
s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
4
8
3
5
0
/
1
6
6
5
7
3
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
1
8
.
8
.
2
0
2
4

Disruption of the circadian clock component BMAL1
elicits an endocrine adaption impacting on insulin
sensitivity and liver disease
C�eline Jouffea,b,c,1 , Benjamin D. Wegera,d,1 , Eva Martina, Florian Atgera,b,2 , Meltem Wegerd , C�edric Gobeta,e ,
Divya Ramnathd , Aline Charpagnea, Delphine Morin-Rivrona , Elizabeth E. Powellf,g, Matthew J. Sweetd ,
Mojgan Masoodia,h , N. Henriette Uhlenhautc,i , and Fr�ed�eric Gachona,d,e,3

aNestl�e Research, Soci�et�e des Produits Nestl�e, CH-1015 Lausanne, Switzerland; bDepartment of Pharmacology and Toxicology, University of Lausanne, CH-1011
Lausanne, Switzerland; cHelmholtz Diabetes Center, Helmholtz ZentrumM€unchen, DE-85764 Neuherberg, Germany; dInstitute for Molecular Bioscience, The
University of Queensland, St. Lucia QLD 4072, Australia; eSchool of Life Sciences, �Ecole Polytechnique F�ed�erale de Lausanne, CH-1015 Lausanne, Switzerland;
fDepartment of Gastroenterology and Hepatology, Princess Alexandra Hospital, Brisbane QLD 4102, Australia; gFaculty of Medicine, Center for Liver Disease
Research, Translational Research Institute, The University of Queensland, Brisbane QLD 4102, Australia; hInstitute of Clinical Chemistry, Bern University
Hospital, Bern 3010, Switzerland; and iMetabolic Programming, Technical University of Munich School of Life Sciences, DE-85354 Freising, Germany

Edited by Joseph Takahashi, The University of Texas SouthwesternMedical Center, Dallas, TX; received January 6, 2022; accepted January 25, 2022

Obesity and liver diseases are associated with the disruption of the
circadian clock that orchestrates mammalian physiology to optimize
nutrient metabolism and storage. Here, we show that the activity of
the circadian clock regulator Brain and Muscle Aryl hydrocarbon
receptor nuclear translocator-like 1 (BMAL1) is perturbed during liver
fibrosis in humans. To understand the impact of BMAL1 perturbation
in obesity and liver diseases, we assessed the impact of a high fat
diet or leptin deficiency on Bmal1 knockout mice. While Bmal1 knock-
out mice were prone to obesity, they were protected against insulin
resistance, hepatic steatosis, inflammation, and fibrosis. In addition,
to direct the transcriptional regulation of metabolic programs by
BMAL1, we show that the disruption of the growth hormone and
sex hormone pathways plays a critical role in this protection. Similar
endocrine perturbations correlate with the development of liver
fibrosis in humans but were absent in hepatocyte-specific Bmal1
knockout mice. This suggests that systemic endocrine perturbation
associated with the global disruption of BMAL1 activity is critical for
the pathogenesis of metabolic and liver diseases.

circadian clock j nonalcoholic fatty liver disease j insulin resistance j
growth hormone j estrogen

Nonalcoholic fatty liver disease (NAFLD) refers to a spectrum
of liver diseases ranging from noninflammatory isolated stea-

tosis to nonalcoholic steatohepatitis (NASH), which can progress
to cirrhosis and hepatocellular carcinoma (HCC). NAFLD is a
severe health burden, affecting around 25% of the world’s popu-
lation and up to 90% of people with morbid obesity, and is associ-
ated with cardiometabolic risk factors and a sedentary lifestyle.
Increasing evidence directly links obesity and NAFLD with dis-
rupted circadian rhythms caused by a Western lifestyle. This phe-
nomenon is termed “chronodisruption,” and people with a
perturbed circadian clock reportedly exhibit a higher risk of devel-
oping obesity, NAFLD, and HCC (1–3). However, the underlying
mechanisms remain poorly understood.

The circadian clock is an endogenous timing system that orches-
trates most aspects of physiology and behavior, including nutrient
uptake, storage, and metabolism. In this context, the circadian clock
likely contributes to the evolutionary acquired genetic program that
optimizes nutrient storage during periods of resource limitation (4).
The mammalian circadian clock is hierarchically organized. Daily
synchronization of the central clock localized in the suprachiasmatic
nucleus of the hypothalamus is coordinated by light acting via the
retina–hypothalamus tract. This, in turn, orchestrates clocks local-
ized in peripheral tissues through systemic signals such as meta-
bolic cues provided by food intake (5). In virtually all mammalian
cells, rhythmicity is generated by a molecular machinery consisting
of interconnected transcriptional and translational feedback loops.

In mammals, the transcription factor protein Brain and Muscle
Aryl hydrocarbon receptor nuclear translocator-like 1 (BMAL1,
also named ARNTL) plays a critical role through the transcrip-
tional regulation of the repressor complex composed of the
CRYPTOCHROMEs and PERIODs proteins. A second loop
involving the nuclear receptors of the ROR and REV-ERB fami-
lies regulates Bmal1 expression (6).

Because of the central role of the circadian clock in the regula-
tion of mammalian physiology, most animal models that are defi-
cient in circadian clock genes exhibit metabolic phenotypes (7).
For example, Bmal1-deficient mice have several metabolic defects,
including high serum triglycerides (TAG) (8–10) and low circulat-
ing insulin associated with high insulin sensitivity (9, 11, 12). Asso-
ciated with these metabolic defects, they present signs of early
aging that start around 18 wk (13). However, the impact of Bmal1
deletion on obesity remains controversial; some studies reported
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higher (11, 14) or lower (8, 10, 13, 15) body weight as well as
higher (8, 11, 14) or lower (10) body fat. To date, information
about clock gene expression in human disease is still limited. In
addition, the impact of global Bmal1 deletion on the pathogenesis
of liver diseases remains unknown.

Here, we investigated correlations between obesity and liver
diseases and the expression of clock genes in humans, as well as
the impact of perturbing the circadian clock on obesity and liver
diseases in mouse models. Surprisingly, while the expression of
BMAL1-regulated circadian clock genes decreased with the evo-
lution of liver fibrosis, we found that Bmal1 deficiency protects
against steatohepatitis, inflammation, and fibrosis, explaining the
high insulin sensitivity of Bmal1 knockout (KO) mice. These phe-
notypes are likely explained by endocrine adaptations associated
with circadian clock depletion during mouse development and
during the progression of liver disease in humans.

