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The light-entrained master central circadian clock (CC) located in
the suprachiasmatic nucleus (SCN) not only controls the diurnal
alternance of the active phase (the light period of the human light-
dark cycle, but the mouse dark period) and the rest phase (the human
dark period, but the mouse light period), but also synchronizes the
ubiquitous peripheral CCs (PCCs) with these phases to maintain
homeostasis. We recently elucidated in mice the molecular signals
through which metabolic alterations induced on an unusual feeding
schedule, taking place during the rest phase [i.e., restricted feeding
(RF)], creates a 12-h PCC shift. Importantly, a previous study showed
that the SCN CC is unaltered during RF, which creates a misalignment
between the RF-shifted PCCs and the SCN CC-controlled phases of
activity and rest. However, the molecular basis of SCN CC insensitivity
to RF and its possible pathological consequences are mostly unknown.
Here we deciphered, at the molecular level, how RF creates this
misalignment. We demonstrate that the PPARα and glucagon recep-
tors, the two instrumental transducers in the RF-induced shift of
PCCs, are not expressed in the SCN, thereby preventing on RF a shift
of the master SCN CC and creating the misalignment. Most impor-
tantly, this RF-induced misalignment leads to a misexpression (with
respect to their normal physiological phase of expression) of numer-
ous CC-controlled homeostatic genes, which in the long term gener-
ates in RF mice a number of metabolic pathologies including diabetes,
obesity, and metabolic syndrome, which have been reported in
humans engaged in shift work schedules.
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Under physiological conditions, the light-entrained central
master circadian clock (CC), which is located in the supra-

chiasmatic nucleus (SCN), synchronizes the ubiquitous peripheral
CCs (PCCs) and generates a diurnal alternance of phases of ac-
tivity and rest, both of which are at the origin of rhythmic varia-
tions of gene expression, which are essential to maintain metabolic
and behavioral homeostasis (1–3). It is well established that shifting
the feeding time in the mouse from the “active” to the “rest” phase
[so-called restricted feeding (RF)] leads to a 12-h shift in the ex-
pression of PCC components (4). As the SCN CC is not affected
during RF (4), this situation leads to a misalignment between the
diurnal active and rest phases and the expression of PCC compo-
nents. We recently unveiled in mice the origin and the identity of
the molecular signals through which RF leads to this 12-h shift in
the expression of PCC components (5). However, the molecular
mechanisms that confer to the SCN CC an insensitivity to RF, as
well as the consequences of the misalignment between the PCCs
and the master SCN CC on homeostasis, are still largely un-
explored (3, 6). In the present study, we elucidated, at the mo-
lecular level, how the SCN CC is protected against the RF-induced
shift of PCCs, which is induced by metabolic alterations (5), and
how the misalignment between the master SCN CC and the PCCs
generates a metabolic syndrome-like pathology, similar to that
exhibited by shift workers (3, 6–9).

Results and Discussion
The Glycogen Synthase Kinase 3β Plays a Crucial Role Both in the
Long-Term Maintenance of the RF-Induced CC Shift and Its Reversal
on Return to Normal Feeding. We recently elucidated (5) how the
RF-induced decrease in insulin (INS) blood level during the active
phase triggers an aberrant activation of nuclear receptor subfamily
1, group D, member 1 (Nr1d1/RevErbα) through phosphorylation
by active glycogen synthase kinase 3β (GSK3β; Fig. 1F) (5). This
RevErbα phosphorylation prevents its proteasome degradation
(10) and is crucial for the repression of RORα/RevErbα response
element (RORE)-DNA binding sequence (DBS)-containing genes
(e.g., Bmal1, Cry1), which is a critical event in the initiation of the
RF-induced shift of PCCs (5).
As this PCC shift is maintained in various tissues throughout

