvested 48 hours after trans-
fection for immunoblotting analysis. The siRNA sequences
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are as follows. Per2: Sense, 5’-GGAAGAUAUCUU
UCAUCAUTT-30; Anti-sense, 5’-AUGAUGAAAGAUAUCUUC
CTG-33; Per1: Sense, 5’-GCUCUUCAUUGAAUCUCGGTT-30;
Anti-sense, 5’-CCGAGAUUCAAUGAAGAGCTG-30; Clock: sense,
5’-CCUUAGUAAUGAAGAGUUUTT-33; Anti-sense, 5’-AAACU
CUUCAUUACUAAGGTT-30; Bmal1: Sense, 5’-GCAACAGG
CCUUCAGUAAATT-30; Anti-sense, 5’-UUUACUGAAGGCCU
GUUGCTT-30; negative control siRNA: sense, 5’-UUCUCC
GAACGUGUCACGUTT-3C; Anti-sense, 5’-ACGUGACACGUUC
GGAGAATT-3C. For Cry1, we purchased siRNA against
mouse Cry1 (sc-44835) from Santa Cruz Biotechnology and
performed transfection following the manufacturer’s
instructions.
Immunofluorescent and Immunohistochemical
Staining

Immunofluorescent staining was performed in mouse
SCNparaffin sections andNIH/3T3 cells. Cells or tissueswere
fixed with 4% formalin in phosphate-buffered saline (PBS)
for 10 minutes, followed by permeabilization with 0.5%
Triton X-100 for 5minutes and blocking by 1% bovine serum
albumin (BSA) for 30 minutes. Mice brains were fixed with
4% formalin. SCN was carefully dissected and embedded in
paraffin. Five-mm SCN sections were cut with a microtome.
Sections were deparaffinized, rehydrated, permeabilized
with 0.5% Triton X-100 for 30 minutes, and blocked with 1%
BSA for 60 minutes. Cells or SCN sections were incubated
with primary antibody overnight at 4 �C. The primary anti-
bodies were anti-PER2 (LSBio, Ls-c148562), anti-CK1ε
(Proteinteck, 11230), anti-GRP (Solarbio, K004476P), anti-
VIP (Abcam, ab8556), anti-AVP (Abcam, ab272726), and
anti-TGR5 (Abcam, ab72608). After incubation with primary
antibodies and washing with PBS for 3 times, the cells or
sections were incubated with secondary antibodies labeled
with Alexa Fluor 488 (ZSGB-bio, ZF-0511) or Alexa Fluor 594
(ZSGB-bio, ZF-0516) for 1 hour at room temperature and
then were mounted on slides with mounting medium con-
taining DAPI (ZSGB-bio, ZLI-9557). Fluorescent images were
captured using a phase contrast microscope or inverted
fluorescent microscope (Nikon).
Immunoblotting. The mouse SCN tissues were lysed in
RIPA buffer supplemented with protease inhibitors, and
total proteins were extracted. To obtain enough proteins,
SCN of five animals from the same treatment group were
pooled together. The protein concentration was determined
using a bicinchoninic acid kit (Solarbio, PC0020) following
manufacturer’s instruction. Fifty micrograms of total protein
were separated by 10% SDS-polyacrylamide gels. After
electrophoretic transfer, the PVDF membrane (Millipore)
was blocked with 5% BSA for 1 hour at room temperature
and incubated overnight at 4 �C with the following primary
antibodies: anti-CLOCK (1:1000, Abcam, ab134165), anti-
BMAL1 (1:500, Abcam, ab134165), anti-CRY1 (1:1000,
Abcam, ab104736), anti-PER1 (1:1000, Abcam, ab3443),
anti-PER2 (1:300, LSBio, Ls-c148562), anti-phospho-PER2
(1:1000, LSBio, Ls-c381359), anti-Ubiquitin (1:1000, Pro-
teintech, 10201-1-AP), anti-ERK1/2 (1:300, Proteintech,
16443-1-AP), anti-phospho-ERK1/2 (1:300, Proteintech,
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28733-1-AP), anti-TRPA1 (1:500, Proteintech, 19124-1-AP),
anti-CK1ε (1:500, Proteintech, 11230-1-AP), anti-CK1d
(1:500, Proteintech, 14388-1-AP), anti-TGR5 1(1:2000, Abcam,
ab72608), anti-AKT (1:1000, Proteintech, 10176-2-AP), anti-
PKA (1:1000, Proteintech, 55382-1-AP), anti-phospho-
AKT (1:500, Proteintech, 66444-1-AP), and anti-b-actin
(1:5000, Bioworld, AP0060). The secondary antibodies were all
from ZSGB-Bio Company. Immunolabeled proteins were visu-
alized with an ECL reagent (ZSGB-Bio) and were quantified by
densitometry using Image J software.

