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Social jetlag elicits fatty liver via perturbed =

circulating prolactin rhythm-mediated circadian
remodeling of hepatic lipid metabolism
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Jia-Xuan Jiang'? and Yan Bi"*"

Abstract

Background The prevalence of circadian misalignment, particularly social jetlag (SJL), contributes significantly
to the epidemic of metabolic disorders. However, the precise impact of SJL on the liver has remained poorly
elucidated.

Methods The rhythmicity of circulating prolactin (PRL) was evaluated in subjects with SJL and mice under SJL. The
causative mechanism of SJL on fatty liver was explored using jetlag model in wild-type and Pri”~ mice. Luciferase
reporter assay, electrophoretic mobility shift assay, and chromatin immunoprecipitation analysis were used to study
the transcriptional mechanism of retinoic acid receptor-related orphan receptor a on PRL. RNA-seq on human

and mice liver as well as circadian analysis were used to study the mechanism of SJl-associated desynchronized PRL
on hepatic lipid metabolism. The therapeutic effect of PRL intervention on SJL-induced mice at different time points
was compared.

Results SJL increases the risk of metabolic dysfunction-associated steatotic liver disease (MASLD), mediated

by the disruption of the rhythmicity of serum PRL. In particular, SJL inhibits the rhythmic transcription of PRL

in the pituitary, leading to desynchronized PRL levels in circulation. Under jetlag conditions, the rhythmicity

of the hepatic PRL signaling pathway was significantly dampened, which resulted in increased lipogenesis via inhib-
ited hepatic mitogen-activated protein kinase/cyclin D1 expressions. Notably, PRL treatment at PRL nadir in jetlagged
mice decreased hepatic lipid content and liver injury markers to a greater extent compared with conventional PRL
administration.

Conclusions Reprogrammed hepatic PRL signaling pathway with concomitant dysregulated lipid metabolism
homeostasis was the causative mechanism of fatty liver under SJL, which was mediated through derailed serum PRL
rhythm. Restoration of PRL rhythm could effectively alleviate SJL-induced fatty liver, providing new insight into treat-
ing MASLD.
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Background

With the change in modern lifestyles, metabolic dysfunc-
tion-associated steatotic liver disease (MASLD), defined
as the steatotic liver disease associated with metabolic
syndrome, has become the most common liver disease
worldwide with a global prevalence of 32.4% [1]. The
growing burden of liver-related and extrahepatic compli-
cations highlights the need for preventive approaches.

Beyond overnutrition and sedentariness, circadian mis-
alignment, in which the endogenous clock is desynchro-
nized from environmental cycles, contributes to the onset
of fatty liver [2]. In contemporary society, social jetlag
(SJL), characterized by the disparity in sleep—wake timing
between workdays and free days, represents the prevailing
form of chronic circadian misalignment [3]. It is reported
that approximately 40-70% worldwide population
reported to have experienced SJL for 1 h or more [4, 5].
Noteworthy, SJL is implicated in the increased risk for
obesity and type 2 diabetes [6, 7], whereas direct evi-
dence linking SJL to MASLD is lacking. Given the wide-
spread occurrence of SJL and its concurrent metabolic
disturbances, it is imperative to assess the correlation
between SJL and MASLD.

Rhythmic environmental cues synchronize the mas-
ter clock in the central nervous system, orchestrating
the rhythmic physiological states in peripheral organs
via neural and hormonal pathways [8]. Neural regula-
tion is typically rapid in response to stress [9], while
hormonal regulation tends to be comparatively slower
and more stable, yet whether it can be affected by SJL
remains unknown. The pituitary gland, as the master
endocrine organ, releases adenohypophyseal hormones
essential for growth, reproduction, and metabolism,
including growth hormone (GH), prolactin (PRL), thy-
rotropin-stimulating hormone (TSH), adrenocortico-
tropic hormone (ACTH), luteinizing hormone (LH),
and follicle-stimulating hormone (FSH) [10]. Some hor-
mones, such as GH and PRL, act directly on the liver
through specific receptors, while others (TSH, ACTH,
LH, and FSH) indirectly stimulate hormone release
from secondary endocrine glands [11]. Notably, hormo-
nal secretion exhibits circadian activity, with GH, PRL,
TSH, and ACTH displaying typical rhythmicity, while
the oscillations of LH and FSH are less well-character-
ized [12]. The secretion patterns of GH, PRL, and TSH
can be disrupted by circadian disturbances induced
by external stimuli, such as sleep deprivation [13].
However, whether SJL disrupts hormonal rhythms and
their metabolic implications for the liver remains unclear.

In this study, we aimed to analyze the association
between SJL and fatty liver using a clinical cohort in
which all subjects received liver biopsy. We also explored
the role of pituitary hormones and the underlying
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mechanisms in this process in vitro and in vivo. Finally,
we focused on developing an effective therapy strategy
for treating SJL-related MASLD.

Materials and methods

Patient and public involvement

The clinical cohort study was a case—control study, in
which serum PRL levels of control and SJL subjects
(n=125 and 72, respectively) from Nanjing Drum Tower
Hospital were analyzed. Liver specimens were collected
for RNA-sequencing (RNA-seq). The detailed informa-
tion can be found in Additional file 1: Methods. The pro-
tocol of the present study conformed to the guidelines of
the Declaration of Helsinki and was approved by the Eth-
ics Committee of Nanjing Drum Tower Hospital, Nanjing
University Medical School (2021-388-01). All partici-
pants signed informed consent before study inclusion.

Animals experiments

Female C57BL/6 ] (1=130) and Pri-knockout (Pri~'7)
mice (n=15) were assigned to normal light cycle and
jetlag conditions. All animal studies were conducted in
adherence to the guidelines of the Animal Ethics Com-
mittee of Nanjing Drum Tower Hospital (2021AE01044).
Histopathology, metabolic parameters, and gene expres-
sion analysis were performed as described in Additional
file 1: Methods.

Cell and molecular experiments

HepG2, MMQ, and 293 T cells were obtained from the
Cell Bank of the Chinese Academy of Sciences. Pri-
mary hepatocytes were isolated from female wild-type
C57BL/6 or Prl~’~ mice. Detailed methods of cell culture
and molecular experiments are given in Additional file 1:
Methods.

RNA-seq

Human and mouse liver tissue were subjected to RNA-
seq. The ZeitZeiger algorithm was applied to infer the
circadian features of human liver gene expressions [14].
JTK_CYCLE was used to analyze the periodicity of mice
liver gene expressions [15]. The details are provided in
Additional file 1: Methods.