the RF regime (Fig. 1C and Fig. S1 C and D and In RF Mice, the
Expression of PCC-Controlled Output Genes Is Shifted by 12 h with
Respect to the Diurnal Active and Rest Phases Controlled by the
Central SCN CC), we explored the molecular basis of its main-
tenance and found that the active phase RF hypoinsulinemia is a
recurring event during long-term RF regime (Fig. 1A and In RF
Mice, the Expression of PCC-Controlled Output Genes Is Shifted by
12 h with Respect to the Diurnal Active and Rest Phases Controlled by
the Central SCN CC), which, as expected (5, 11), leads to an in-
crease in GSK3β-mediated phosphorylated RevErbα (pRevErbα)
level at “Zeitgeber” (ZT) 0 (Fig. 1 E and F and Fig. S1K). Accord-
ingly, in long-term RF mice, the level of pRevErbα bound to the
RORE DBS of aryl hydrocarbon receptor nuclear translocator-like
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protein 1 (ARNTL1/Bmal1) and cryptochrome 1 (Cry1) is perma-
nently increased during the ZT20–ZT0 period (Fig. 1B), thereby
leading to a permanent PCCs shift (Fig. 1C and Fig. S1 C and D).
Reciprocally, we found that, on a 4-day return to a normal

active phase feeding after RF15 (RRF4 following RF15), the
levels of several metabolic parameters (including INS) were nor-
malized (Fig. 1 A and D and Fig. S1 A and B). Importantly, this
treatment also normalized the expression of all CC components in
liver, intestinal epithelial cells (IECs), and pancreas (Fig. 1C and
Fig. S1 C and D). As expected (11), the RRF restoration of INS
signaling during the active phase led to an increased level of
pAKT, which through phosphorylation of GSK3β inhibited its
activity, thereby reducing drastically the level of pRevErbα at ZT0
(Fig. 1 E and G). This RRF-induced decrease in pRevErbα level,
which is correlated with its reduced binding to the RORE DBS of
Bmal1 and Cry1 (Fig. 1B), then restored through derepression the

normal (ZT20–ZT4) expression of these genes (5) and conse-
quently the return to the original normal PCCs (Fig. 1C and Fig. S1
C and D). Most interestingly, we also found that increasing the INS
blood level through administration of glucose for 4 consecutive d to
RF30 mice at ZT18 (after removal of food at ZT12), activated
pAKT (due to the INS increase) and led to a reduction in pRevErbα
level at ZT0 (Fig. S1L), thereby normalizing the PCC (Fig. S1 L
and M). Taken altogether, these experiments demonstrate that
the restoration of INS signaling in RF mice during the active
phase triggers the PCC normalization (Fig. 1 A, E, and G).
Even though, on RF cessation, RF mice do return to apparent

normality in a few days (see above), it is noteworthy that such a
return can also be achieved under continuous RF regime by ad-
ministration of GSK3β inhibitors, which prevents RevErbα phos-
phorylation (Fig. 1G). Indeed, we found that pharmacological
inhibition of GSK3β activity, through a 5-day administration to
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Fig. 1. GSK3β-dependent RevErbα phosphorylation is critical for maintaining the RF-induced CC shift. (A) Levels of blood components in control, RF15 mice,
and in mice after 2 and 4 d of reversal of RF (RRF2 and RRF4). (B) ChIP-qPCR assays in liver to analyze the RevErbα and the Bmal1 recruitment to their respective
DBSs in the genes as indicated. (C) RNA transcript levels of CC components in liver of control, RF15, RRF2, and RRF4 mice. (D) RNA transcript levels of genes, as
indicated, in the liver of control, RF15, RRF2, and RRF4 mice. (E) Immunoblot analyses, at ZT0, of control, RF15, RRF2, and RRF4 livers with indicated antibodies.
(F) A schematic representation of how RF-induced PCCs shift is maintained. (G) A schematic representation of how restoration of insulin signaling leads to the
reversal of RF-induced PCCs shift. (H) RNA transcript levels of CC components in liver of control, RF15, and RF15+ARA mice. (I) RNA transcript levels of CC
components in IEC of control, RF15, and RF15+ARA mice. All values are mean ± SEM. *P < 0.05, **P < 0.01.
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RF mice (at ZT18) of either one of the two inhibitors of GSK3β
activity, AR-A014418 (ARA) (12) and LiCl (10), is sufficient to
prevent the RF-induced ZT0 binding of RevErbα to the RORE
DBSs present in PCC components Fig. S1 E and G), thereby
restoring normal PCCs under RF conditions (Fig. 1 H and I and
Fig. S1 F and H–J). Most notably, as pharmacological inhibitors
of GSK3β (e.g., LiCl and valproic acid, among others) are used in
clinics to treat anxiety and mood disorders, it is tempting to spec-
ulate that, under shift work conditions, their use may prove to be
beneficial to normalize the misalignment of circadian clocks,
thereby preventing the progression of metabolic pathologies toward
insulin resistance.