Results
Regulation of BMAL1 Activity in Obesity and Liver Diseases in
Humans. To study the impact of obesity and NAFLD pathogenesis
on the expression of circadian clock genes, we analyzed RNA
sequencing (RNA-seq) data from human liver biopsies collected
from healthy volunteers as well as from obese volunteers and from
patients with a spectrum of NAFLD, including simple steatosis
(nonalcoholic fatty liver [NAFL]), and NASH (16). As shown in
Fig. 1A, most of the genes encoding the core clock repressors
(PER2, PER3, and CRY2), the ROR/REV-ERB loop (NR1D2 and
RORA), and clock-regulated PARbZip transcription factors (TEF)
showed reduced expression, mainly in patients with NAFL and
NASH (Dataset S1). The genes encoding the core clock activators
BMAL1, as well as its heterodimerization partners CLOCK and
NPAS2, appeared marginally affected (SI Appendix, Fig. S1A).
This decreased expression correlated with the level of fibrosis and
inflammation as indicated by increased expression of related
marker genes (SI Appendix, Fig. S1B). Because no information
about the time of tissue collection was available for this dataset, we
next performed a similar analysis in a cohort with recorded time of
liver biopsy (tissues collected between 8:20 AM and 3:10 PM).
Liver gene expression was analyzed in liver tissue from patients
with various liver disease etiologies (chronic Hepatitis C virus
infection, NASH, and alcohol-related liver disease) at different
stages of liver fibrosis (17). While the expression of the genes
encoding the circadian clock activators did not significantly change
(SI Appendix, Fig. S1C), the expression of the genes encoding the
circadian clock repressors (PER2, PER3, and CRY2), the ROR/
REV-ERB loop (NR1D1 and RORC), and PARbZip transcription
factors was significantly decreased, correlating with the increased
expression of genes linked to fibrosis and inflammation (Fig. 1B,
SI Appendix, Fig. S1D, and Dataset S1).

BMAL1, as a heterodimer with CLOCK and NPAS2, is the
key regulator of circadian clock genes (6). To characterize a
potential modification of BMAL1 activity that can explain these
changes in gene expression, we predicted the activity of BMAL1
based on RNA-seq data from patients with liver fibrosis. This
analysis confirmed a decreased activity of BMAL1 with the level
of fibrosis (SI Appendix, Fig. S1E). These results are consistent
with the hypothesis that liver disease–associated inflammation
can interfere with the DNA-binding activity of BMAL1 and the
organization of the circadian clock (18, 19) and suggest a link
between BMAL1 activity and the progression of liver diseases.

Bmal1 KO Mice Fed a High Fat Diet Exhibit an Early Obese
Phenotype but no Sign of Prediabetes. To explore the mechanistic
aspects of this link, we studied the impact of Bmal1 deletion on
the development of obesity and liver disease in mice. As
reported previously (8, 10, 13, 15), at 8 wk of age, Bmal1 KO
mice weighed less than their wild-type (WT) littermates (Fig.

2A). However, their lower body weight was accompanied by an
unreported lower body length (Fig. 2B), leading to similar body
mass indexes (BMI) between WT and KO (Fig. 2C). Low body
weight and length likely reflect the poor growth of Bmal1 KO
mice caused by a perturbed growth hormone (GH) secretion
(20, 21) rather than a lean phenotype. The higher body fat con-
tent of Bmal1 KO mice detected throughout the experiment
confirmed that Bmal1 KO mice are not leaner than their WT
littermates (Fig. 2D). To study the kinetics of the metabolic
impact of a high fat diet (HFD) on circadian clock–depleted
animals, 8-wk-old WT and Bmal1 KO mice were placed on a
control diet (CD) or an HFD for a total duration of 12 wk. Sev-
eral metabolic tests were performed during the whole experi-
ment to evaluate the appearance of metabolic disorders (SI
Appendix, Fig. S2A). WT mice on an HFD expectedly had a
continuous increase in body weight, BMI, and fat content (Fig.
2 C–E). While Bmal1 KO mice gained weight more rapidly
than their WT littermates, both animal groups exhibited similar
weight gain at the end of the experiment (Fig. 2E). Similar
observations were made for BMI and fat content measured by
NMR (Fig. 2 C and D). This observation suggested that while
Bmal1 KO mice present signs of early obesity under HFD, they
can rapidly adapt to this feeding regimen.

While WT mice expectedly exhibited an increase in glucose
levels after 6 h of refeeding, Bmal1 KO mice did not (SI
Appendix, Fig. S2B). Under HFD, Bmal1 KO mice initially
exhibited increased fasting glucose levels (SI Appendix, Fig.
S2C). However, this phenotype was lost at the experimental
endpoint. As observed previously, Bmal1 KO mice fed on
either diet failed to increase glucose levels after 6 h of refeed-
ing to the levels observed in WT mice (SI Appendix, Fig. S2C).
This result suggests that glucose metabolism is impaired in
Bmal1 KO mice. Therefore, we examined glucose tolerance,
finding that Bmal1 KO mice on CD showed mild glucose intol-
erance (Fig. 2F and SI Appendix, Fig. S2D). Under HFD, both
WT and Bmal1 KO mice exhibited similar glucose intolerance
throughout the experiment. This detected glucose intolerance
in Bmal1 KO mice is probably a consequence of blunted rhyth-
mic glycogen synthesis, resulting in an overall 49% decreased
level (SI Appendix, Fig. S2E) and is likely caused by a reduced
expression of Glycogen Synthase 2 (Gys2) (22, 23).

As expected, WT mice on an HFD exhibited insulin resis-
tance and a prediabetic state at the end of the experiment (Fig.
2G and SI Appendix, Fig. S2F). As previously reported (9, 11),
Bmal1 KO mice under CD exhibited high insulin sensitivity
(Fig. 2G and SI Appendix, Fig. S2F). Astonishingly, this high
insulin sensitivity in Bmal1 KO mice further increased over
time under HFD. Indeed, at the end of the experiment, Bmal1
KO on HFD mice showed the same insulin sensitivity as WT
mice under CD (Fig. 2G, SI Appendix, Fig. S2F). As previously
described (12), Bmal1 KO mice had very low insulin levels that
did not increase under HFD, contrary to the expected increase
seen in WT mice (SI Appendix, Fig. S2G). Altogether, we
observed that, despite glucose intolerance, glucose levels in
Bmal1 KO mice were maintained in a normal range after 12 wk
of HFD due to their high and increasing insulin sensitivity and
capacity to adapt to the HFD. We speculated that this effect
may be mediated by leptin, which is able to maintain glucose
levels even when insulin levels are low (24). This is a conse-
quence of increased insulin sensitivity through effects on
hepatic lipid and glucose metabolism (25–27). As previously
described (8), circulating leptin levels are increased in Bmal1
KO mice (Fig. 2H), confirming this hypothesis and drawing our
attention to lipid metabolism. Both WT and KO animals
showed enlarged liver and epididymal white adipose tissue
(eWAT) under HFD; however, this increased weight was lower
in Bmal1 KO mice (SI Appendix, Fig. S2H). At the histological
level, animals of both genotypes exhibited features of hepatic
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steatosis (SI Appendix, Fig. S2I) that appeared to be reduced in
Bmal1 KO under HFD despite identical liver TAG content
(Fig. 2I). On the other hand, Bmal1 KO mice showed increased
circulating TAG levels under both CD and HFD (Fig. 2J).