Statistical analysis

Clinical data were expressed with mean + standard devia-
tion (SD) for normally distributed continuous variables
or median (interquartile range, IQR) for non-normally
distributed variables, with normality assessed using
Shapiro—Wilk test; categorical variables are expressed
as n (%). For animal and cell experiments, data were
shown as scatter dot plots with mean. Statistical com-
parisons employed Student’s ¢-test (parametric) or
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Mann-Whitney U test (non-parametric) for clinical
continuous variables, y* test or Fisher’s exact test for
categorical data, while experimental data used unpaired
two-tailed t-tests (two groups) or one-way ANOVA
with Tukey’s post hoc test (multiple groups). Advanced
analyses [correlation, principal component analysis
(PCA), mediation] were performed after verifying model
assumptions. All statistical analyses were conducted
using SPSS 22.0 and R 4.2.1, with figures generated in
GraphPad Prism 9. A two-sided P value<0.05 was con-
sidered statistically significant.

Results

SJL increases the risk of biopsy-proven MASLD

A total of 248 participants who underwent liver biopsy at
Nanjing Drum Tower Hospital between January 2019 and
November 2021 were recruited. Ultimately, 197 subjects
[aged 18—57 years, body mass index (BMI) (29.5 +6.5) kg/m?]
were enrolled to complete the study (Fig. 1a; Additional
file 1: Fig. Sla). SJL was measured by subtracting each
participant’s midpoint of sleep on work days from their
midpoint of sleep on free days. Participants were catego-
rized into control (SJL<1 h, #=125) and SJL (SJL>1 h,
n=72) groups based on the disparity between the mid-
point of weekday and weekend sleep. The SJL group
exhibited analogous blood pressure levels but signifi-
cantly higher hemoglobin Alc (HbAlc), fasting blood
glucose (FBG), alanine aminotransferase (ALT), aspar-
tate aminotransferase (AST), and homeostatic model
assessment for insulin resistance (HOMA-IR) levels
in comparison to the control group. The prevalence of
MASLD was significantly higher in the SJL group than
in the control group (41.7% vs. 28.0%, P<0.001) (Addi-
tional file 1: Table S1). We also analyzed SJL profiles of
the study population based on whether they had MASLD
or not and found that the percentage of SJL was signifi-
cantly higher in the MASLD group (Additional file 1:
Table S2). Logistic regression analysis revealed associa-
tions between SJL. and MASLD. Greater SJL values were
associated with elevated risk of MASLD (Model 1, unad-
justed OR=1.010, P<0.0001), and this association per-
sisted after adjustment for age, sex and BMI (Model 2,
OR=1.009, P=0.001), as well as age, sex, BMI, FBG, ALT,
AST, and TG (Model 3, OR=1.008, P=0.004) (Fig. 1b).
Using variables in Model 3, a nomogram predicting the
risk of MASLD was constructed, exhibiting a relatively
good discriminative power with an area under the curve
(AUC) of 0.703 (95% CI 0.628-0.778; Fig. 1c).

SJL-induced MASLD is mediated by disturbed PRL rhythm

With respect to the role of pituitary hormones in SJL-
associated MASLD, serum PRL, ACTH, TSH, LH, FSH,
and GH levels at 8:00, 16:00, and 24:00 were assessed in
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both the control and SJL groups. PRL secretion in the
control group exhibited circadian fluctuations, with the
nadir observed in the afternoon and the zenith at 24:00.
However, PRL levels at the 3 time points in subjects
with SJL>1 h were remarkably lower than in those with
SJL<1h[7.48 (5.75,9.23) ug/Lvs. 11.28 (8.53, 14.59) pg/L,
6.74 (5.48, 8.80) pg/L vs. 9.84 (7.47, 14.07) ug/L,
6.82 (5.58, 7.93) ug/L vs. 11.29 (8.81, 16.17) pg/L;
P<0.001], while other pituitary hormones at the 3 time
points showed no significant differences between the two
groups (Additional file 1: Table S1). PRL levels at the 3
time points were inversely associated with the abso-
lute value of SJL (r=-0.36, —0.32, —0.47, respectively;
P<0.05) and the histopathological degree of steatosis
(r=-0.29, —0.34, —0.31, respectively; P<0.05). Other
hormones exhibited no correlation with either absolute
SJL values or steatosis grade (Additional file 1: Fig. S1b).
Circadian analysis was further implemented and revealed
a significant reduction in the amplitude of PRL in sub-
jects with SJL>1 h, whereas the amplitude and phase
of ACTH, TSH, LH, FSH, and GH were not significantly
different between the two groups (Additional file 1:
Table S1). The sinus model of serum PRL in control and
SJL subjects was fitted using the 3-time point rhythm pre-
diction method with the values for amplitude, mesor, and
phase. The equation was f(t)=12.55+3.55 X sin(x+0.06)
in control subjects, and f{£) =7.30+1.95 X sin(x—0.12) in
SJL subjects. PCA nalysis based on clinical variables sep-
arated MASLD patients from controls, with components
1 (PC1), 2 (PC2), and 3 (PC3) accounting for 77.3% of the
variation between samples. PC1, which accounted for the
greatest amount of variance (42.1%), included variables
of PRL levels from 3-time points, liver enzymes, together
with BMI and TG levels (Fig. 1d). Finally, to quantify the
effect of PRL rhythm in SJL associated MASLD, media-
tion analysis was carried out. After adjusting for age, BMI,
and HbAlc, mediation analysis showed that SJL-induced
MASLD was partially mediated by decreased PRL
amplitude, in which the total effect was 0.0022 (95% CI
0.0013-0.0031, P<0.001), and the proportion of media-
tion effect was 28.98%, P<0.001 (Fig. 1le). These results
suggested that the altered PRL rhythm mediated the
association between SJL and MASLD.

Jetlag led to hepatic steatosis and aberrant PRL rhythm

in mice

To induce circadian misalignment, akin to SJL, C57BL/6
mice were subjected to either a normal light cycle
(NC group) or jetlag shifts (JL group) for a duration of
16 weeks. Mice in the JL group exhibited similar levels of
food intake and body weight (Additional file 1: Fig. S2a, b),
higher blood glucose levels at 30 and 120 min during
glucose tolerance test (GTT), as well as higher glucose
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Fig. 1 (Seelegend on next page.)



Zhang et al. Military Medical Research (2025) 12:29

(See figure on previous page.)

Page 5 of 18

Fig. 1 Social jetlag (SJL) induces metabolic dysfunction-associated steatotic liver disease (MASLD), mediated by a disrupted prolactin (PRL) rhythm.
a lllustration of the procedural workflow in the clinical study. b Forest plot of multivariate logistic regression [odds ratio (OR) and 95% confidence
interval (95% Cl)] for SJL and MASLD. Model 1: unadjusted model; Model 2: adjusted for age, sex, and body mass index (BMI); Model 3: adjusted

for age, sex, BMI, fasting blood glucose (FBG), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and triglycerides (TG). ¢ Nomogram
of SJL, TG, hemoglobin Alc (HbA1c), and age to predict MASLD, and receiver operating characteristic (ROC) curve and its diagnostic performance.
d Principal component analysis (PCA) of metabolic parameters and PRL levels in non-MASLD and MASLD subjects. e Mediation analysis

of the association between SJL and MASLD, adjusted for age, BMI, and HbATc. P <0.05, “P<0.01, ""P<0.001

levels at 0, 15, 30, 60, and 120 min during insulin toler-
ance test (ITT) (Additional file 1: Fig. S2c). Importantly,
when dynamically monitored, we observed lower serum
PRL levels after 9 weeks (Fig. 2a), and liver steatosis after
15 weeks (Additional file 1: Fig. S2d) of SJL.