The Lack of PPARα and Glucagon Receptors Immunizes the SCN Central
Clock Against RF-Induced Metabolic Perturbations. The SCN expres-
sion of Period 1 and 2 (Per1 and Per2) was reported to be un-
altered after 9 d of RF (RF9) (4). Of note, transcript analyses on
RF15 and RF30 failed to detect any variation in the expression of
not only Per1 and Per2, but also of the other circadian clock
components RORα, Bmal1, Cry1, and RevErbα (Fig. 2A and Fig.
S2A). This raised the possibility that the SCN CC may either lack
or be unresponsive (due to the absence of their transducers) to the
RF metabolic signals triggering the shift of PCCs (5). Most no-
tably, on quantitative RT-PCR (qRT-PCR) of microdissected
SCN, we could not detect any transcripts for the peroxisome
proliferator-activated receptor alpha (PPARα) and glucagon
(subunit GαS) receptors, which orchestrate the CC shift in pe-
ripheral tissues (Fig. 2B) (5). Accordingly, in situ hybridization of
SCN sections of both control and RF mice failed to reveal PPARα
transcripts (Fig. 2C). In marked contrast, PPARα expression was
readily detected in the hippocampus and paraventricular nucleus
(PVN), in which a peripheral 12-h CC shift was also observed (Fig.
2B and Fig. S2 B and C). These CC shifts in PVN and hippocampus

are noteworthy, as (i) the PVN, which is connected with the
SCN via both afferent and efferent projections, has been pro-
posed to function as a “relaying center” for SCN-generated signals
(13), and (ii) the proper functioning of peripheral circadian
clocks in the hippocampus is known to facilitate memory
formation (14), which suggests that RF could interfere with
memory processes (15).
Importantly and in keeping with the established role of the

SCN in controlling the diurnal alternance of active (ZT12–ZT0)
and rest (ZT0–ZT12) phases (1–3), analyses of the locomotor
activity of RF mice revealed that, on RF, this alternance was
unaffected (Fig. 2D). Thus, by excluding the expression of two
transducers (PPARα and glucagon receptor) necessary to induce
the PCC shift (5), the neurons of the SCN ensure the constancy
of the master SCN CC during RF, as well as the proper control
of the diurnal alternance of active and rest phases (1–3).
From the teleological perspective, this insensitivity of the SCN

CC during a RF starvation-like state is an expected necessity, as the
SCN-controlled active phase has to occur during the mouse dark
cycle (the human light cycle), even though, due to the misalignment
of the PCCs, this active period corresponds to the rest phase in
peripheral tissues. This evolutionary design, which maintains the
original active phase (wakefulness) in the SCN CC, as well as the rest
phase (sleep) during RF-like conditions, is indeed advantageous as it
provides the opportunity for a starving organism to efficiently look
for food during the normal active phase, thereby increasing the
chance to put an end to starvation and to readily realign the PCCs
with the unchanged SCNmaster clock, as soon as feeding is restored.
It was previously suggested that the RF insensitivity of the SCN