RT-qPCR
The mRNA levels of clock genes in the SCN were detec-

ted using RT-qPCR. Mice were decapitated under dim red
light (<4 lux), and SCN tissues were immediately harvested
at CT2, CT6, CT10, CT14, CT18, and CT22 and stored in
liquid nitrogen before use. Total RNAs were extracted in
Trizol (Invitrogen), and single-strand cDNA was prepared
from 2 mg total RNA by reverse transcription (Prime
ScriptTMRT reagent kit, RR047A, Takara). qPCR was per-
formed using the Step One PlusTM Real-time PCR system
(Applied Biosystems) with SYBR Green PCR Master Mix (TB
Green Premix Ex TaqTMII) and primers specific for mouse
Clock, Bmal1, Per1, Per2, Tgr5, and b-actin. Briefly, both b-
actin (used as a loading control) and the target gene from
the same sample were amplified in duplicate tubes for each
assay. The mRNA levels of each gene were calculated with
reference to the relative standard curve and expressed as
relative change over the b-actin control. The primers were
designed using the Primer Express V1.5 software (Applied
Biosystems). The sequence of forward and reverse primers
(separated by semicolon) of the mouse genes investigated in
this study were as follows. Clock: forward, 50-TTG
CTCCACGGGAATCCTT-30; reverse, 50-GGAGGG AAAGTGCTC
TGTTGTAG-30; Bmal1: forward, 50-TGGCCGCTGTAGACACTA
CATT-30; reverse, 50-CTCTATCCAGTAAGCTTCACAGACTGTAA-
30; Per1: forward, 50-TCGAAACCAGGACACCTTCTCT-30; reverse,
50-GGGCACCCCGA AACACA -30; Per2: forward, 50-ATGCTCGC-
CATCCACAAGA-30; reverse, 50-GCGGAA TCGAATGGGAGAAT-30;
Tgr5: forward, 50-GGCAAGCCTCATC ATCACC-30; reverse, 50-
AAGTTGGGAGCCAAGTAGACG-30; Fxr: forward, 50- CC AACCT
GGGTTTCTACCC-30; reverse, 50-CACACAGCTCATCCCCTTT-30;
Pxr: forward, 50-GAGGCGTGGCAGACTATGC-30; reverse,
50-CTTGTACTCCG TCAGCGTGA- 30; Vdr: forward, 50-GATGC
CCACCACAAGACCTA-30; reverse, 50- CGGTTCCATCAT
GTCCAGTG-30; b-actin: forward, 50-TCAAGATCATTGCT
CCTCCTGAG; reverse, 50 -CTGCTTGCTGATCCACATCTG;
TNF-a: forward, 50-C CCACGTCGTAGCAAACCAC-30;
reverse,50-GCAGCCTTGTCCCTTGAAGA -30; IL-1b: forward,
50-TGACGGACCCCAAAAGATGA-30; reverse, 50-AAAGACACA
GGTAGCTGCCA-30; IL-10: forward, 50-ATAACTGCACCCA
CTTCCCA-30; reverse, 50-GGGCATCACTTCTACCAGGT-30;
IL-6: forward, 50-ACAACCACGG CCTTCCCTACTT-30; reverse,
50-CACGATTTCCCAGAGAACATGTG-30.
Statistical Analysis
Statistical analyses were performed using SPSS software

(version 22.0) and GraphPad Prism 8.4.3 software.
39
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Statistical differences were determined with multivariate
linear regression analysis, paired and unpaired Student’s t-
tests, 1-way analysis of variance (ANOVA) or 2-way ANOVA
followed by Tukey’s multiple comparisons test. All data are
expressed as mean ± standard error of the mean (SEM):
***P < .001; **P < .01; *P < .05; ns ¼ not significant. The
statistical analyses are described in details in each figure
legend.
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