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CD36 regulates diurnal glucose metabolism
and hepatic clock to maintain
glucose homeostasis in mice
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Li Wei,1 Yaxi Chen,1,4,* and Xiong Z. Ruan1,2,*

SUMMARY

The mammalian circadian clock and glucose metabolism are highly intercon-
nected, and disruption of this coupling is associatedwith multiple negative health
outcomes. Liver is the major source of endogenous glucose production and liver
clock is one of themost vital peripheral clock systems.We demonstrate that fatty
acid translocase (CD36) is expressed rhythmically in mouse liver and autono-
mously modulates the diurnal oscillations of liver clock and glucose homeostasis.
CD36 knockout in hepatocytes inhibits the relay of insulin signaling and provokes
FoxO1 nuclear shuttling, consequently increasing Per1 nuclear expression. More-
over, FoxO1 can activate the central clock gene Per1 at the transcriptional level.
These changes lead to a disrupted clock oscillation and behavioral rhythm. Our
study first reveal that CD36 is a key regulator of the circadian oscillator and its
deficiency may cause liver clock disruption, which aggravates the imbalance of
glucose homeostasis and contribute to augmentation and progression of meta-
bolic disease.

INTRODUCTION

Circadian rhythms, endogenous 24-h oscillations, are intrinsic to the biology of most multicellular organ-

isms, controlling the temporal organization of many physiological and cellular functions and acting as

the main regulator of metabolism.1,2 A surprising number of mammalian peripheral tissues, such as the

liver, heart, and kidney, appear to contain the molecular machinery necessary for independent circadian

oscillation and regulate the circadian rhythm via neural, hormonal, and metabolic feedback approaches.3

Glucose is a particularly potent entraining cue for peripheral clocks.4 In humans, circadian misalignment

regulates glucose and insulin levels. Shift workers often have characteristics related to circadian disruption

that may predispose them to a higher risk for diabetes mellitus type 2 (T2DM).5 On the other hand, glucose

homeostasis can also regulate and even reset the circadian clock via key signal disruption. Insulin and

glucagon have been shown to affect core clock gene expression in peripheral tissues.6–8 Patients with dia-

betes exhibit dampened amplitude of glucose tolerance and insulin secretion rhythms.9 Thus, there is a

bidirectional relationship between circadian rhythm and glucose homeostasis. Understanding the link be-

tween perturbation of the circadian rhythm and glucose homeostasis is crucial to the development of meta-

bolic syndrome.

As the major source of endogenous glucose production, the liver exhibits strong circadian variation in

glucose metabolism, which includes multiple biochemical pathways, such as gluconeogenesis, glycogen-

esis and glycogenolysis.10–12 In addition, many hormones involved in glucose metabolism, such as insulin,

glucagon, corticosterone and leptin, exhibit circadian oscillation.4 Glucose transporter activity fluctuates

with the circadian cycle, and glucose tolerance and insulin sensitivity also show strong time-of-day varia-

tion.13,14 A clear picture of the insulin signaling pathway, which plays a vital role in glucose homeostasis,

has emerged.

Fatty acid translocase (CD36) is a scavenger receptor that functions in the uptake of long-chain fatty acids

(LCFAs) and is widely expressed on hepatocytes, adipocytes, macrophages and muscle cells.15 CD36 can

recognize different ligands and promote different intracellular signaling pathways and thereby plays a sig-

nificant role in insulin responsiveness, inflammation and lipid metabolism, which accelerates the process of
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metabolic diseases, such as T2DM, obesity, atherosclerosis and nonalcoholic fatty liver disease.16–18 The

role of CD36 in glucose homeostasis has been increasingly studied, and clinical studies have illustrated

that people with genetic CD36 deficiency are more likely to exhibit glucose and insulin dysfunction and

even a propensity to develop metabolic syndrome, which is common in Asians and Africans.17,19,20 Our

group previously revealed that loss of CD36 can result in suppression of insulin signal transduction in

mice fed a low-fat diet.21 However, no clear evidence has yet shown that CD36 is associated with the circa-

dian rhythm of glucose metabolism.