CC is related to the lack of the glucocorticoid (GC) receptor
(GR) in SCN (16), as such a lack (that we confirmed; Fig. S2D)
would prevent a SCN CC shift through an alteration of Per1/Per2
expression on RF extra-corticosterone production (16, 17). Our
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present results do not exclude this possibility. However, we found
that the lacks of both PPARα and glucagon receptors in SCN are
sufficient on their own to prevent a shift of the whole SCN CC on
RF, as taken together they prevent the RF-induced CC shifts of
RevErbα through PPARα increase and of Per1/Per2 through
glucagon/CREB activation (5).

In RF Mice, the Expression of PCC-Controlled Output Genes Is Shifted
by 12 h with Respect to the Diurnal Active and Rest Phases Controlled
by the Central SCN CC.Under physiological conditions, the level of
expression of nearly 10–15% of the genes expressed in mice is
controlled by PCCs, such that specific sets of genes are selectively
expressed during the active and rest phases, their expression being

B
lo

od
G

lu
co

se
 (m

g/
dl

) GTT-RF30GTT-RF15

0

100

200

300

0 15 30 60 120
Time (minute)

0

100

200

300

400

0 15 30 60 120
Time (minute)

G
lu

co
se

 (m
g/

dl
)

In
su

lin
(μ

g/
l)

0

1

2

3

0 5 20 45
Time (minute)

GSIS-RF15
In

su
lin

(μ
g/

l)

0

0,5

1

1,5

2

2,5

0 5 20 45
Time (minute)

GSIS-RF30

Time (minute) Time (minute)

GTT-RF90 GSIS-RF90HG
***

*
*

* **
**

* ***
**

A

B
lo

od
G

lu
co

se
 (m

g/
dl

)

B

In
su

lin
(μ

g/
l)

TG
 (m

m
ol

/l)

FF
A 

(m
Eq

/l)

TG
 (m

g/
gm

)

F

C
on

tr
ol

R
F-

90
D

Li
ve

r
(O

il
R

ed
O

)

0
20
40
60
80

100

ZT0 ZT8 ZT20

Liver
*
** **

* *
**

*

0

100

200

300

400

ZT0 ZT4 ZT8 ZT12 ZT16 ZT20 ZT0
0

2

4

6

8

ZT0 ZT4 ZT8 ZT12 ZT16
0

1

2

3

4

ZT0 ZT4 ZT8 ZT12 ZT16 ZT20 ZT0
0

1

2

3

ZT0 ZT4 ZT8 ZT12 ZT16 ZT20 ZT0

Control RF15 RF30 RF90

0

1

2

3

4

ZT2 ZT14To
ta

l C
ho

le
st

er
ol

(m
m

ol
/l)

**

C

0

1

2

3

ZT2 ZT14

H
D

L 
(m

m
ol

/l)

*

0

0,5

1

1,5

ZT2 ZT14

*** ***

LD
L 

(m
m

ol
/l)

ZT20 ZT0

0

2

4

6

8

ZT0 ZT4 ZT12 ZT16To
ta

l B
A 

(μ
m

ol
/l)

DBlood

Control RF

**

*

G
lu

co
se

 (m
g/

dl
)

0

100

200

300

400

0 15 30 60 12
0

In
su

lin
(μ

g/
l)

0

0,5

1

1,5

2

0 5 20 45

** **
***

**

EBlood
Bile Acids (BA)

0

5

10

15

20

25

30

35

40

0 2 4 8 12
0

5

10

15

0 2 4 8 12To
ta

lB
od

y
W

ei
gh

t
(g

m
)

W
ei

gh
t(

gm
)*

*

** *

**

**

Time (Weeks) Time (Weeks)