Altogether, these data indicate that Bmal1 KO mice are
prone to obesity but can adapt to this regimen and present

limited signs of prediabetes or liver disease after 12 wk of
HFD. Bmal1 KO animals also exhibited increased circulating
TAG but decreased eWAT, suggesting a potential defect in the
import and/or storage of TAG. However, we cannot exclude
that the premature aging and the arthropathy developed by
Bmal1 KO mice around 20 wk of age may interfere with this

A

B

Fig. 1. The regulation of BMAL1 activity in obesity and liver disease in humans. (A) The expression of circadian clock genes in a male human liver of nor-
mal weight, obese, simple steatosis (NAFL), or NASH. n ≥ 9 subjects per condition. (B) The expression of circadian clock genes in the liver of humans at dif-
ferent stages of fibrosis. Circles and triangles represent female and male individuals, respectively. n ≥ 12 subjects per stage. The color code represents the
time of liver biopsy. P values were determined with a generalized linear model (A and B; for details, see Materials and Methods).
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phenotype (13, 28). In addition, it remains unclear to what
extent this phenotype can be directly linked to the deletion of
Bmal1 or the compensatory effect of leptin in the condition of
low insulin levels in Bmal1 KO.

Consequences of Bmal1 Deletion in the Absence of Leptin. To deci-
pher the importance of leptin in the phenotype of Bmal1 KO
mice under HFD, we crossed Bmal1 KO mice with mice har-
boring the Ob allele, a spontaneous loss-of-function mutation
of the Leptin gene (29). A first striking observation was that,
while animals were born with the expected Mendelian ratio (SI
Appendix, Fig. S3A), around 47% of the Bmal1KO/KO–LepOb/Ob

(KO–Ob) died at 3 to 6 wk of age, suggesting a strong deleteri-
ous effect of the mutation of the Leptin gene in Bmal1 KO
mice (SI Appendix, Fig. S3B). The animals that survived this
stage were weighed weekly and subjected to several metabolic
tests to study the impact of the deletion of Bmal1 on the obese
phenotype of Ob/Ob mice (SI Appendix, Fig. S3C). All the
experiments were performed in animals younger than 13 wk to
limit the potential effect of premature aging observed in Bmal1
KO mice. While Bmal1WT/WT–LepOb/Ob (WT–Ob) expectedly
gained weight rapidly, KO–Ob mice showed a similar weight
gain compared to Bmal1WT/WT–LepWT/WT (WT–WT) and
Bmal1KO/KO–LepWT/WT (KO–WT) mice (Fig. 3A). However,
KO–Ob mice additionally showed a severe growth deficiency

and a decreased body length (Fig. 3B), probably as a result of
the cumulative effects of decreased insulin and GH caused by
both the deletion of Bmal1 and the mutation of the Leptin gene
(30–32). Therefore, both WT–Ob and KO–Ob mice exhibited
an obese phenotype, though the BMI and fat content were
slightly reduced in KO–Ob mice (Fig. 3 C and D). As observed
when fed with HFD, the deletion of Bmal1 increased fasting
blood glucose whether in association or not with the Ob muta-
tion (SI Appendix, Fig. S3D). While WT–Ob and KO–WTwere
expectedly glucose intolerant, KO–Ob were severely glucose
intolerant (Fig. 3 E and F and SI Appendix, Fig. S3E), confirm-
ing that the high leptin level in Bmal1 KO mice has a positive
impact on their glucose tolerance in low insulin conditions.
However, while WT–Ob mice were insulin resistant, Bmal1
deletion conferred increased insulin sensitivity even in obese
KO–Ob mice (Fig. 3 G and H).

While WT–Ob exhibited an enlarged liver and eWAT com-
pared to WT–WT mice, only the eWAT was enlarged in
KO–Ob and to a lesser extent than observed in WT–Ob mice
(SI Appendix, Fig. S3F). The reduced liver weight of KO–Ob
mice compared to WT–Ob mice correlated with lower liver
TAG concentrations (Fig. 3I) and reduced steatosis (Fig. 3J
and SI Appendix, Fig. S3G). However, KO–Ob showed higher
circulating TAG levels like KO–WT mice (Fig. 3K), a character-
istic of deficient lipid storage. This assumption was confirmed

A B

D

P < 0.0001

15

20

25

30

B
od

y 
w

ei
gh

t (
g)

8.0

8.5

9.0

9.5

10.0

B
od

y 
le

ng
th

(c
m

)

P < 0.0001

Bmal1 WT Bmal1 KO Bmal1 WT Bmal1 KO

Bmal1 WT

Bmal1 KO

Bmal1 WT

Bmal1 KO

control diet

high fat diet

0 50 100 150 0 50 100 150 0 50 100 150

5

10

15

20

25

Time after glucose injection (min)

B
lo

od
 g

lu
co

se
 (

m
m

ol
/l)

0 50 100 150 0 50 100 150 0 50 100 150

4

8

12

16

Time after insulin injection (min)

13 weeks 16 weeks 19 weeks

14 weeks 17 weeks 20 weeks

100

120

140

160

7.5 10.0 12.5 15.0 17.5 20.0

Age (weeks)

W
ei

gh
t g

ai
n

(%
in

iti
al

B
W

)

c

b

b

a

b
b

b
b

b

c

b

b
b

b
b

c
c c

a a a a
a a a

a a a a

b b
c

c

B
lo

od
 g

lu
co

se
 (

m
m

ol
/l)

F

G

C

E

H

Bmal1 WT

Zeitgeber time (h)

Le
pt

in
 (

ng
/m

l)