In mammals, circadian clocks in the suprachiasmatic nucleus (SCN) and peripheral tissues require the alter-

nating actions of activators and repressors of transcription.3 The molecular mechanism underlying

circadian clocks is an interlinked feedback loop present in almost all cells that is composed of positive (tran-

scriptional activators BMAL1 and CLOCK) and negative (repressor genes Period1/2/3 and Cryptochrome1/

2) arms, which are responsible for generatingmolecular rhythms. The transcriptional regulators BMAL1 and

CLOCK activate the expression of many transcripts, including the Period (PER) and Cryptochrome (CRY)

genes, whose protein products inhibit CLOCK and BMAL1, resulting in rhythmic expression.22,23 Another

crucial diurnal loop involves the competing nuclear receptors Rev-erbs and Rors, which also modulate

Bmal1 expression to perform the physiological function of the clock system.24,25 Notably, insulin signaling

has been demonstrated to regulate the translation of Period proteins,8,26 which raises the possibility that

CD36 may regulate the circadian clock via insulin signaling.

In this study, we first revealed that CD36 is expressed rhythmically in the mouse liver and can modulate the

hepatic circadian clock and that the loss of CD36 in liver disrupts the diurnal variations of clock genes and

mouse behavior. Mechanistically, the combination of CD36 and insulin receptor b (IRb) maintained insulin

signaling, thereby maintaining rhythmic oscillations of clock genes and behavior. Loss of CD36 in the liver

resets the hepatic circadian clock via the AKT/FoxO1/Per1 pathway, andmistimed insulin signaling disrupts

the circadian organization of clock gene expression and mouse behavior, which may lead to a vicious cycle

between circadian disruption and glucose homeostasis pathologies and contribute to the augmentation

and progression of metabolic disease.

RESULTS

CD36 is indispensable for maintaining the circadian amplitude of Per1

To investigate whether liver CD36 impacts the circadian clock of mice, we examined 48 h mRNA expression

profile of several core clock genes in the livers of CD36flox/flox and CD36-LKO mice. Of interest, the ampli-

tude of Per1 oscillation in the liver, especially at ZT12, was notably reduced in CD36-LKOmice compared to

CD36flox/flox mice, whereas the rhythmic expression pattern of most other clock genes showed no differ-

ence between CD36flox/flox and CD36-LKO mice (Figure 1A), and CD36 knockout in hepatocytes had no ef-

fect on the core clock gene expression of the SCN (Figure S1A). Besides, CD36 knockout in hepatocytes

also damaged the expression of genes downstream of circadian components in the liver (Figure S1B).

Furthermore, hepatic CD36mRNA expression exhibited a clear diurnal variation and peaked at ZT12, which

was consistent with Per1 expression (Figure 1A). To obtain additional evidence that hepatic CD36 modu-

lates the circadian rhythm of Per1, we detected the temporal protein levels of CD36 and Per1 in vivo and

in vitro. In accordance with mRNA expression, hepatic CD36 and Per1 protein showed distinct diurnal vari-

ation in CD36flox/flox mice, which was not observed in CD36-LKO mice (Figures 1B and 1C). Likewise, CD36

suppression via siRNA strikingly inhibited the rhythmic expression of Per1 protein in NIH3T3 and HepG2

cells after serum shock (Figures 1D–1G). Collectively, these findings suggest that CD36 is a rhythmic-ex-

pressing factor and autonomously modulates the circadian amplitude of Per1 in the liver.

Given the important role of light and food in the synchronization of the central clock and peripheral clock,

respectively, we further investigated the effects of these factors on hepatic CD36 rhythmic expression.