K
Peritoneal

WAT

R
el

at
iv

e 
R

N
A 

le
ve

l

I

0

1

2

3

4

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

Bmal1

0

1

2

3

4

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

RevErbα

0
0,5
1

1,5
2

2,5

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

INSR

0

0,5

1

1,5

2

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

INS1

0
0,5
1

1,5
2

2,5

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

INS2

0

1

2

3

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

GLUT2

0
1
2
3
4
5

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

IRS2

J

Control RF30

Pa
nc

re
as

Li
ve

r
R

el
at

iv
e 

R
N

A 
le

ve
l

0

1

2

3

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

SREBP1C

0
1
2
3
4
5

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

FAS

0
0,5
1

1,5
2

2,5

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

HMGCR

0

1

2

3

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

DGAT1

0

0,5

1

1,5

2

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

GPAT1

0

0,5

1

1,5

2

ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

SCD1

0

0,5

1

1,5

2
ZT
0

ZT
4

ZT
8

ZT
12

ZT
16

ZT
20 ZT
0

SQS

Control RF

0

20

40

60

80

100

120

0 15 30 60 120
0

50

100

150

0 15 30 60 120

G
lu

co
se

(%
)

G
lu

co
se

(%
)

G
lu

co
se

(%
)

0

20

40

60

80

100

120

0 15 30 60 120

L
ITT-RF15 ITT-RF30 ITT-RF90

*

*
**

**
**

Fig. 3. Prolonged feeding during the rest phase leads to the development of diabetes and fatty liver. (A) Levels of blood components, as indicated, after
RF15, RF30, and RF90. (B) As in A, but measuring TG levels in liver. (C) As in A, but measuring blood levels of total, HDL, and LDL cholesterol. (D) As in A, but
measuring total bile acids. (E) Oil red O staining to detect TG deposition in control and RF90 liver. (F–H) Glucose tolerance tests (GTTs) and GSIS after RF15 (F),
RF30 (G), and RF90 (H). (I) RNA transcript levels of genes, as indicated, in pancreas of control and RF30 mice. (J) RNA transcript levels of genes as indicated in
liver of control and RF30 mice. (K) Total body weight and weight of the peritoneal adipose tissue in control and RF mice. (L) Insulin tolerance tests (ITT) after
RF15, RF30, and RF90 days. All values are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

E6694 | www.pnas.org/cgi/doi/10.1073/pnas.1519807112 Mukherji et al.

www.pnas.org/cgi/doi/10.1073/pnas.1519807112


directly controlled by CC components or indirectly by their output
genes (1–3). Notably, it has been demonstrated that the normal
expression of RORE DBS-bearing genes in different tissues is at
their zenith during the circadian active phase (while at nadir during
the rest phase), whereas E- and D-Box DBS-bearing genes are at
their zenith during the circadian rest phase (18–20).
As the RF CC shifts occur in peripheral tissues, but not in SCN,

we investigated whether the misalignment between the un-
changed SCN CC-controlled genes expressed during the active
and rest phases will lead to an “out of phase” expression of
PCC-controlled output genes, i.e., whether the PCC active phase
genes would be expressed during the SCN rest phase, whereas the
PCC rest phase genes would be expressed during the SCN active
phase. A bioinformatic search in the mouse genome for genes
harboring D-Box DBS in their promoter-enhancer regions

revealed numerous candidates, of which ∼2,000 have human
orthologs (Dataset S1 and SI Methods). Among these, we
chose 40 D-Box–containing genes having known functions.
We also chose 40 RORE DBS-containing genes all having
known homeostatic functions (19). When analyzed at RF15 in
liver and IECs the circadian expression of such RORE DBS-
and D-Box–containing genes, which in WT mice also displayed
a circadian variation (Tables S1–S4), confirmed a 12-h shift (mis-
alignment) in the expression, such that the expression of the nor-
mally active phase-restricted RORE genes was shifted to the rest
phase (Tables S1 and S2), whereas the initially rest phase-restricted
D-Box genes were expressed during the active phase (Tables S3 and
S4). Importantly, this misaligned expression of numerous CC-
controlled output genes (Tables S1–S4), including those of endo-
crine factors (INS, IGF1, and FGF21), key transcription factors
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(c-Jun, IRF3, ATF5, and FXRβ), critical enzymes (NAMPT,
Hsd3b5, FAS, and HMGCR), receptors, and transporters
(INSR, IRS2, Glut2, and TLRs), all controlling essential
physiological homeostatic processes, sets the stage for the
development of RF-associated pathologies (see below).