Bmal1 KO

BICWRhythm = 0.46 

BICWMean   = 0.99

0 6 12 18 24 0 6 12 18 24
0

2

4

6

acrophase = ZT 19.6

amp = 3.1

log2 fc (KO/WT) = 0.83

I

0

5

10

15

20

T
G

 (g
/d

l/g
liv

er
)

0

100

200

300

T
G

 (m
g/

dl
)

J

1l a
m

B
O

K

CD HFD

1l a
m

B
O

K

1l a
m

B
T

W

1l a
m

B
T

W

1l a
m

B
O

K

CD HFD

1l a
m

B
O

K

1l a
m

B
T

W

1l a
m

B
T

W

Liver Serum

HFD: P < 0.0001
Bmal1: P = 0.543

HFD: P  = 0.052
Bmal1: P < 0.0001

B
M

I (
kg

/m
2 )

3.5

4.0

4.5

12 15 18
Age (weeks)

a

b

a

a
b

b

F
at

 c
on

te
nt

 (
%

 o
f B

W
)

10

15

20

25

30

35

12 15 18
Age (weeks)

a

b

a

b

c

dd

c

b

a

c c

Fig. 2. Bmal1 KO mice under HFD exhibit
an early obese phenotype but no sign of
prediabetes. (A and B) Body weight (A)
and size (B) of Bmal1 of WT and KO mice
before the treatment with HFD or CD. n =
22 to 32 mice (A) and 15 to 37 mice (B) per
genotype. (C) BMI of indicated genotype
and feeding regimen throughout the
experiment. The size and weight were
measured at ZT3. n = 6 to 19 mice per
genotype and week. (D) Relative fat con-
tent measured by EchoMRI throughout the
experiment. n = 6 to 19 mice per genotype
and week. (E) The relative weight gain of
Bmal1 WT and KO mice fed under HFD or
CD. The body weight of the mice was mea-
sured at ZT3. n = 4 to 17 mice per condi-
tion and week. (F) Glucose tolerance tests
performed on 13-, 16-, and 19-wk-old mice
at ZT3 after 15 h of fasting. n = 6 to 17
mice per condition and week. (G) Insulin
tolerance tests performed on 14-, 17-, and
20-wk-old mice at ZT3. n = 4 to 14 mice
per condition and week. (H) The temporal
serum leptin concentration in Bmal1 WT
and KO under CD. n = 3 mice per time
point and genotype. (I and J) Liver (I) and
serum (J) triglycerides concentration at
ZT12 in Bmal1 WT and KO mice fed with
CD or HFD. n = 5 to 12 mice per condition.
ZT is defined as follows: ZT0, lights on;
ZT12, lights off. Statistical tests included
unpaired Student’s t test (A and B), dryR
(H), linear models (C–E; see details in Mate-
rials and Methods), and two-way ANOVA (I
and J). Means with different letters are sig-
nificantly different (P < 0.05; C–E).
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by the normal-sized adipocytes of KO–Ob mice compared to
the enlarged adipocytes of WT–Ob mice (Fig. 3L and SI
Appendix, Fig. S3H).

BMAL1 Controls Lipid Metabolism and Storage. Abnormal lipid
storage during obesity is associated with insulin resistance (33).
Thus, we further studied the impact of Bmal1 deletion on lipid
accumulation in the liver. To this end, we compared the lipidomic
profiles of the livers from the four genotypes. We performed a dif-
ferential analysis and grouped detected lipid species into statistical
models to predict differential mean levels between the four
genetic backgrounds (SI Appendix, Fig. S4A and Dataset S2).
Unsurprisingly, liver lipid composition was strongly altered in
WT–Ob mice at both quantitative and qualitative levels (Fig. 4 A
and B and SI Appendix, Fig. S4 B–D). However, KO–Ob mice
showed lower levels of glycerol esters (TAG and diacylglycerols
[DAG]) compared to WT–Ob mice but also decreased Ceramides
(Cer) and most phospholipids. Because DAG and Cer accumula-
tions play a key role in hepatic inflammation and insulin resistance
(34), their low levels in of KO–Ob mice livers likely contribute to
the insulin sensitivity of these animals.

To further characterize the impact of Bmal1 deletion on lipid
metabolism, we performed RNA-seq on liver, eWAT, and skeletal
muscle (quadriceps) samples harvested at Zeitgeber time (ZT)12
in WT–WT, KO–WT, WT–Ob, and KO–Ob mice. We performed
a similar differential gene expression analysis, grouping genes in
the same models as described for lipids (SI Appendix, Fig. S4A
and Dataset S3). This analysis revealed that the genes differen-
tially expressed between WT and Bmal1 KO irrespective of their
leptin status (WT and Ob background) (models 6 and 10) are
expectedly involved in the regulation of the circadian clock. How-
ever, many genes of these models are also associated with metab-
olism and the storage of carbohydrate and lipids across all three
tissues (SI Appendix, Fig. S5 and Dataset S4). This includes the
decreased expression of Dgat2 and Gys2 in the liver (Fig. 4C) and
Hk2 and Tbc1d1 in the muscle (Fig. 4D) of Bmal1 KO mice.
More surprisingly, we found that Bmal1 deficiency resulted in an
increased expression of most enzymes involved in de novo lipo-
genesis in eWAT, including Acaca, Acly, Acss2, Acsl1, Fasn, Elovl6,
and Scd1 (Fig. 4E and SI Appendix, Fig. S6A). eWAT de novo
lipogenesis is mainly regulated by the carbohydrate-responsive
element binding protein (encoded by the Mlxipl gene), and its
activation and expression are associated with increased insulin
sensitivity (35, 36). Accordingly, the expression of Mlxipl and its
dimerization partner Mlx are both increased in the eWAT of
KO–WT and KO–Ob mice (Fig. 4F), likely also contributing to
their increased insulin sensitivity.

Genes that are differentially expressed specifically in
WT–Ob mice (models 4 and 14) are enriched in genes involved
in inflammation, cytoskeleton and extracellular structure organ-
izations, and lipid transport, suggesting that the decreased stea-
tohepatitis in KO–Ob animals is associated with decreased
inflammation and fibrosis (SI Appendix, Fig. S5 and Dataset
S4). Accordingly, many liver PPAR-γ target genes involved in
lipid droplet formation were increased only in WT–Ob mice.
This is the case, for example, for cell-death–inducing DNA Frag-
mentation Factor subunit alpha (DFFA)–like effector C (Cidec or
Fsp27) and Cidea (37), Perilipin 2 (Plin2) (38), and Pparg itself
(Fig. 4G). A similar observation is apparent in livers from
Bmal1 KO mice fed an HFD (SI Appendix, Fig. S6B), support-
ing the decreased steatosis in Bmal1 KO mice under HFD (SI
Appendix, Fig. S2I). Interestingly, the rhythmic activity of the
PPAR-γ pathway has been shown to be reprogrammed by HFD
and obesity (39). This result provides evidence that Bmal1 is
required for this reprogramming and the development of stea-
tohepatitis by HFD via the transcriptional activation of Cidea
and Cidec by PPAR-γ (37, 40). Thus, this confirms that the

deletion of Bmal1 inhibits the formation of lipid droplets and
lipid storage.