At 16 weeks, serum ALT, AST, and TG levels were
remarkably elevated in the JL group compared to the
NC group (P<0.01, Fig. 2b). Liver magnetic resonance
imaging (MRI) scanning documented a higher liver fat
fraction in the JL group than the NC group (Fig. 2c).
Substantiating these findings, Oil Red O staining, H&E
staining, and electron microscopy confirmed greater
lipid accumulation in hepatocytes of JL mice relative to
NC mice (Fig. 2d). Circadian analysis revealed that in
NC mice, serum PRL levels exhibited significant rhyth-
micity with a peak at ZT12, whereas in JL group mice,
PRL levels were reduced at all time points, particularly
at ZT12 (P < 0.001, Fig. 2e). Importantly, using the Cir-
caCompare algorithm, rhythmicity test showed that in
mice under NC conditions, serum PRL levels oscillated
strikingly during 24 h (P<0.05), however, this rhythmic-
ity was significantly dampened in JL mice (P>0.05; Addi-
tional file 1: Fig. S2e). These results suggested that jetlag
induced fatty liver and disrupted the rhythmic secretion
of PRL in mice. We also examined hepatic mRNA lev-
els of key enzymes involved in hepatic lipogenesis such
as Cidea, fatty acid synthase (Fasn), Ppary, and Acc. We
found that gene expressions of Cidea, Fasn, and Acc were
remarkably increased in the liver of JL mice, while Ppary
expressions were not statistically different between the
two groups (Additional file 1: Fig. S2f).

To disrupt endogenous PRL secretion, C57BL/6 mice
under normal light cycle (NC) or jetlag shifts conditions
(JL) were intraperitoneally injected with PRL inhibitor
bromocriptine mesylate (BRC, 5 mg/kg) daily under (NC-
BRC) and for 16 weeks. The results indicated that both
NC-BRC mice and JL-BRC mice developed mild hepatic
steatosis compared to NC mice, yet NC-BRC and JL-BRC
mice showed similar extent of liver steatosis (Fig. 2f).

To further explore the role of PRL in maintaining
liver homeostasis, global Pri™'~ mice were generated.
Compared with wild-type mice, Pr/~'~ mice exhibited
increased glucose levels at 0, 30, and 60 min during

GTT, and higher concentrations of glucose at 0, 15, and
120 min during ITT (Additional file 1: Fig. S2g). Then
Pri”'~ mice were subjected to a normal light cycle
(Prl”'=-NC) or jetlag shifts (Pri”/=-JL) for 16 weeks.
Pri~’~ mice exhibited increased serum ALT, AST, and
TG levels (Fig. 2g), higher liver fat content as assessed by
MRI (Fig. 2h) and histological analysis (Fig. 2i), relative
to wild-type mice under a normal light cycle (WT-NC).
Meanwhile, Pri~/~-JL mice exhibited similar serum ALT,
AST, and TG levels (Fig. 2g), as well as hepatic lipid con-
tent relative to Pr/~/~-NC mice (Fig. 2h, i). These findings
suggested that jetlad did not aggravate hepatic steatosis
in the absence of PRL.

Jetlag perturbs PRL rhythm by impeding retinoic acid
receptor-related orphan receptor a (RORa)/ROR response
element (RORE) binding of Prl promoter

Subsequently, we sought to elucidate the mechanisms
underlying the disruption of PRL oscillation in jet-
lag. In mammals, the rhythmic expression of genes is
orchestrated by a transcriptional feedback loop involv-
ing clock genes such as Rora and nuclear receptor sub-
family 1 group D member 1 (Reverba) [16]. Sequence
analysis revealed a highly conserved DNA-binding motif
RORE (5"-AGGTCA-3") in Prl promoters from mice,
rats, and humans, as opposed to the E-box (Additional
file 1: Fig. S3a). Given that RORE serves as a binding
site for transcription factors, REVERBa and RORa, we
established rat prolactinoma MMQ cell lines with over-
expression of these transcription factors (Additional
file 1: Fig. S3b, ¢). The mRNA levels of Reverba and Rora
were significantly up-regulated in pHBLV-REVERB«a
and pHBLV-RORa MMQ cell lines, respectively, com-
pared with their respective controls (Fig. 3a). Addition-
ally, a markedly higher PRL content was observed in the
supernatants of MMQ cells overexpressing RORa but
not REVERBa (Fig. 3b). Then lentivirus short hairpin
RNA (shRNA) against REVERBa (LV-shREVERBa) and
RORa (LV-shRORa) were constructed (Additional file 1:
Fig. S3d) and transfected into MMQ cell lines (Addi-
tional file 1: Fig. S3e), in which mRNA levels of Reverba
and Rora were significantly decreased compared with
their respective vehicle (Fig. 3c). As expected, PRL levels
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Fig. 2 Jetlag led to hepatic steatosis and aberrant prolactin (PRL) rhythm in mice. a Serum PRL levels in mice at 9, 12, and 15 weeks of normal light
cycle (NC) and jetlag (JL) groups (n=3). b Serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and triglycerides (TG)
measured in mice under NC or JL via enzyme-linked immunosorbent assay (ELISA) (n=5). ¢ Hepatic lipid content of NC and JL mice measured

by magnetic resonance imaging (MRI). d Oil Red O staining (scale bar=>50 um), H&E staining (scale bar=50 um), and electron microscopy (scale
bar=10 um) analysis of lipid content in the liver from mice under NC or JL. e Serum levels of pituitary hormone PRL at ZTO0, ZT4, ZT8, ZT12, ZT16,
and ZT20 from mice under NC or JL. f Hepatic lipid content of mice in NC, JL, NC-BRC, and JL-BRC groups was measured by MRI. g Serum levels

of ALT, AST, and TG in wild-type and Prl-knockout mice under NC or JL (n=5). h MRI scanning of Prl-knockout mice NC or JL. i Oil Red O staining
(scale bar=50 um), H&E staining (scale bar=>50 pm), and electron microscopy (scale bar=10 um) analysis of lipid content in the liver from wild-type

ok

and Pri-knockout mice under NC or JL. "P<0.05, “P<0.01,

P<0.001, ns not significant. P-values were calculated by independent-sample t-test

(a, b, e) and one-way ANOVA (g). WT wide-type, BRC bromocriptine mesylate

in the supernatants of MMQ cells that transfected with
lentivirus-mediated shRNA targeting RORa were sig-
nificantly decreased compared with vehicle lentivirus
transfection (LV-vehicle), while did not significantly
altered after LV-shREVERBa transfection (Fig. 3d). Sub-
sequently, 293 T cells were transfected with REVERBa
and RORa« for luciferase reporter gene assay (Additional
file 1: Fig. S3f). RORa transfection resulted in a 1.3-fold
increase in luciferase activity compared with pcDNA3.1
empty vector transfection whereas overexpression of
REVERB« did not influence luciferase activity (Fig. 3e).
These findings suggested that ROR«, but not REVERBAq,
transcriptionally activated the Prl promoter.