Mice Selectively Fed During the Rest Phase Display a Metabolic
Syndrome-Like Pathology due to the Misalignment of the Peripheral
Clocks with the Central SCN CC. The physiological alignment of PCCs
with the master central SCN CC has emerged as an important
factor for the homeostatic maintenance of an organism, as
misalignments of PCCs with the SCN CC, such as those associ-
ated with shift work and RF, both of which correspond to ac-
tivities performed during the SCN CC-controlled rest phase
while being physiologically controlled and exerted during the
SCN CC-controlled active phase, have been associated with
increased risk of developing diabetes (hypoinsulinemia, hy-
perglycemia, reduced glucose tolerance), high free fatty acid
(FFA) level, hypertriglyceridemia, obesity, and metabolic syn-
drome (6–9, 21–23). It is, however, largely unknown how these
pathologies are mechanistically related to the PCC/SCN CC
misalignments (3, 6–9). Most interestingly, our present study
reveals, at the molecular level, that all of these metabolic pa-
thologies eventually develop in RF mice, as a consequence of the
RF-induced 12-h misalignment between the PCCs and rest and
active phases of activity of the SCN CC.

A Misalignment-Induced Decrease in INS Production Leads to Diabetes
in RF Mice. Under ad libitum feeding during the active phase (the
ZT8–ZT12 period; Fig. 4A), the Bmal1 activity of the pancreatic
CC transcribes INS, insulin receptor (INSR), insulin receptor
substrate 2 (IRS2), and glucose transporter 2 (GLUT2) genes, thus
aligning INS synthesis and signaling with the ZT12 feeding time
(Fig. 3I) (24) and enabling maximal postprandial (ZT12–ZT16)
glucose-stimulated INS secretion (GSIS) (Fig. 3A). This GSIS
(step 1 in Fig. 4A), at the beginning of the active phase, is critical
to prevent lipolysis within the adipose tissue (11), thereby de-
creasing the FFA blood level (Fig. 3A and steps 9–10 in Fig. 4A).
Moreover, the INS blood increase (i) counteracts glucagon
secretion to prevent pCREB activity in liver (steps 2–4 in Fig.
4A) and (ii) activates pAKT (Fig. 1E and Fig. S1L) to inactivate
the FOXO1 protein in liver (11) (steps 5–7 in Fig. 4A). This

combined decrease in pCREB and FOXO1 reduces the PEPCK
expression in liver, thereby preventing hepatic gluconeogenesis
(ZT16–ZT4) and maintaining the physiological glucose blood
level (step 8 in Fig. 4A), which ensures glucose tolerance (steps
11–13 in Fig. 4A).
We found by RF7, that the CC shift was complete in pancreas,