CD36flox/flox mice were subjected to a reversed LD cycle (dark/light, DL) or daytime feeding (DF) cycle

for 7 days (Figure 1H). The flattened diurnal rhythm under the DL cycle indicated that the rhythmic expres-

sion of CD36 was light-sensitive. Specifically, under the LD cycle, hepatic CD36 exhibited a nocturnal acti-

vation pattern in which the expression of CD36 was notably higher at ZT18 than at ZT6. However, this

rhythm was blunted under the DL cycle, with the mRNA and protein expression of CD36 at ZT18 being

remarkably suppressed. In addition, daytime feeding reversed the phase of CD36 rhythmic expression,

with higher expression at ZT6 than at Z18 under the DF cycle (Figures 1I–1K). Overall, these data suggest

that as a component of the peripheral clock, CD36 can respond to light and food signals.
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CD36 knockout in hepatocytes disturbs biological behavior rhythms in mice

To test whether hepatic CD36 affects behavior and metabolic rhythms in mice, we used TSE metabolic ca-

ges to simultaneously monitor diurnal behavioral and metabolic parameters in CD36flox/flox and CD36-LKO

mice over 48 h CD36flox/flox mice showed a clear circadian rhythm in the feeding/drinking pattern, whereas

CD36-LKO mice consumed less food/water during the dark phase and more food/water during the light

phase than CD36flox/flox mice, concomitant with a significantly reduced ratio of dark to light food/water

intake (Figures 2A and 2B). Likewise, CD36-LKOmice displayed decreased movement distance/locomotor

activity levels during the dark phase and increased levels of those during the light phase, showing a

Figure 1. CD36 is a rhythmic expressed factor and necessary to maintain the rhythm of Per1 in vivo and in vitro (see also Figure S1)

(A) mRNA levels of clock genes and CD36 in the livers of CD36flox/flox and CD36-LKO mice over 48 h.

(B and C) Diurnal CD36 and Per1 protein expression levels and relative quantification of western blotting results for livers from CD36flox/flox and CD36-LKO

mice.

(D and E) Protein levels of CD36 and Per1 detected over 30 h after CD36 knockdown in NIH3T3 cells.

(F and G) Protein levels of CD36 and Per1 detected over 30 h after CD36 knockdown in HepG2 cells.

(H) Schematic diagram of light and food restriction in CD36flox/flox mice; gray bars represent darkness and feeding.

(I) CD36 mRNA expression in the liver of CD36flox/flox mice subjected to light and food restriction.

(J and K) CD36 protein expression and relative quantification of western blotting results in the liver of CD36flox/flox mice subjected to light restriction and food

restriction.

n = 3–5 in each group. Data are shown as the mean G SEM. Comparison of different groups was carried out using two-way ANOVA. *p <0.05, **p <0.01

versus control groups; #p <0.05, ##p <0.01 compared with ZT6 in CD36flox/flox mice under the LD, DL, FF, and DF conditions. ZT0, the beginning of a subjective

circadian period (6:00 a.m.). Gray shading represents the lights-off period from 6:00 p.m. to 6:00 a.m. LD: 12 h/12 h LD cycle; DL: 12 h/12 h DL cycle; FF: free

feeding; DF: daytime feeding.
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pronounced flattening of locomotor activity rhythm compared with CD36flox/flox mice (Figures 2C and 2D),

indicating that loss of hepatic CD36 induced a nearly uniform circadian pattern of attenuation in behavior.

CD36 knockout in hepatocytes had no significant effects on metabolic status, including VO2, VCO2, respi-

ratory exchange ratio (RER) and energy expenditure (EE) (Figure S2). Taken together, these results suggest

that hepatic CD36 plays a crucial role in maintaining behavioral rhythms in mice.

CD36 knockout in hepatocytes damages the diurnal fluctuation of serum glucose and insulin

sensitivity

The synthesis and utilization of glucose are involved in the endogenous circadian clock,14,27 and CD36 has

been reported to regulate glucose homeostasis.28,29 Accordingly, we wondered whether hepatic CD36

Figure 2. CD36 knockout in hepatocytes disorders mouse biological behavior rhythms (see also Figure S2)

Mouse food intake, water intake, locomotor activity and movement distance were monitored for 48 h in 8 to 12-week-old CD36flox/flox and CD36-LKO mice.