To delineate the binding site of ROR« on the Prl pro-
moter, an electrophoretic mobility shift assay (EMSA)
was conducted using human nonfunctional pituitary
adenoma, which was diagnosed based on normal hor-
mone levels and negative immunohistochemical staining.
Labeled PRL probe was used as negative control (lane 1),
and specific binding of nuclear extract to the wild-type
probe (RORE, 5-AGGTCA-3’) was observed (lane 4).
Moreover, a 100-fold excess of unlabeled wild-type
probe competitively inhibited binding (lane 2), whereas
unlabeled probes with mutated RORE failed to compete
with this binding (lane 3) (Fig. 3f). Next, qRT-PCR anal-
ysis revealed that the circadian pattern of Rora and Prl
mRNA expression in the pituitary tissue of C57BL/6 mice
synchronized, exhibiting a circadian surge at ZT12. How-
ever, jetlag significantly suppressed Rora and Prl mRNA
expression at ZT12 (Fig. 3g). Finally, we sought to evalu-
ate the effect of SJL on the binding between RORa and
Prl promoter region using ChIP-qPCR assay in NC and
JL mice pituitary tissues. We observed that RORa was
recruited to the Pr/ promoter at all time points in pitui-
tary tissues from NC mice, however, a significant reduc-
tion in this recruitment was observed in the JL group at
ZT12 (Fig. 3h). These data suggest that Prl expression
is transcriptionally regulated by RORa, a process that is
compromised by jetlag.

SJL alters the PRL signaling pathway and rhythmicity

of gene features in human livers

To comprehend the molecular profiles implicated in SJL-
associated MASLD, we conducted RNA-seq analysis on
liver tissues of 197 subjects. We employed two distinct
strategies to analyze this dataset. The first strategy was to
analyze differential expression genes (DEGs) of 197 sub-
jects (125 control and 72 SJL subjects), then the DEGs
were subjected to Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis. The second strategy involved
using the ZeitZeiger algorithm [14], a novel machine-
learning tool, to predict the time of gene expression data
in control and SJL subjects.

A total of 721 DEGs were identified between the con-
trol and SJL groups (331 up-regulated and 390 down-
regulated) (Fig. 4a). These DEGs were annotated to the
KEGG pathway database, which included the PRL sign-
aling pathway, circadian rhythm, and NAFLD (Fig. 4b).
However, pathways related to TSH receptor, LH receptor,
FSH receptor, GH receptor, and glucocorticoid receptor
did not exhibit significant enrichment of DEGs between
SJL and control subjects (Additional file 1: Fig. S4). Sig-
nificantly, STRING analysis revealed a close intercon-
nection among genes from these identified pathways
(Fig. 4¢).

Next, the ZeitZeiger algorithm was employed to ana-
lyze RNA-seq data from 125 control and 72 SJL subjects.
This machine learning approach derives predictors that
map gene abundance to observed time, representing the
real-time of receiving liver biopsy [14]. Subsequently,
the liver gene expression of subjects in the control group
was used as the training dataset to acquire predictors. To
assess the accuracy of the predictors, the mean absolute
error (MAE) was used, which represents the mean of the
differences between the observed and predicted time of
each sample. The MAE was 1.30 h in control subjects,
indicating relatively accurate prediction performance
in the training dataset (Fig. 4d). However, the MAE was
2.02 h in SJL subjects (testing dataset) (Fig. 4e), indicating
that the predicted internal time of the gene expression
pattern in the liver was different from the observed time
in SJL subjects. Specifically, with respect to canonical
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MMQ cell lines, respectively (n=3). b PRL content in supernatants from pHBLV-REVERBa and pHBLV-RORa MMQ cell lines (n=3). ¢ mRNA levels

of Reverba and Rora in MMQ cell lines transfected with LV-shREVERBa and LV-shRORa and their respective control, respectively (n=3). d PRL
content in supernatants of MMQ cell lines transfected with LV-shREVERBa or LV-shRORa (n=3). e Effect of REVERBa and RORa on the luciferase
activity of WT-Prl reporter systems measured by luciferase reporter assay in 293 T cells (n=3). f Electrophoretic mobility shift analysis (EMSA)

of RORa DNA-binding activity in pituitary extracts prepared from the nonfunctional human pituitary tumor. g gRT-PCR analysis of mRNA levels
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Fig. 4 Social jetlag (SJL) alters the prolactin (PRL) signaling pathway and rhythmicity of gene features in human livers. a Volcano plot of differential
gene expression analysis in the liver between control (n=125) and SJL subjects (n=72). b Pathways involved in the PRL signaling pathway, circadian
rhythm, and non-alcoholic fatty liver disease (NAFLD) that were annotated based on differential expression genes (DEGs) from SJL vs. control
subjects. ¢ STRING analysis of DEGs involved in the PRL signaling pathway, circadian rhythm, and non-alcoholic fatty liver disease (NAFLD). d Mean
absolute error (MAE) on cross-validation using sumabsv (sumabsv=2) and sparse principal component (SPC=2), sumabsv means regularization
parameter and Inf indicates infinite. e ZeitZeiger analysis of the rhythmic curve of the hepatic transcriptome in SJL subjects. f ZeitZeiger analysis

of the rhythmic curve of canonical genes regarding the PRL signaling pathway, circadian rhythm, and NAFLD in SJL subjects. FDR false discovery
rate, Ccnd1 cyclin D1, Gucylal guanylate cyclase 1 soluble alpha 1, Mixipl MLX interacting protein-like, Stat3 signal transducer and activator

of transcription 3, Itpr1 inositol 1,4,5-trisphosphate receptor type 1, Ndufs5 NADH ubiquinone oxidoreductase subunit S5
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genes involved in pathways of PRL signaling, circadian
rhythm, and NAFLD, the fitted curve of the predicted
time and the observed time demonstrated that the oscil-
lation of gene expression in these pathways was altered in
the liver of SJL subjects (Fig. 4f).