The decreased lipid accumulation in Bmal1 KO mice likely
explains the decreased inflammation and fibrosis observed in
these animals. Indeed, the high expression of markers of inflam-
mation and fibrosis was observed only in WT–Ob mice: Col6a3,
Timp1, or Ccl7 in the liver; Col4a6, C6, or Ccl8 in muscle; and
Col12a1, Tnf, or Ccl8 in eWAT (Fig. 4 H–J). This inflammation
is correlated with an increased infiltration of immune cells in
WT–Ob mice as depicted by the expression of the macrophage
markers Clec4e in the liver or Adgre1 (F4/80) in the eWAT and
muscle (SI Appendix, Fig. S6C). Inflammation and fibrosis are
important drivers of insulin resistance (41); hence, the observed
global decrease in inflammation in all three tissues likely partici-
pates in the high insulin sensitivity of KO–Ob mice.

Gene Expression Analysis Revealed the Impact of Bmal1 Deletion
on the Feminization of Gene Expression. While direct regulation of
transcription by BMAL1 likely plays a role in glucose and lipid
metabolism, this effect unlikely explains the impact on fibrosis and
inflammation. We have previously shown that Bmal1 deletion and
obesity cause a feminization of liver gene expression (20), a condi-
tion known to protect against insulin resistance and NAFLD in
rodents (42–45). Therefore, we studied sex-dimorphic gene
expression in the liver transcriptome of the four genotypes
(Dataset S3). A comparison of the differentially expressed sex-
biased genes showed that KO–WT, WT–Ob, and KO–Ob mice
exhibited a feminization of liver gene expression compared to
WT–WT mice (Fig. 5A and SI Appendix, Fig. S7A). Obesity and
the Bmal1 deletion contribution to feminization appear only par-
tially redundant, as only 32% of the up-regulated female-biased
and 39% of down-regulated male-biased genes were common
among the three mouse models (Fig. 5B). Strikingly, the specific
contribution of obesity and Bmal1 deletion to feminization is
cumulative. Indeed, KO–Ob mice showed stronger feminization
of liver gene expression compared to WT–Ob and KO–WT mice,
particularly for the male-biased genes (Fig. 5 A and B and SI
Appendix, Fig. S7A). To better evaluate the extent of the feminiza-
tion of differential gene expression in KO–Ob mice, we compared
differential sex-biased gene expression to WT female mice. Strik-
ingly, among the differentially expressed genes in male KO–Ob
mice, the reduction of male-biased gene expression was similar to
WT female mice, while the expression of female-biased genes was
very close (SI Appendix, Fig. S7B). This shows that the fraction of
sex-biased genes that have an altered gene expression in the liver
of KO–Ob mice strongly shifts its expression pattern toward a
female liver. This change likely contributes to the improved
inflammation and fibrosis observed in male KO–Ob mice.

To gain more insights into the pathways involved, we used
published chromatin immunoprecipitation sequencing data to
analyze the respective contribution of the two pathways
involved in liver sex dimorphism: the GH pathway [male and
female STAT5-binding sites (46)] and the sex hormones path-
way [Androgen Receptor (AR) (47) and Estrogen Receptor
(ESR1) (48)] (Fig. 5C). The sex-specific activity of the STAT5
pathway confirmed a cumulative impact of the Leptin mutation
and Bmal1 deletion on the feminization of the GH pathway
activity (Fig. 5C). This is further supported by the observed
effects on animal growth (Fig. 3B), as growth changes reflect
the predicted GH activity. A similar result was found with the
AR motif analysis that predicted a decreased AR activity that
further contributes to the observed feminization. Conversely,
the increased activity of ESR1 appears to be only a conse-
quence of the deletion of Bmal1 (Fig. 5C). These findings are
further corroborated by the cognate changes in serum testos-
terone and 17β-estradiol (E2) (Fig. 5 D and E). Altogether,
the differential activity of these pathways reflects the feminiza-
tion of Bmal1 KO mice, contributing to their high insulin
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sensitivity, as already described in obese mouse models and
humans (49–52).

Another striking observation in skeletal muscle RNA-seq data
consisted of the shifts in muscle fibers composition in the mice
from the four genotypes. This change is characterized by the differ-
ential expression of the type-specific myosin heavy chains 7 (Myh7,
Type I), 2 (Myh2, Type IIa), 1 (Myh1, Type IIX), and 4 (Myh4, Type
IIb) and slow type-specific Troponin I or T1 (Tnni1 and Tnnt1)
and Myoglobin (Mb) (SI Appendix, Fig. S7C). This confirmed the
previously described decrease in slow oxidative type I and IIa fibers
in Bmal1-deficient mice that has been linked to decreased insulin-
associated glucose uptake (53). Interestingly, obesity induced
a similar shift in muscle fiber type (54, 55) known to correlate
with inflammation (56, 57) and insulin resistance (58). Strikingly,

KO–Ob mice showed a shift in muscle fibers composition, with a
strong increase in slow fibers markers (Tnni1, Tnnt1, and Mb) and
type IIx glycolytic fibers (SI Appendix, Fig. S7C). This increase in
slow type fibers could likely contribute to the increased insulin sen-
sitivity of KO–Obmice. This shift is accompanied by the expression
of the markers for muscle regeneration Myogenin (Myog) and
embryonic Myh3 (SI Appendix, Fig. S7D) and a higher activity of
MYOD1 (Fig. 5F). A similar increase in predicted ESR1 activity
(Fig. 5G) in KO mice suggests a direct role for E2 in the observed
muscle regeneration. Indeed, E2 is known to promote muscle
regeneration and to reduce inflammation and fibrosis (59, 60). The
high E2 concentration in Bmal1 KOmice likely also participates in
the decreased fibrosis and inflammation in skeletal muscle, thus
contributing to their high insulin sensitivity.