(A) Food intake per hour in the light/dark cycle, average food intake per hour, food intake during light and dark phases, and dark/light food ratio in

CD36flox/flox and CD36-LKO mice.

(B) Water intake per hour during the light/dark cycle, average water intake per hour, water intake during light and dark phases, and dark/light water ratio in

CD36flox/flox and CD36-LKO mice.

(C) Locomotor activity per hour during the light/dark cycle, average locomotor activity per hour, locomotor activity during light and dark phases, and dark/

light locomotor activity ratio in CD36flox/flox and CD36-LKO mice.

(D) Movement distance per hour during the light/dark cycle, average movement distance per hour, movement distance during light and dark periods, and

dark/light movement distance ratio in CD36flox/flox and CD36-LKO mice.

n = 8 in each group. Data are shown as the mean G SEM. Comparison of different groups was carried out using two-tailed unpaired Student’s t test or two-

way ANOVA. *p <0.05, **p <0.01 compared with the CD36flox/flox group; #p <0.05, ##p <0.01 compared with the light phase in the identical genotype mice.

ZT0, the beginning of a subjective circadian period (6:00 a.m.). Gray shading represents the lights-off period from 6:00 p.m. to 6:00 a.m.
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regulates glucose metabolism across the circadian cycle. Temporal analysis of glucose and gluco-regula-

tory hormones indicated that serum glucose in CD36flox/flox mice displayed an evident diurnal fluctuation,

as well as serum insulin, leptin, glucagon and corticosterone. However, these circadian rhythms manifested

varying degrees of amplitude reduction in CD36-LKO mice (Figures 3A–3E).

To investigate whether CD36 might modulate the circadian variation in glucose tolerance and insulin sensi-

tivity, we performed GTT and ITT tests in CD36flox/flox and CD36-LKO mice at ZT6 and ZT18. Analysis of the

area under the curve showed that insulin was more effective in controlling glucose levels at ZT18 than at

ZT6, suggesting that insulin sensitivity was ZT dependent in CD36flox/flox mice. However, this diurnal alter-

ation was greatly diminished in CD36-LKO mice (Figure 3F). Consistent with ITT analysis, GTT analysis

showed that glucose tolerance also exhibited diurnal variation in CD36flox/flox mice, which was not observed

in CD36-LKO mice (Figure 3G). Phosphorylation of serine/threonine kinase (AKT) and phosphoinositide

3-kinase (PI3K) is a marker of insulin signaling pathway activation. Insulin stimulation significantly increased

the protein levels of phosphorylated AKT (p-AKT) and phosphorylated PI3K (p-PI3K) at ZT18 compared to

ZT6 in CD36flox/flox mice but not in CD36-LKO mice (Figures 3H and 3I), further confirming the attenuated

insulin sensitivity rhythm in CD36-LKO mice. Together, these observations suggest that hepatic CD36 is

essential for maintaining diurnal variations in serum glucose and insulin sensitivity.

Figure 3. Hepatic CD36 regulates rhythmic variation of blood glucose and insulin sensitivity

(A–E) Serum glucose (A), serum insulin (B), serum leptin (C), serum glucagon (D), and serum corticosterone (E) were detected across a 24 h cycle in

CD36flox/flox and CD36-LKO mice.

(F and G) ITTs and GTTs were performed at ZT6 and ZT18 in CD36flox/flox and CD36-LKO mice. The area under the curve (AUC) was used to quantify the ITT

and GTT results.