Jetlag alters the circadian transcriptome in the liver of mice
Furthermore, we conducted RNA-seq analysis on liver
tissues from mice subjected to either a normal light cycle
(NC) or jetlag (JL) at 4-h intervals to elucidate how jet-
lag modulates liver metabolic pathways. Rhythmic tran-
scripts were identified using the JTK cycle algorithm in
the NC group. A total of 1296 genes exhibited oscillation
exclusively in the liver of the NC group (Fig. 5a). These
oscillatory genes in the NC group, annotated for KEGG
analysis, were predominantly enriched in pathways
related to circadian rhythm, lipid metabolism processes
(including fatty acid metabolism, fatty acid degradation,
fatty acid elongation, AMPK signaling pathway, and bio-
synthesis of unsaturated fatty acids), and the PRL signal-
ing pathway (P <0.05; Fig. 5a, Additional file 1: Fig. S5).

Subsequently, microarray data from liver tissues of
male mice maintained in a normal light cycle were ana-
lyzed using the National Center for Biotechnology
Information (NCBI) Gene Expression Omnibus (GEO)
database (GSE52333) [17]. Processed with the JTK algo-
rithm, rhythmic genes were found to be enriched in
the PRL signaling pathway, circadian rhythm, and lipid
metabolism processes (including fatty acid biosynthesis,
AMPK signaling pathway, peroxisome-proliferator-acti-
vated receptors signaling pathway) (P<0.05; Additional
file 1: Fig. S6). Additionally, we examined the rhythmicity
of downstream pathways of other pituitary hormones in
the liver from our data and GSE52333. The results indi-
cated that the TSH receptor, LH receptor, FSH receptor,
GH receptor, and glucocorticoid receptor pathways did
not significantly oscillate in the liver in both datasets
(Additional file 1: Figs. S5, S6).

Finally, we observed a substantial change in circadian
gene expression profiles in JL mice livers compared to
NC. A total of 884 genes exhibited oscillation exclu-
sively in the liver of the JL group. Moreover, the circa-
dian rhythmicity of genes involved in circadian rhythm,
PRL signaling pathway, and lipid metabolism processes
(including fatty acid biosynthesis, AMPK signaling path-
way, peroxisome-proliferator-activated receptors signal-
ing pathway) was significantly attenuated (Rhythmicity
test P>0.05), while genes associated with NAFLD gained
oscillation and were significantly enriched (P=0.01;
Fig. 5a, Additional file 1: Fig. S7). These results con-
firmed the rhythmicity of genes involved in circadian
rhythm, PRL signaling pathway, and lipid metabolism
processes, while jetlag dampened cyclic levels of these
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genes and induced periodic expression of genes linked
with MASLD.

To illustrate the association between the 3 common
oscillating pathways mentioned under NC conditions,
enriched genes from these transcripts (8 genes from the
PRL signaling pathway, 13 genes from circadian rhythm,
and 36 genes from lipid metabolism processes) were
imported into the STRING database to obtain the pro-
tein—protein interaction (PPI) network. The PPI network,
comprising 57 nodes and 272 edges, demonstrated that
PRL signaling was highly interconnected with circadian
rhythm and lipid metabolism (P<1x107'®). Next, these
genes were imported into Cytoscape software and clus-
tered into functional communities. Subsequently, 3 clus-
ters of oscillating pathways were identified with a default
cutoff on the closeness CytoHubba. The top 10 identi-
fied hub genes were Reverba from circadian rhythm, and
Fasn, acyl-coenzyme A oxidase 1 (AcoxI), sterol regu-
latory element binding transcription factor 1 (SrebfI),
and glucose-6-phosphatase catalytic (G6pc) from lipid
metabolism, as well as serine/threonine kinase 1 (AktI),
cyclin D1 (Ccendl), forkhead box O3 (Foxo3), signal trans-
ducer and activator of transcription 3 (Stat3), and mito-
gen-activated protein kinasel4 (Mapki4) from the PRL
signaling pathway (Fig. 5b).

Overall, the hepatic PRL signaling pathway played a
crucial physiologic role in bridging circadian rhythm and
lipid metabolism under normal light cycle; while under
jetlag, genes involved in the “NAFLD” pathway were
highly enriched.

Suppressed PRL signaling pathway under jetlag leads

to increased lipid synthesis

As serum PRL levels were notably suppressed at ZT12,
we further analyzed the RNA-seq data from the livers
of NC and JL mice at ZT12. A total of 855 DEGs were
identified, consisting of 562 up-regulated and 293 down-
regulated genes between the NC and JL groups. With a
significance level of P<0.05, up-regulated DEGs were
enriched in 18 KEGG pathways, including pathways
related to NAFLD and circadian rhythm. Down-reg-
ulated DEGs were enriched in 45 pathways, including
those related to the PRL signaling pathway and circadian
rhythm (Additional file 1: Figs. S8, S9a, b). After that, the
mechanisms involved in the desynchronization of hepatic
PRL signaling in SJL-induced fatty liver were explored.
Pathways of the PRL signaling pathway and circadian
rhythm were significantly enriched in both human and
mouse transcriptomes and were further analyzed. Over-
lapping genes that were commonly annotated in the PRL
signaling pathway of both human and mouse datasets
were identified: Stat3, Mapkl2, Ccndl, Tnfrsflla, and
Slc2a2 (Fig. 5¢).
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Fig. 5 Jetlag reprograms the circadian transcriptome in the liver of mice. a Differential gene heat map of transcriptome sequencing in the liver
tissue of mice under normal light cycle (NC) and jetlag (JL) at each time point (n=3 of each group per time point). The color bar indicates the scale
used to show the expression of the gene across 6-time points, with the highest expression normalized to 1. The number of specific circadian gene
transcription in NC and JL conditions was identified as P < 0.05 via JTK_CYCLE (upper and down panel). Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment of specific circadian gene transcription in NC and JL conditions (middle panel). b Analysis of protein—protein interaction (PPI)
networks within the PRL signaling pathway, circadian rhythm, and lipid metabolism. Hub genes were identified in Cytoscape with the plugin

of CytoHubba. ¢ Venn diagram illustrating annotated genes commonly enriched in the PRL signaling pathway in both human and mouse liver
transcriptome datasets. d qRT-PCR validation of liver mRNA levels of genes involved in the PRL signaling pathway of NC and JL mice, data were

presented as scatter dot plots with mean and normalized to S-actin mRNA levels (n=5).