which resulted in a permanent misalignment in the expression of
genes critically involved in insulin synthesis and signaling (see
below) and led to a recurrent hypoinsulinemia (in RF mice) during
the active phase, thereby accounting for all of the pathological
metabolic features typically associated with diabetes (Fig. 4B). Due
to this RF CC shift, Bmal1-dependent transcriptions in pancreas
were shifted to the ZT16–ZT20 period (Fig. 3I), at a time where
dietary glucose is unavailable due to the rest phase feeding at ZT0
(Fig. 4B).The ensuing RF-hypoinsulinemia (ZT12–ZT0; Fig. 3A)
induced the FOXO1 activity in pancreas, as a consequence of a
reduction in pAKT level (11, 25, 26), thus leading to a repression
(25) of the transcription of the INS gene at ZT0 (steps 14–16 in
Fig. 4B and Fig. 3I) and to a decreased postprandial GSIS in RF
mice (Fig. 3A). Moreover, as a result of the RF hypoinsulinemia,
there was an increase in PEPCK expression due to enhanced
pCREB and FOXO1 activity (Fig. S3D and steps 2–7 in Fig. 4B),
which resulted in RF hyperglycemia (Fig. 3A and step 8 in Fig.
4B). Taken together, this RF hypoinsulinemia and hyperglycemia
account for the reduced glucose tolerance in RF mice (Fig. 3 F–H
and steps 11–13 in Fig. 4B). However, even at RF90, an INS-
resistant state was not achieved, although there was a progressive
deterioration from RF15 to RF90 (Fig. 3L). Importantly, the re-
duction in INS level in RF mice also accounted for the inability of
these mice to suppress lipolysis in adipose tissue and the resulting
increase in FFA blood level (Fig. 3A and steps 9–10 in Fig. 4B).
In summary, taken together, our present results establish how

an RF-induced misalignment of PCCs and SCN CC triggers the
development of diabetes (hypoinsulinemia, hyperglycemia, re-
duced glucose tolerance) and increased FFA level through
misexpression during the active phase of PCC genes normally
expressed during the rest phase.

AMisalignment-Induced Increase in SREBP1c Leads to Hypertriglyceridemia
and Hypercholesterolemia in RF Mice. Because, in addition to di-
abetes, shift workers also develop hypertriglyceridemia and hy-
percholesterolemia (6, 7, 22, 23), we investigated whether these
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metabolic alterations could also originate from RF-induced clock
misalignment. Under ad libitum feeding during the active phase
(ZT12–ZT20; Fig. 4C), the liver CC components are involved in
the control of expression and activity of SREBP1c, which is well
known to act as the master transcriptional regulator of triglyceride
(TG) synthesis and lipogenesis (2, 3, 27). Multiple mechanisms are
involved in this regulation. (i) In liver, cholesterol is converted
into bile acids (BAs), cholic acid (CA), and cheno deoxy-cholic
acid (CDCA) through the action of two enzymes Cyp8B1 and
Cyp7B1, respectively (steps 1–2 in Fig. 4C); this blood BA
postprandial increase (Fig. 3D and step 3 in Fig. 4C) enables the
RORE-controlled farnesoid X receptor (FXR) receptor (28) (Fig.
S3A) to activate transcription of the small heterodimer partner
(SHP) repressor during the ZT20–ZT8 period (Fig. S3A and steps
4–5 in Fig. 4C), which in turn inhibits the expression of SREBP1c
(29) (step 6 in Fig. 4C). (ii) The nuclear import of SREBP1c from
endoplasmic reticulum and Golgi vesicles is inhibited by
INSIG2A (30), the expression of which is also controlled (30) by a
ROREDBS (ZT20–ZT4, Fig. S3A and step 7 in Fig. 4C). (iii) The
chromatin recruitment of SREBP1c to DBSs present in multiple
genes is inhibited by SIRT6 (31) (step 8 in Fig. 4C). Taken to-
gether, these mechanisms ensure a circadian pattern for SREBP1c
expression and activity, which maintains homeostatic TG levels in
blood and tissues (steps 6–9 in Fig. 4C).
In contrast, we found that in RF liver there was a decrease in