(H and I) Western blot analysis of AKT, p-AKT (Ser473), PI3K p85, and p-PI3K p85 (Try467) expression in the liver after insulin stimulation. The densitometric

quantification of the blots with insulin stimulation is shown below.

n = 3–5 in each group. All data are shown as the mean G SEM. Comparison of different groups was carried out using two-way ANOVA. *p <0.05, **p <0.01

compared with the CD36flox/flox group; #p <0.05, ##p <0.01 compared with ZT6 in the identical genotype mice. ZT0, the beginning of a subjective circadian

period (6:00 a.m.). Gray shading represents the lights-off period from 6:00 p.m. to 6:00 a.m.
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CD36 participates in the diurnal regulation of gluconeogenesis in mice

A series of glucose metabolic genes have been reported to be closely controlled by the circadian clock.30,31

To further explore the effect of hepatic CD36 on the glucose metabolism rhythm, we examined the mRNA

expression levels of several key genes involved in gluconeogenesis, glycolysis, glucose transport, and

glycogen synthesis in the livers of CD36flox/flox and CD36-LKO mice over a time course of 48 h. As shown,

most genes displayed potent oscillations in the liver of CD36flox/flox mice, whereas loss of hepatic CD36

markedly dampened the oscillations of key genes involved in gluconeogenesis, such as FoxO1, glucose-

6-phosphatase (G6pase), phosphoenolpyruvate carboxykinase 1 (PEPCK), and peroxisome proliferator-

activated receptor gamma, coactivator 1 alpha (PGC-1a) (Figure 4A), whereas other genes showed no

difference between CD36flox/flox and CD36-LKO mice (Figures 4B–4D). Western blotting analyses revealed

that the protein levels of these genes showed a trend similar to that observed with mRNA, and loss of he-

patic CD36 decreased FoxO1 phosphorylation, with a blunted circadian expression pattern (Figure 4E).

Figure 4. CD36 knockout in hepatocytes impairs the circadian rhythm of gluconeogenesis

(A–D) mRNA levels of the key genes involved in hepatic gluconeogenesis (A), glycolysis (B), glycogen synthesis (C) and glucose transport (D) were detected

over 48 h in the livers of CD36flox/flox and CD36-LKO mice.

(E) The protein levels of FoxO1, p-FoxO1, PEPCK and G6Pase in livers from the CD36flox/flox and CD36-LKOmice were measured at ZT6 and ZT18 via western

blotting.

(F) Blood glucose levels in CD36-LKO and CD36flox/flox mice under feeding conditions or after 12 h of fasting were measured at ZT6 and ZT18.

(G) PTTs were performed at ZT6 and ZT18 in CD36flox/flox and CD36-LKO mice after 16 h of fasting. The area under the curve (AUC) was used to quantify the

PTT results.

n = 3–5 in each group. All data are shown as the mean G SEM. Comparison of different groups was carried out using two-tailed unpaired Student’s t test

(F) or two-way ANOVA (A–E, G). *p <0.05, **p <0.01 compared with the CD36flox/flox group; #p <0.05, ##p <0.01 compared with ZT6 in the identical genotype

mice. ZT0, the beginning of a subjective circadian period (6:00 a.m.). Gray shading represents the lights-off period from 6:00 p.m. to 6:00 a.m. PEPCK,

phosphoenolpyruvate carboxykinase 1; G6pase, glucose-6-phosphatase; FoxO1, Forkhead box O1; PGC-1a, peroxisome proliferator-activated receptor

gamma, coactivator 1 alpha; Gck, glucokinase; Pklr, pyruvate kinase L/R; Gys2, glycogen synthase 2; Gsk3b, glycogen synthase kinase 3 beta; Glut2, glucose

transporter 2.
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To further confirm that hepatic CD36 regulates the circadian rhythm of gluconeogenesis, we challenged

CD36-LKO and CD36flox/flox mice with fasting for 12 h and measured blood glucose levels at ZT6 and

ZT18. After a 12 h fast, CD36-LKO mice displayed significantly higher blood glucose levels at ZT6 but

distinctly lower levels at ZT18 than CD36flox/flox mice (Figure 4F). In addition, pyruvate tolerance test

(PTT) results indicated that the gluconeogenesis efficiency was significantly higher at ZT18 than at ZT6 in

CD36flox/flox mice but not in CD36-LKOmice (Figure 4G). Therefore, these results, for the first time, demon-

strate the pivotal role of CD36 in regulating the circadian rhythm of gluconeogenesis.