Y

P<0.001, ns not significant. P-values were calculated

by independent-sample t-test. PRL prolactin, NAFLD non-alcoholic fatty liver disease, AMPK AMP-activated protein kinase, DEGs differentially
expressed genes, Acox1 acyl-coenzyme A oxidase 1, Srebf1 sterol regulatory element binding transcription factor 1, G6pc glucose-6-phosphatase
catalytic, Stat3 signal transducer and activator of transcription 3, Fasn fatty acid synthase, Reverba nuclear receptor subfamily 1 group D member 1,
Foxo3 forkhead box O3, Mapk14 mitogen-activated protein kinase14, Akt1 serine/threonine kinase 1, Mapk12 mitogen-activated protein kinase12,
Cend1 cyclin D1, Tnfrsf11a tumor necrosis factor receptor superfamily member 11a, Slc2a2 solute carrier family 2 member 2
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Independent qRT-PCR validation analysis revealed
that only Ccndl was significantly down-regulated in the
JL group compared with NC mice at ZT12, while other
genes were not significantly altered (Fig. 5d). CCND1 is
a key cell cycle protein that could repress expressions of
de novo lipogenic enzymes in the liver, including FASN
and acetyl-CoA carboxylase (ACC) [18]. CCND1, FASN,
and ACC were rhythmically expressed in the liver. In
this regard, primary mouse hepatocytes from wild-type
and Prl~/~ mice were serum shocked to synchronize
the circadian clock to determine whether the circadian
expression of these genes was affected by PRL. A loss
of rhythmicity was observed in Ccndl, Fasn, and Acc
expression in hepatocytes of Prl~/~ mice compared with
those in wild-type mice (Fig. 6a). Moreover, hepatic
mRNA levels of Fasn and Acc were remarkably increased
in JL mice at ZT12 (Fig. 6b). In HepG2 cells, we found
that PRL enhanced protein levels of CCND1, which were
significantly blocked by SB203580 (MAPK inhibitor) but
not LY294002 (PI3K/Akt inhibitor) and STAT5-IN-1
(STATS5 inhibitor) (Fig. 6¢). These data suggested that the
defect of PRL rhythm in response to SJL inhibit hepatic
CCNDI1 levels through MAPKs, and then enhanced the
expression of hepatic lipogenic genes in the liver. In addi-
tion, DEGs of NC and JL mice liver that annotated to the
circadian rhythm at ZT12 (Per3, Reverba, Reverbfs, and
Rorc) were also validated. qRT-PCR analysis uncovered
that mRNA levels of Per3 and Reverba were significantly
down-regulated while Rorc was significantly up-regu-
lated relative to NC mice. In contrast, Reverbf was simi-
lar between the two groups at ZT12 (Additional file 1:
Fig. S9¢).

Administration of PRL at nadir rescues hepatic steatosis

in jetlagged mice

To elucidate the therapeutic impact of PRL rhythmicity
on jetlag-induced hepatic steatosis, C57BL/6 mice were
categorized into the normal light cycle (NC-vehicle)
and jetlag shifts (JL-vehicle) groups for 16 weeks. Sub-
sequently, mice in the JL group were intraperitoneally
administered PRL (1 mg/kg) (JL-PRL) at ZT0 (JL-PRLO)
or ZT12 (JL-PRL12) for 2 weeks. In GTT, glucose lev-
els at each time point were significantly increased in
JL mice compared to NC mice, in which glucose levels
of JL mice at 0, 15, 30, and 120 min were significantly
restored in JL-PRLO mice, and were significantly restored
in JL-PRL12 mice at each time point. At 15, 30, 60, and
120 min, JL mice that received PRL treatment at ZT12
exhibited remarkably decreased glucose levels than mice
that received PRL treatment at ZT0. During ITT, JL mice
displayed a marked increment of glucose levels across 5
time points than NC mice. PRL intervention at ZTO sig-
nificantly decreased glucose levels at 0, 60, and 120 min
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of JL mice, and PRL intervention at ZT12 significantly
decreased glucose levels at 0, 30, 60, and 120 min of JL
mice. Compared with JL-PRLO mice, JL-PRL12 mice
showed a pronounced reduction of glucose levels at 0
and 120 min (Additional file 1: Fig. S9d). At the end of
the experiment, JL-PRL mice exhibited lower serum
ALT, AST, and TG levels, as well as decreased hepatic fat
deposition, as revealed by MRI, Oil Red O staining, H&E
staining, and electron microscopy compared with the JL-
vehicle group, and this effect was more pronounced when
PRL was administrated at ZT12 (Fig. 6d—f). mRNA levels
of lipogenic genes were detected and the results showed
that decreased Ccndl mRNA levels in the liver of jetlag
mice were up-regulated after PRL treatment, and a more
obvious up-regulation was seen in JL-PRL12 compared
to JL-PRLO. In addition, elevated expressions of Fasn,
Acc, and Cidea in the liver of jetlag mice were markedly
reversed in the JL-PRL group, in which PRL treatment at
ZT12 decreased hepatic Acc, Fasn, and Cidea expressions
to a greater extent compared with PRL treatment at ZTO0.
However, Ppary levels were not significantly altered after
PRL treatment (Fig. 6g, Additional file 1: Fig. S9¢). West-
ern blotting analysis also confirmed that down-regulated
levels of CCND1, and up-regulated FASN and ACC pro-
tein levels in the liver of jetlag mice were reversed after
PRL treatment, particularly at ZT12 (Fig. 6h).

Discussion

In this study, we first identified SJL as a risk factor for
MASLD, which is mediated through a disrupted PRL
rhythm due to compromised transcription by RORa.
Mechanistically, SJL reprogrammed the hepatic circadian
transcriptome of the PRL signaling pathway, and then
up-regulating lipid synthetic genes in the liver (Fig. 7).
Furthermore, our findings suggested that the timing of
drug therapy should be considered an important factor in
optimizing MASLD treatment.

SJL induces circadian misalignment that may dampen
neural and hormonal signals’ outflow from central to
peripheral organs. In this study, blood pressure levels,
representing proxy measurements of the autonomic
nervous system, were not significantly different between
subjects with and without SJL, suggesting that SJL had
a marginal effect on the neural system. Thus, our focus
shifted to alterations in hormonal regulation under SJL
conditions, and it was found that only pituitary-derived
PRL was affected by SJL. PRL, historically known for its
role in stimulating mammary glands and lactogenesis, is
a pleiotropic polypeptide with receptors widely distrib-
uted across various metabolic organs in both males and
females [19]. Moreover, unlike other adenohypophyseal
hormones such as TSH, FSH, LH, and ACTH, which
are mainly regulated by classical negative feedback, PRL



Zhang et al. Military Medical Research (2025) 12:29

Page 13 of 18

a < < < s 3 15 5
e 235 gg2f wfse  gR | Thi ya
S8, g &8 &g 20 R B <8 > 108
'3 Pt 2215 Ls eg es
= X =il 10 2 3 =1 =301
B 2 452 5210 54 5q1 5 5g
oz EE <z 0.5 <z xZ xZ