E

A

C

B

D

F

I K

G H L

J

Fig. 3. The consequences of Bmal1 deletion
in the absence of leptin. (A) The evolution
of the body weight of Bmal1KO/KO–LepOb/Ob

(KO–Ob), Bmal1KO/KO
–LepWT/WT (KO–WT),

Bmal1WT/WT
–LepOb/Ob (WT–Ob), and

Bmal1WT/WT
–LepWT/WT (WT–WT) mice. The

body weight was measured at ZT3. n = 3 to
22 mice per genotype and week. (B–D) Size
(B), BMI (C), and fat content (D) of 6-wk-old
mice from the four genotypes of interest.
The size, weight, and body fat measured by
EchoMRI were measured At ZT3. n = 7 to 19
mice per genotype. (E and F) Glucose toler-
ance tests performed on 11-wk-old mice
from the four genotypes at ZT3 after a 15-h
fasting. Data represent glucose concentra-
tions over time (E) and area under the curve
(F). n = 5 to 10 mice per genotype. (G and
H) Insulin tolerance tests performed on 12-
wk-old mice from the four genotypes at ZT3.
Data represent glucose concentrations over
time (G) and area under the curve (H). n = 5
to 11 mice per genotype. (I) Liver triglycer-
ides concentration measured at ZT12. n = 5
to 6 mice per genotype. (J) Representative
liver sections stained with hematoxylin and
eosin from each genotype of mice at ZT12.
(Scale bar, 50 μm.) (K) Serum triglycerides
concentration measured at ZT12. n = 5 to 6
mice per genotype. (L) The distribution of
adipocytes size in eWAT from the different
groups of mice at ZT12. The diameter (μm)
of the adipocytes was determined from
eWAT slices stained with hematoxylin and
eosin (SI Appendix, Fig. S3H). n = 45 to 174
adipocytes per condition in representative
mice of the cohort. Statistical tests included
linear models (A; see details in Materials and
Methods), and two-way ANOVA (B, F, H,
and K) followed by a Holm–�S�ıd�ak multiple
comparison test (C, D, I, K, and L). Means
with different letters are significantly differ-
ent (P < 0.05; A).
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Feminization of Gene Expression Increases during Development of
Liver Fibrosis in Humans. Our mouse model experiments pointed
to a protective role for feminized liver gene expression associ-
ated with perturbed sex hormone concentrations against liver
fibrosis. To test whether this is also the case in humans, we
decided to next analyze sex-specific liver gene expression in
male patients with liver fibrosis for investigating its potential
perturbation by the disease. Therefore, we studied samples
from patients with fibrosis stage 0 (5 males, 7 females) from
the second cohort (17) to define the human liver sex-specific
transcriptome (Dataset S1). Interestingly, despite the diverse
etiologies of liver fibrosis in this cohort, we observed a clear
alteration of the sex-biased gene expression during liver fibro-
sis that correlated with the stage of the disease. This is partic-
ularly pronounced for male-biased genes (Fig. 6 A and B).
This feminization correlated with a decreased predicted activ-
ity of AR and an increased activity of STAT5, the transcription
factor that conveys GH signaling (Fig. 6C). Because the
healthy controls of the first cohort were only males (16), we
were not able to identify sex-biased gene expression in this
dataset. Nevertheless, a motif activity analysis confirmed the
decreased predicted activity for AR and the increased pre-
dicted activity for STAT5 (Fig. 6D). Altogether, these results

confirmed that simultaneous perturbations of the activity of
the circadian clock regulator BMAL1 (Fig. 1 and SI Appendix,
Fig. S1E) and the GH pathway, as well as the feminization of
the liver associated with a decreased AR activity, are hall-
marks of the progression of liver fibrosis and diseases.

Finally, we wanted to investigate the possibility that the dis-
ruption of the circadian clock in hepatocytes initiates these
detected endocrine perturbations. Therefore, we generated
RNA-seq data from hepatocyte-specific Bmal1 KO mice
(Bmal1 HepKO) and performed a similar analysis of differen-
tial expression of sex-biased genes in total Bmal1 KO and
Bmal1 HepKO mice. In contrast to total Bmal1 KO mice,
Bmal1 HepKO mice did not show any change of expression of
sex-biased genes (Fig. 6E and Dataset S5). We rather observed
a slight but not significant decrease in the expression of female-
biased genes. An analysis of biological pathways confirmed that
the genes exclusively different between total Bmal1 KO and
Bmal1 HepKO livers (model 9) were enriched in sex biased
functions like lipid, steroids, and drug metabolisms (Dataset
S6). This observation confirms that the difference in gene
expression between total and hepatocyte-specific Bmal1 KO is
mainly explained by the absence of endocrine perturbation in
Bmal1 HepKO. The absence of feminization was associated

BA

C D

E F

G

H I

J

Fig. 4. BMAL1 controls lipid metabolism and stor-
age. (A) Global liver lipids composition analyzed by
lipidomics in each group of mice liver at ZT12.
Values represent average of n = 5 to 6 mice per
genotype. TAG: triacylglycerides, Chol: cholesterol,
CE: cholesteryl esters, PI: phosphatidylinositols, PG:
phosphatidylglycerols, PC: phosphatidylcholines, PA:
phosphatidic acid, DAG: diacylglycerides, Cer:
ceramides. (B) A heatmap of the abundance of the
lipid species associated with insulin resistance (Cer,
DAG, and TAG) in the livers of individual mice. (C–E)
The expression of genes encoding enzymes involved
in glucose and lipid metabolism measured by RNA-
seq at ZT12 in liver (C), muscle (D), and eWAT (E). n
= 5 to 6 mice per genotype. (F) The expression of
the carbohydrate-responsive element-binding pro-
tein and its heterodimerization partner measured
by RNA-seq at ZT 12 in eWAT. N = 4 to 6 mice per
genotype. (G) The expression of genes encoding
proteins involved in lipid storage measured by RNA-
seq in the liver at ZT12. N = 4 to 6 mice per geno-
type. (H–J) The expression of markers of inflamma-
tion and fibrosis measured by RNA-seq at ZT12 in
liver (H), muscle (I), and eWAT (J). n = 4 to 6 mice
per genotype. For statistical analysis, generalized
linear models were employed (C–I; see details in
Materials and Methods). Differences in expression
level between the genotypes are defined in SI
Appendix, Fig. S4A and are indicated on top of the
graph. Genes that follow an ambiguous model are
marked m0, and P values for each significant con-
trast are provided. ***P < 0.001, **P < 0.01, and
*P < 0.05.
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with no difference in insulin sensitivity but a slightly improved
glucose tolerance as already described (11) (Fig. 6 F and G).
This result suggests that the feminization of liver gene expres-
sion in humans with liver fibrosis or in Bmal1 KO mice is
mainly caused by a systemic metabolic dysfunction than a spe-
cific effect of the hepatocyte circadian clock.