Suppression of CD36 increases the nuclear translocation of FoxO1 and Per1

Given that insulin drives Period synthesis to entrain the circadian rhythm,8,32 the interaction between insulin

and its receptor initiates a linear signaling cascade, leading to the phosphorylation and nuclear exclusion of

FoxO1.33,34 We supposed that activation of the insulin signaling pathway mediated the effects of CD36 on

Per1. Consistent with previous studies,21,35 colocalization of CD36 and IRb could be clearly visualized in

liver sections and HepG2 cells via confocal microscopy (Figure 5A), and immunoprecipitation analysis

also showed the interaction between CD36 and IRb (Figure 5B). In addition, insulin was observed to pro-

mote the binding of CD36 to Fyn in HepG2 cells (Figure S3A). Furthermore, reduced protein levels of

p-AKT and p-PI3K were observed in siCD36 HepG2 cells (Figure 5C), indicating that suppression of

CD36 markedly inhibited the activation of the insulin signaling pathway.

Activation of the insulin signaling pathway inactivates FoxO1 phosphorylation and promotes translocation

out of the nucleus.36–38 As mentioned above, CD36 knockout in hepatocytes attenuated FoxO1 diurnal

variation, and we wondered whether the interaction of CD36, IRb and Fyn influences the subcellular local-

ization of FoxO1 and Per1. We first examined the effect of CD36 knockdown on the FOXO1 subcellular

localization in the presence of insulin, the results showed that insulin promoted nuclear output of

FOXO1, whereas siCD36 blocked this effect (Figure S3B). Liver sections from the CD36-LKOmice displayed

increased FoxO1 and Per1 staining in cell nuclei compared liver sections fromCD36flox/flox mice (Figure 5D).

Knockdown of CD36 significantly increased the nuclear translocation of FoxO1 and Per1, whereas these ef-

fects were diminished when AKT was activated by its agonist, SC79 (Figures 5E–5G and S3C), illustrating

that the subcellular localization of FoxO1 may affect Per1 expression in nuclear and cytoplasmic fractions.

Likewise, CD36 knockdown augmented the nuclear protein levels of FoxO1 and Per1, whereas SC79 abol-

ished this effect (Figures 5H and 5I). Accordingly, the above results demonstrate that the insulin signaling

pathway mediated the effect of CD36 knockdown on the nuclear shuttling of FoxO1 and Per1.

FoxO1 promotes Per1 transcription to reset the liver clock

Considering that FoxO1 is a transcription factor that regulates many important biological functions, we

performed JASPAR database analysis and predicted that the promoter of Per1 contains multiple FoxO1

binding sites (Figure 6A), suggesting that Per1 transcription may be regulated by FoxO1. To confirm this

hypothesis, we conducted a CHIP assay with HepG2 cells to detect FoxO1 enrichment at the promoter

of Per1. Indeed, FoxO1 was found to directly associate with a sequence (�1894/-1882) in the Per1 promoter

(Figures 6B and 6C). Moreover, FoxO1 suppression via siRNA significantly reduced Per1 mRNA and protein

levels in HepG2 cells (Figures 6D and 6E). Overall, these results indicate that FoxO1 can bind to the Per1

promoter to activate Per1 transcription.

Per1 knockdown in NIH3T3cells perturbed the circadian oscillation of the core clock genes and clock targeted

genes, with an improper increase or decrease in their expression atmultiple ZTpoints (Figure 6F), illustrating that

Per1 deficiency induced dysfunction of the clockmolecularmechanism. Taken together, these data indicate that

FoxO1 modulates the liver clock by directly targeting and stimulating Per1 transcription.