[=30] 0 ¢ € 0 £ £ 0 0 £
QX kD AV A0 QX kD "V A0 D Q> <0 ) O D
AT AT AR
[__Rhythmicity [ Amplitude | Phase [__Rhythmicity | Amplitude | Phase T WT P<0.05
t
Pri’- ﬁigﬁgg P005 l P00 Prt- ;’558'3? (PO (P ey Lo B 0105
bs c d
S 25 8259 —= 1500 . N 3000 14 dkk
2 x 2 . = N g e e
5 2.0 - . § 20 . < 1000 . ", E2500 N N % 1.2 H *
Py - < o
;1,5 : §1.5 . R g ‘“‘TfWME:ZOOO ..I.."“P".S.L EI.O - _..'_-.:..
& 10{ 34 < 10{ =+ 5 sood ¢ ¢ Q15001 ososyF .
o . 2 ¢ < =4
2 0. 2 0. 1 0.6
= 05 & 05 888'[ O.4I
g 0— T & 0 T T OB o Y o R o
NC L NC L 08 WO ) 0% 0% g oo
\\\(’NBS\‘NQ W \\;‘2 ,\16\\:\12 W \\:Q \\\cq?/ \\Ne W \v‘?
C ccnp1 36 kD f Oil Red O H&E staining Electron microscopy
ACC [ PN ™) 265 kD 2
B-actin [ e s s o on. - o= o= 13 | D 5
T o 24
[é: <& oS q@“ 6)}')% -
) s B
X(.}\>~ Q&X\, Q\\f% °
Qqs\' ] < %_J) ;
e NC-vehicle JL-vehicle s
S
o
a
El
S
3
o<
o
=
ok o
9 s " s e 49w S
L] L]
3 8 °e dkk S 4 53
5% 104 52 . ex 82 o
© eﬁ)_ ' : - £o 3 ®e S s oo
23 . - . 2 e ° % 252 2
B < ° =8 B 2 & LY
$Z 05 o ° 3s s -
£ 30 e H . Z 14 em s
H El]gs & E
0 e e o A 0 e A e AT
XA AT W RV AT QT R RV AT AT v
Sl W N S N W V\qu W W WX
h NC-vehicle JL-vehicle JL-PRLO  JL-PRL12
CCND1 L . 36 kD
FASN | o 273 kD

ACC

1 I T IR

B-actin | 43 kD

Fig. 6 Suppressed PRL signaling pathway under jetlag leads to increased lipid synthesis, and rhythmic administration of PRL rescues hepatic
steatosis in mice under jetlag. a gRT-PCR analysis of mRNA levels of genes involved in the PRL signaling pathway and lipid metabolism from primary
hepatocytes in wild-type (WT) and PrI”'~ mice after serum shock at indicated time points. The rhythmicity of genes in primary hepatocytes

was analyzed using the CircaCompare algorithm, P<0.05 was considered rhythmic. In terms of rhythmic genes, amplitude and phase were further
compared between groups. b gRT-PCR analysis of mRNA levels of Fasn and Acc in the normal light cycle (NC) and jetlag (JL) mice (n=5). ¢ Western
blotting analysis of CCND1, FASN, and Acc in HepG2 cells, treated with PRL, LY294002, STAT5 inhibitor-1 (STAT5-IN-1) and SB203580; 3-actin was used
as an internal reference. d Enzyme-linked immunosorbent assay (ELISA) analysis of serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), and triglycerides (TG) in mice from NC-vehicle, JL-vehicle, JL-PRLO, and JL-PRL12 groups (n=5). e Liver magnetic resonance
imaging (MRI) analysis of hepatic lipid content of mice from NC-vehicle, JL-vehicle, JL-PRLO, and JL-PRL12 groups (n=3). f Oil Red O staining

(scale bar=50 pum), H&E staining (scale bar=50 um), and electron microscopy (scale bar=10 um) analysis of lipid content in the liver from mice

in NC-vehicle, JL-vehicle, JLI-PRLO, and JL-PRL12 groups. g gRT-PCR of Ccnd1, Fasn, and Acc levels in the liver of mice from NC-vehicle, JL-vehicle,
JL-PRLO, and JL-PRL12 groups. Data were normalized to S-actin mRNA levels. h Western blotting analysis of CCND1, FASN, and ACC in the liver

of mice from NC-vehicle, JL-vehicle, JL-PRLO, and JL-PRL12 groups. ‘P<0.05, "P<0.01,

ok

P<0.001. P-values were calculated by independent-sample

t-test (b) and one-way ANOVA test (d, g, in terms of ALT in Fig. 6d and Ccnd1 in Fig. 6g, Welch's F-test was used together with the Games-Howell test
for post hoc comparisons). PRL prolactin, CCND1 cyclin D1, FASN fatty acid synthase, ACC acetyl coenzyme, ANOVA analysis of variance
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lacks a specific target endocrine gland and is more likely
to respond to environmental changes. Indeed, the charac-
teristic nocturnal rise of PRL is disrupted under circadian
misalignment environments like night light exposure and
night eating syndrome [20, 21]. In our study, the rhythm
of PRL was perturbed in subjects with SJL which medi-
ated the pathogenic effect of SJL on MASLD, revealing

PRL as the most important pituitary hormone that is
affected by environmental factors.

Murine studies often implement changes in the light—
dark (LD) cycle to simulate SJL in humans [22-24].
According to previous literature, the effect of an 8-h
phase light delay in mice on the rhythm of activity
movement was too large and the mice did not return
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to normal after more than 2 weeks [25]. Another study
with 3-h delay for 2 d following 5 d of the normal LD
cycle reported that the range of movement was so subtle
that the activity rhythm was not affected [26]. Therefore,
the model used here was a 2-h LD delay every 3 days to
mimic SJL in humans. Consistent with previous findings
in jetlagged mice, we observed that 16 weeks of jetlag
resulted in increased liver injury markers (ALT, AST), as
well as elevated TG levels and hepatic steatosis. Similar
to clinical data, SJL altered PRL rhythmicity in mice at
ZT12. Importantly, the inhibition of PRL by bromocrip-
tine or by knocking out Pr/ in vivo under JL showed a
similar degree of liver steatosis compared with their
counterparts. These findings suggest that SJL-induced
fatty liver is mediated by disturbed PRL rhythm.

The mammalian circadian clock, comprises a tran-
scription feedback network involving clock genes Clock,
Bmall, and nuclear receptors RORs and REVERBs [27]
which are expressed in a circadian manner in vivo [28].
Analysis of the PRL proximal promoter revealed the
presence of an RORE (5-AGGTCA-3’), and it served as a
binding site of transcription factor RORa and REVERBaq,
which mediated the activation of target genes. Although
it is well established that RORa and REVERBa were
oscillated in vivo, studies regarding the rhythm of these
nuclear transcription factors in the pituitary were rare.
We first investigated the circadian characteristics of
RORa in mice pituitary and showed that the peak value
of RORa expression was around ZT12. This study also
adds to the evidence that the RORE of the Prl/ promoter
could bind RORa and thus transactivate Prl expression,
yet this effect was dampened by SJL.