Discussion
While perturbations of the circadian clock have been associated
with several human diseases, the molecular mechanisms involved
are still poorly described. Here, we provided evidence in humans
that BMAL1 activity is perturbed during liver fibrosis and
NAFLD. Counterintuitively, our studies revealed that the deple-
tion of Bmal1 protects against insulin resistance, steatohepatitis,
inflammation, and fibrosis. This result suggests that while a high
amplitude circadian clock is key to protect against the develop-
ment of numerous diseases and pathologies, a fully functional
BMAL1 can also have detrimental effects. In support of this con-
cept, Bmal1 deficiency in the intestine protects against HFD obe-
sity (61), while its deletion in macrophages improves defense
against bacterial infection (62). Moreover, Bmal1 deletion in mye-
loid cells attenuates the development of atherosclerosis (63).
Thus, our understanding of the potential consequences of pertur-
bations of the circadian clock on physiology remains very limited.

Animal models have been used to decipher the role of the
circadian clock in metabolic diseases, but many aspects are still

controversial. While Bmal1 KO mice showed the same BMI as
their WT littermates, we here describe that they gain weight
more rapidly under HFD. However, obese Bmal1 KO mice had
glucose concentrations in the normal range despite low insulin
levels. This is likely due to their increased insulin sensitivity
and higher leptin levels. In the absence of leptin, Bmal1 KO
mice became severely glucose intolerant despite preserved high
insulin sensitivity, confirming the protective impact of leptin in
the Bmal1 KO mice. Nevertheless, more than half of these ani-
mals died at the time of weaning when they started to eat solid
food (3 to 6 wk of age). The cause of death at weaning age is
not clear, but a similar mortality phenotype is observed in
numerous animal models of defective lipid metabolism and
storage (64–68) and models of deficiency in the GH pathway
(69, 70). Interestingly, most of these models are protected from
HFD-induced obesity. Collectively, these results suggest that
the circadian clock optimizes nutrient storage in peripheral tis-
sues during the feeding phase and orchestrates their utilization
during the fasting phase (71). Accordingly, Bmal1 KO mice
present a deficient storage of glucose and lipids. Consequently,
Bmal1 KO mice can adapt their physiology to an HFD regimen
(10, 72), although they cannot properly adapt and survive under
a 30% caloric restriction (73). Therefore, while the optimiza-
tion of metabolism by the circadian clock provides an advan-
tage under conditions of limited resources, it could contribute
to the obesity associated with irregular feeding of a poor-
quality diet as observed in mice and humans (74, 75).

F

BA

C

D E G

Fig. 5. Gene expression analysis revealed
the impact of Bmal1 deletion on feminiza-
tion of gene expression. (A) The differential
expression of female- and male-biased genes
in the liver of mice from the four genotypes
at ZT12. n = 5 to 6 mice per genotype. (B)
The clustered expression of the genes with
similar sex-biased genes in the different gen-
otypes at ZT12. (C) The predicted activity of
transcription factors known to be involved in
sex-biased gene expression in the liver. Activ-
ity is computed based on female ($) and
male (#) STAT5, AR, and ESR1 target genes.
n = 5 to 6 mice per genotype. (D and E) Con-
centrations of testosterone (D) and estradiol
(E) in the serum of the mice of indicated
genotypes at ZT12. n = 14 to 18 mice per
genotype (D) and n = 10 to 16 mice per
genotype (E). (F and G) The predicted activity
of MYOD1 (F) and ESR1 (G) in skeletal mus-
cle. n = 4 to 6 mice per genotype. P values
were determined by a two-way ANOVA (A,
C–G) followed by a Holm–�S�ıd�ak multiple
comparison test if interaction term was sig-
nificant (P < 0.05). ***P < 0.001, **P < 0.01,
and *P < 0.05.
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While largely underestimated, endocrine perturbations caused
by the deletion of Bmal1 seem to play a pivotal role in the pheno-
type of these KO mice. Here, we show that the changes in leptin,
GH, and sex hormones are integral parts of the Bmal1 KO mice
phenotype and contribute to their high insulin sensitivity as well
as reduced fibrosis and inflammation. These systemic endocrine
perturbations likely explain why Bmal1 KO mice can adapt to
obesity and are protected from steatohepatitis and fibrosis. In
contrast, hepatocyte-specific Bmal1 KO mice do not present a
similar feminization of gene expression (Fig. 6E) but rather
exhibit exacerbated steatohepatitis that ultimately leads to HCC
(76–78). The increased E2 levels in male total Bmal1 KO mice
likely play a role in this reduced inflammation and fibrosis. While
elevated E2 levels have never been reported before for male
Bmal1 KO mice, the described impairment in sex hormone syn-
thesis and reproductive functions observed in Bmal1 KO mice
likely play a causative role (79, 80). This impaired sex hormone
synthesis could also be a consequence of the perturbed GH secre-
tion observed in the KO mice (81, 82).

In mammals, the GH and sex hormone pathways play a criti-
cal role in establishing the sexual dimorphism of the liver and
thus have a strong impact on liver physiology (83). Conse-
quently, the prevalence of liver disease is also sex biased, and
the incidence of NAFLD among premenopausal women is very
low (84). This can be explained by the critical role of E2 in pre-
venting insulin resistance, inflammation, and fibrosis (85).
Interestingly, perturbations of GH and sex hormone pathways
are frequently observed in patients with NAFL, NASH, and
HCC, along with other pathologies associated with the disrup-
tion of circadian rhythms (86). Surprisingly, while this condition
protects mice from NAFL and NASH, it is associated with
poor outcomes in humans (87–90). Moreover, chronic liver dis-
eases are correlated with an altered GH pathway (91, 92), and
GH deficiency is associated with NAFLD (89, 93). This sug-
gests that GH deficiency could have a protective role in the
early stages of the disease but could be detrimental at later
stages. GH deficiency is also associated with hypogonadism,
characterized by low testosterone and high E2 (87, 94–96).