Interfering with the AKT-FoxO1 pathway restored the liver clock and biological behavior

rhythm disorders induced by hepatic CD36 deficiency

To examine whether inhibition of the insulin signaling pathway is involved in disruption of the liver clock

and behavior rhythm in CD36-LKOmice, the in vivo effects of an AKT agonist on circadian rhythmwere eval-

uated. Western blot analyses confirmed that SC79 enhanced Akt activation in CD36flox/flox mice, and this

effect was decreased significantly in CD36-LKO mice (Figure S3D). SC79 was intraperitoneally injected

into CD36-LKO mice at ZT18 or ZT6, and liver tissues were harvested 12 h after injection (Figure 7A). As ex-

pected, SC79 treatment restored the circadian mRNA and protein expression levels of Per1, FoxO1, and

the downstream genes in the insulin signaling pathway in CD36-LKO mice (Figures 7B and 7C), as well
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as the subcellular localization of Per1 and FoxO1 (Figure 7D). We also conducted a series of glucose meta-

bolism-related tolerance tests after SC79 injection. As expected, SC79 restored the reduced diurnal differ-

ences in insulin sensitivity, glucose tolerance, and gluconeogenesis caused by CD36 knockout in the liver

(Figures S4A–S4C). We further monitored the day-night behavior of CD36flox/flox, CD36-LKO and CD36-

LKO+SC79 mice. The circadian rhythm in behavior was robust in CD36flox/flox mice but markedly repressed

in CD36-LKO mice, which was restored by SC79 treatment (Figures 7E and S5A–S5D). Consequently, the

resetting of the liver clock and behavior rhythm by CD36 is closely linked to the AKT-FoxO1 pathway.

Figure 5. Knockdown of CD36 facilitates nuclear FoxO1 and Per1 expression (see also Figure S3)

(A) Colocalization of CD36 and IRb was imaged in CD36flox/flox mouse livers and HepG2 cells. Images show the overlay of IRb (green) and CD36 (red). Yellow

punctate structures indicate CD36-IRb colocalization. Scale bars = 10mm.

(B) Co-IP of CD36 and IRb in CD36flox/flox mouse liver tissue and HepG2 cells. IP was performed with anti-IRb antibody, and immunoblotting was used to

detect CD36 and IRb.

(C) Western blot analysis of AKT, p-AKT (Ser473), PI3K p85, and p-PI3K p85 (Try467) expression in HepG2 cells after insulin (100 nmol/L, 5 min) stimulation.

The relative quantification is shown on the right.

(D) Immunohistochemistry staining of FoxO1 and Per1 in the livers of CD36flox/flox and CD36-LKO mice. Fifty cells were used for statistical analysis of the

number of nuclei positive for FoxO1 and Per1 puncta. Scale bars = 100mm.

(E and F) Effect of CD36 knockdown and the addition of SC79 on the cellular localization of FoxO1 (E) and Per1 (F) in HepG2 cells. Fifty cells were used for

statistical analysis of nuclei positive for FoxO1 and Per1 puncta. Scale bars = 10mm.

(G) Cellular localization of FoxO1 and Per1 was imaged in NIH3T3cells after CD36 knockdown. Fifty cells were used for statistical analysis of nuclei positive for

FoxO1 and Per1 puncta. Scale bars = 10mm.

(H and I) Immunoblots showing the effect of CD36 knockdown and the addition of SC79 on FoxO1 and Per1 levels in the nucleus (H) and cytoplasm (I) of

HepG2 cells.

n = 3 in each group. All data are shown as the meanG SEM. Comparison of different groups was carried out using two-tailed unpaired Student’s t test (D and

G) or two-way ANOVA (C, E, F, H and I). *p <0.05, **p <0.01 versus control groups.
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DISCUSSION

The bidirectional relationship between the biological clock and metabolism is well reported, and the bal-

ance between them is very important to maintain health and homeostasis in the body.13,39 CD36, a versatile

protein, functions as an important regulator of glucose metabolism.35,40 However, no clear evidence has

shown that CD36 is implicated in the circadian clock or glucose-related metabolism rhythm. Our most

important finding is that CD36 exhibits distinct patterns of diurnal variation in mouse livers and reset the

glucose circadian clock in CD36 LKO mice relative to CD36flox/flox mice via a newly discovered FoxO1-

Per1 pathway. In this study, we identified CD36 as a potential and powerful circadian regulator of glucose

metabolism in the mouse liver and a new link between circadian rhythm and glucose homeostasis. Loss of

CD36 in the liver resets the diurnal variations in hepatic clock genes and mouse behaviors as a result to

aggravate the imbalance of glucose homeostasis.