Cyp7B1 and Cyp8B1 expression (Fig. S3A; see above), which was
correlated with a decrease in postprandial BA secretion (Fig. 3D
and steps 1–3 in Fig. 4D). Moreover, as a consequence of the RF
CC shift in liver (5), the RORE-dependent FXRβ expression was
shifted to the ZT12–ZT20 period (Fig. S3A), which in conjunc-
tion with the reduced BA levels in RF mice decreased the FXR-
dependent expression of SHP (Fig. S3A and steps 3–5 in Fig. 4D).
Furthermore, the SIRT6 expression was reduced in RF mice (Fig.
S3A and step 8 in Fig. 4D), whereas the RORE-dependent ex-
pression of INSIG2A (Fig. S3A and step 7 in Fig. 4D) was shifted
due to the permanent shift of RevErbα expression in RF liver (5).
Thus, alterations of all of these SREBP1c negative regulators (2, 3,
32, 33) increased SREBP1c expression and activity in RF liver (Fig.
3J and steps 6–9 in Fig. 4D), which resulted in an induction of the
genes critically involved in the lipogenesis (27) (i.e., FAS, HMGCR,
DGAT1, GPAT1, SCD1, and SQS; Fig. 3J), thereby leading to an
increase in hepatic de novo lipogenesis and finally to hyper-
triglyceridemia and hypercholesterolemia (Fig. 3 B and C).
By RF90, the expression pattern of CC genes in various tissues

remained unchanged (compare Fig. S3D with Fig. S4A) (5).
However, at this time, RF mice displayed a fatty liver phenotype,
as revealed by an increase in hepatic TG levels and Oil red O
staining (Fig. 3 B and E). This was accompanied in RF liver by a
further up-regulation of SREBP1c-driven expression of lipogenic

genes (Fig. S4B), which disrupted the normal circadian variation
(2, 3) in liver and blood TG levels (2, 3) (Fig. 3 A and B; compare
the progressive deteriorations from RF15 to RF90). Importantly,
this RF increase in lipogenesis enhanced blood levels of both
total and LDL cholesterol (Fig. 3C), whereas the HDL-LDL
ratio was reduced (Fig. 4D), which is a hallmark of atheroscle-
rosis (27) and is also associated with shift work (6, 23).
Of note, RF mice after an initial loss of weight, slowly started

gaining weight, despite equal food intake, and by 12 wk of RF,
weighed more than control mice, with a selective increase in the
weight of visceral white adipose tissue (WAT; Fig. 3K and Fig.
S4C). In keeping with this weight gain, transcript analyses of WAT
revealed (i) an increase of the SREBP1c level, which is known to
stimulate (34) the expression of adipogenic genes (PPARγ2, FAS,
SCD1, ACC1, and DGAT1; Fig. S4D), and (ii) a decrease in BA-
controlled expression of iodothyronine deiodinase 2 (DIO2) (29)
and of the uncoupling protein 1 (UCP1) (Fig. S4E and steps 10–13
in Fig. 4D), which are known to increase energy expenditure (29).
Remarkably, we also found that even after RF90, both the
RF-induced CC shift and all of the above metabolic perturbations
(Fig. 4 A–D) were still reversible within 15 d (RRF15) on return to
the normal active phase feeding (Fig. 5 A–D).
In conclusion, it is striking that the pathological metabolic per-

turbations that are frequently observed in shift workers are similar
to those occurring in mice on a prolonged RF-induced mis-
alignment between the feeding time and the diurnal rest and active
phases controlled by the master SCN clock, which validates the use
of RF mice as a model for further studies on the consequences of
shift work.

Methods
Mice and Treatments. Eight- to 12-wk-old C57BL6/J male WT mice (Charles
River Laboratories) were used. Control micewere provided food andwater ad
libitum, under 12-h light (6:00 AM–6:00 PM) and 12-h dark (6:00 PM–6:00 AM)
conditions. RF mice were provided food during the entire light period (4).
Breeding, maintenance, and experimental manipulations were approved by
the Animal care and Use Committee of Institut de Génétique et de Biologie
Moléculaire et Cellulaire (IGBMC)/Institut Clinique de la souris (ICS).

Statistics. Data are represented as mean ± SEM of at least three independent
experiments and were analyzed by SyStat and Microsoft Excel statistics
software using the Student t test (RNA transcripts) and one-way ANOVA
(blood metabolic analysis). P < 0.05 was considered significant.
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