A

D

C

B

E F

G

Fig. 6. The feminization of gene expres-
sion increases during development of NAFL
and NASH in humans but not in Bmal1
HepKO mice. (A) The differential expression
of female- and male-biased genes in the
livers of humans at different stages of
fibrosis. n ≥ 12 subjects per stage. (B) A vol-
cano plot representing the differential
expression of the sex-biased genes in the
livers of individuals with fibrosis stage 0 or
4. Colors indicate male-biased (blue),
female-biased (red), and unbiased (gray)
expressed genes. n ≥ 12 subjects per stage.
(C) The predicted activity of STAT5 and AR
in the livers of individuals at different stage
of fibrosis. (D) The predicted activity of
STAT5 and AR in the livers of individuals
with normal weight, obesity, simple steato-
sis (NAFL), or NASH. n ≥ 9 subjects per con-
dition. (E) The differential expression of
female- and male-biased genes in the livers
of Bmal1 KO and Bmal1 HepKO mice (n =
12 per genotype). (F) Glucose tolerance
tests performed on 9-wk-old Bmal1 HepKO
and hepatocyte-specific WT (HepWT) litter-
mates at ZT3 after a 15-h fasting. Data rep-
resent glucose concentrations over time
(Left) and area under the curve (Right). n =
5 to 6 mice per genotype. (G and H) Insulin
tolerance tests performed at ZT3 on 10-wk-
old Bmal1 HepKO and HepWT littermates.
Data represent glucose concentrations over
time (Left) and area under the curve
(Right). n = 5 to 6 mice per genotype. Sta-
tistical tests included linear models (A, C,
and D; for details, see Materials and Meth-
ods), mean-rank gene set test (B), dryR (E),
and two-tailed unpaired Student’s t test (F
and G).
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While a lower activity of AR appears to protect from the devel-
opment of HCC at the early stages (88, 97, 98), higher AR
activity has a protective action at later stages (99). Therefore,
early deficiency of the GH and AR pathways could protect
from the development of NASH and continue to decrease dur-
ing the course of the disease in an attempt to counteract its
progression. At later stages, and as observed at the time of
diagnosis, this leads to a more severe deficiency that correlates
with a more advanced disease. This observation could also be
true for the observed perturbed BMAL1 activity in NAFL and
NASH (Fig. 1 and SI Appendix, Fig. S1E). In support of this
hypothesis, the inactivation of the BMAL1 heterodimerization
partner NPAS2 also protects against liver fibrosis (100), while
the inactivation of the BMAL1 inhibitors PER2 and CRY1/
CRY2 exacerbates fibrosis and inflammation (101, 102).

The secretion of GH and testosterone, both of which follow a
diurnal rhythm with highest levels during sleep, are altered by
sleep deprivation (103, 104). On the other hand, patients with
liver disease and cirrhosis show perturbed sleep and daily rhythm
of body temperature (105, 106). Decreased testosterone and GH
levels as well as sleep problems caused by NAFLD are improved
after liver transplantation, suggesting that the liver could play a
role in these endocrine and circadian perturbations (107–109).
However, inactivating Bmal1 only in hepatocytes has no impact
on the circadian rhythm of the animals (11) and is not sufficient
to drive the endocrine perturbations observed in animals with a
global deletion of Bmal1 (Fig. 6E). Therefore, while the endocrine
and circadian perturbations observed in patients with NAFLD
certainly contribute to their complex metabolic disruption, the
cause of these perturbations remains poorly understood.

Taken together, our comprehensive phenotyping of Bmal1
KO mice demonstrates a central role for the circadian clock in
lipid and glucose metabolism. Furthermore, these results pro-
vide evidence that systemic endocrine perturbations caused by
the disruption of BMAL1 activity play a role in the develop-
ment of inflammation and liver fibrosis in both humans and
mice. While some findings are associative in nature, these
results support the idea that endocrine perturbations play a piv-
otal role in conveying the impact of circadian clock disruption
on mammalian physiology.

Materials and Methods
Details about the described procedures and data analysis are available in SI
Appendix.

Animal Experiments. All animal studies were conducted in accordance with the
regional committee for ethics in the regulations of the veterinary office of the
Canton of Vaud, Switzerland, and the University of Queensland Animal Ethics
Committee. The 8-wk-old male Bmal1WT and KOmice (110) were fed with HFD
or CD (no. D12492 and no. D12450J fromResearch Diet, respectively) for 12wk to
study the diet-induced obesity. Obese Bmal1 KO mice and control littermates

were generated by crossing heterozygous mice for Bmal1 KO and the Ob
mutated allele of Leptin, respectively (Bmal1KO/WT

–LepOb/WT). The 6-wk-old male
mice harboring the selected genotypes of interest were used for the experiments.
The hepatocytes-specific deletion of Bmal1was created by crossing Bmal1 floxed
mice (111) with mice expressing the Cre recombinase under the control of the
Albumin promoter (Alb–Cre) (112). In all experiments, unless noted otherwise,
the mice were maintained under standard animal housing conditions, with free
access to the food and water and in 12-h light/12-h dark cycles. Additional
descriptions of the phenotyping procedures and metabolites measurements are
provided in SI Appendix.

Lipid Extraction and Analysis. Lipidomic analysis were performed as described
previously (113, 114).

RNA Extractions and Analysis. Liver RNAs were extracted as previously
described (115). Muscle and epididymal white adipose tissue were disrupted
using the tissue lyser II (Qiagen) and RNA extracted using the miRNeasy Mini
Kit (Qiagen) according to the manufacturer's protocol. Liver RNA were ana-
lyzed by real-time qRT-PCR as previously described (115). Sequencing libraries
were prepared using the TruSeq Stranded RNA Sample Prep Kit v2 (Illumina)
with the Ribo-Zero Gold depletion set.

Statistical Analysis. Statistical analyses were performed with Prism 6.0 (Graph-
Pad Software, Inc.) and R (116). Unless otherwise stated, statistical significance
was determined for the comparison of two groups by Student’s t test for data
following normal distribution. For analyses following a 2 × 2 factorial design, a
two-way ANOVA was performed. If the interaction term was significant (P ≤
0.05), we performed a Holm–Sidak multiple comparisons test. Differential rhyth-
micity analyses were performed using dryR (117). Longitudinal data that have
been acquired over several weeks were analyzed using a linear model, and pair-
wise comparisons were computed using the CRAN package emmeans for each
time point. Multiple testing was corrected with a Benjamini–Krieger–Yekutieli
two-stage procedure across all contrasts (118). Except for box and violin plots,
data are represented asmean± SEM throughout themanuscript.

Data Availability. Raw files and technical details about the RNA-seq data have
been deposited in the National Center for Biotechnology Information’s Gene
Expression Omnibus (GEO) (119) and are accessible through GEO Series acces-
sion number GSE150102 (Bmal1-KO–Ob/Ob) (120) and GSE190221 (Bmal1
HepKO) (121). Previously published data were used for this work (122, 123).
All other study data are included in the article and/or supporting information.
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