How does disrupted PRL rhythm participate in the pro-
cess of SJL-related MASLD? Transcriptomic changes in
liver tissue from subjects with SJL and MASLD revealed
enrichment of DEGs in the PRL signaling pathway com-
pared with their respective controls. More importantly,
we reconstructed the human hepatic circadian tran-
scriptome atlas using the ZeitZeiger algorithm on RNA-
seq data from 197 human liver tissues. ZeitZeiger is a
novel and state-of-the-art supervised machine learning
algorithm for analyzing circadian information of RNA-
seq data and the core idea of this algorithm is dimen-
sionality reduction [29]. It consists of finding a suitable
low-dimensional manifold and then identifying the one-
dimensional trajectory (circadian time) for the testing set
that best matches the known time-labeled samples from
the training set. The algorithm’s prediction accuracy was
assessed using MAE, which was calculated as the mean
of the differences between the observed and predicted
times of each sample. We used this metric to represent
the deviation of circadian rhythm in our model of gene
orchestration. In the present study, subjects with SJL<1h
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and>1 h were used as the training datasets and test-
ing datasets, respectively. Higher MAE observed in the
SJL group indicated that differences between predicted
and observed times were larger in SJL subjects than
in controls. Importantly, circadian curves of observed
times in the PRL signaling pathway, circadian rhythm,
and NAFLD deviated from predicted times in SJL sub-
jects, suggesting an alteration of circadian expressions
of genes related to these pathways in the liver under SJL
conditions.

Hepatic steatosis is the result of an imbalance between
lipid synthesis and utilization [30]. Our validation results
showed that only CCND1 was significantly down-regu-
lated in the liver of SJL mice at ZT12. CCND], a key cell
cycle protein, inhibits de novo lipogenesis in hepatocytes
by diminishing FASN and ACC expressions [18]. Previ-
ous studies indicated that CCND1 was transactivated
by STAT proteins, MAPKs, and phosphatidylinositol 3
kinase (PI3K) [31-33], which are canonical downstream
effectors of PRL signaling pathways [34]. These findings
suggest that CCND1 might play a crucial role in SJL-
related fatty liver. Indeed, PRL significantly up-regulated
CCND1 and diminished FASN and ACC expression in
HepG2 cells. Importantly, SB203580 (MAPK inhibitor)
not only abrogated the PRL-stimulated CCND1 expres-
sions but also abolished the inhibitory effect of PRL on
FASN and ACC expressions, while LY294002 (PI3K/Akt
inhibitor) and STAT5-IN-1 (STAT5 inhibitor) did not
show this effect. Physiologically, CCND1, FASN, and
ACC were rhythmically expressed in the liver, integrat-
ing lipid metabolism [35, 36], we adopted serum shock
to synchronize the rhythms of cyclic genes to mimic cir-
cadian conditions in vitro. Serum shock analysis demon-
strated that the lack of Pr/ led to a loss of rhythmicity in
Ccndl, Fasn, and Acc, indicating that alterations in lipo-
genic genes were a consequence of dysregulated PRL
signaling. Based on these data, decreased serum PRL lev-
els at ZT12 under SJL might inhibit hepatic CCND1 lev-
els through MAPKs, leading to the activation of lipogenic
enzymes (i.e., FASN and ACC) and hepatic steatosis. Fur-
thermore, clock genes including hepatic Per3, Reverba,
and Rorc were significantly altered in the SJL group at
ZT12, suggesting that circadian rhythm may also partici-
pate in SJL-induced hepatic steatosis.

Chronotherapy refers to administering drugs at times
when they are most effective. In the liver, the expres-
sion of genes critical for de novo lipogenesis has
rhythmic expression patterns, thus time of drug admin-
istration might be integrated to acquire more favorable
therapeutic outcomes in treating MASLD [37]. In the
liver, FASN, and ACC involved in lipid synthesis exhibit
circadian fluctuations, which are relatively more highly
expressed at night than those during the day [38].
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Here, we observed that PRL treatment at ZT12 under
SJL conditions improved lipid metabolism to a greater
extent than that at ZTO. Therefore, the maximized ther-
apeutic effect of PRL supplementation at ZT12 might
be attributed to increased FASN and ACC expression at
this time. These results support the notion that restor-
ing the circadian rhythm of the central nervous system
might enhance the effectiveness in treating MASLD, in
particular, PRL might serve as the chronotherapeutic
target in this disease.

There were several limitations of the present study:
First, PRL levels were detected only at 3-time points
in a clinical setting, which might not cover the over-
all circadian characteristics of PRL. However, a previ-
ous study [39] that sampled subjects’ blood every 3 h
showed that peak PRL levels occurred between 23:00
and 02:00, and remained at relatively higher levels until
8:00, and then decreased through daytime, especially
around 14:00. Therefore, the 3 time points (8:00, 16:00
and 24:00) of PRL sampling we chose in our study could
better represent serum PRL rhythm during 24 h. Sec-
ond, human liver biopsy samples that were analyzed
for RNA-seq were obtained during 8:00—19:00; there-
fore, ZeitZeiger analysis may not reflect circadian fea-
tures of the liver throughout the whole day. However,
we have investigated the rhythm of a hepatic transcrip-
tome based on strictly 4-h intervals during 24 h in
murine models, obtaining similar findings. Therefore,
we concluded that the hepatic PRL signaling pathway,
circadian rhythm, and lipid metabolism were dys-syn-
chronized under SJL. The third limitation is that we
only used female mice to examine the mechanism of
jetlag-induced fatty liver. However, a previous study has
shown that PRL intervention could also reduce hepatic
steatosis in male mice under HFD [40]. In addition, we
have adjusted sex in regression analysis regarding SJL-
associated MASLD in clinical cohort and the conclu-
sions remained consistent. Therefore, our findings exist
in both males and females. Lastly, the subjects included
in the clinical study incorporate those who are prone to
receive liver biopsy, and a larger sample size of popula-
tion-based study needs to be carried out in the future
to corroborate this conclusion.

Collectively, our study establishes SJL as a risk fac-
tor for histologically proven MASLD, and disturbed
PRL rhythm participates in this process. Disrupted PRL
rhythm caused by impaired transcriptional regulation
of ROR« in the pituitary, accompanied by disturbed
oscillation of PRL signaling pathway and the resulting
heightened lipogenesis in the liver, contributed to SJL-
induced fatty liver. Finally, restoring circulating PRL
rhythm may be a new strategy in treating SJL-associ-
ated MASLD.
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Conclusions

In the present study, we demonstrated for the first
time that SJL induces fatty liver via flattened serum
PRL rhythm, in which the transcriptional activation of
pituitary PRL by RORa was dampened under jetlag.
In this regard, disrupted PRL rhythm rewired hepatic
circadian transcriptome of PRL signaling pathway and
consequently up-regulated hepatic lipogenesis via sup-
pressed hepatic MAPK/CCND1 pathway. Importantly,
restoration of PRL rhythm could alleviate SJL induced
fatty liver more effectively compared with conven-
tional PRL administration. Our work emphasized that
PRL played an important role in mediating SJL related
fatty liver and that the timing of drug therapy should
be taken into consideration in optimizing MASLD
treatment.
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