The possible regulation of the circadian clock by CD36 is supported by several independent lines of evidence: (1)

A 24-h period oscillation of CD36 expression in vivo and in vitro, and CD36 can be a regulator of the peripheral

clock. qRT‒PCR and western blotting analyses suggested that CD36 exhibited a distinct diurnal pattern in

Figure 6. FoxO1 directly targets and positively regulates Per1 to reset the liver clock

(A) Schematic diagrams of the predicted binding sites of FoxO1 in the Per1 promoter.

(B) ChIP assays were performed and followed by real-time PCR.

(C) Recruitment of FoxO1 to the -1894/-1882 region of the Per1 promoter was detected by ChIP assays.

(D and E) HepG2 cells were transfected with siFoxO1. Relative mRNA levels of FoxO1 and Per1 were measured via real-time PCR (D), and the protein levels of

FoxO1 and Per1 were detected via western blotting (E).

(F) mRNA levels of clock genes were detected over 30 h in NIH3T3 cells transfected with siPer1.

n = 3 in each group. All data are shown as the meanG SEM. Comparison of different groups was carried out using two-tailed unpaired Student’s t test (B, D

and E) or two-way ANOVA (F). *p <0.05, **p <0.01 versus control groups. ZT0, the beginning of a subjective circadian period (6:00 a.m.). Gray shading

represents the lights-off period from 6:00 p.m. to 6:00 a.m.
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mouse livers, NIH3T3 and HepG2 cells. In addition, CD36 expression could be changed by restricted light or

feeding, suggesting that CD36 responds to food signals and peripheral clocks. (2) A phase relationship with

components of the core clock machinery, such as Per1. Impaired amplitude of per1 oscillation was identified

in liver-specific knockout mice, NIH3T3 and HepG2 siCD36 cells. (3) A strong association between CD36 and

the circadian pattern of metabolism and behavior in mice. Simultaneous monitoring of diurnal metabolic and

behavioral parameters using TSE metabolic cages showed that CD36 deficiency induced a significant attenua-

tion of the circadian pattern between food and drink intake, as well as activity. (4) Disruptions of rhythmic serum

glucose, insulin sensitivity and gluconeogenesis gene expression in CD36 LKOmice. GTT and ITT analyses sug-

gested that the difference in glucose tolerance and insulin sensitivity between ZT6 and ZT18 disappeared in

CD36-LKO mice; furthermore, a dampened oscillation of important key genes involved in gluconeogenesis,

such as FoxO1, G6pase, PEPCK, and PGC-1a, in the liver of CD36-LKO mice during most of the circadian cycle

was detected. In summary, the crucial role of CD36 in circadian rhythm, even in the diurnal pattern of glucose

homeostasis, was well validated.

Figure 7. Intervention of the AKT-FoxO1 pathway restored the dysfunction of the liver clock and biological behavior rhythm in CD36-LKO mice

(see also Figures S4 and S5)

(A) Experimental design for examining the effect of SC79 in CD36-LKO mice.

(B) The relative mRNA levels of Per1, FoxO1, G6pase and PEPCK at ZT6 and ZT18 in the livers of CD36-LKO mice after SC79 injection.

(C) The protein expression levels and relative quantification of Per1, FoxO1, p-FoxO1, G6pase and PEPCK at ZT6 and ZT18 in the livers of CD36-LKO mice

after SC79 injection.

(D) The protein expression levels and relative quantification of Per1 and FoxO1 at ZT6 and ZT18 in the nuclear fraction and cytosolic fraction of liver extracts

from CD36-LKO mice after SC79 injection.

(E) Dark/light ratio of food intake, water intake, locomotor activity and movement distance of CD36-LKO mice after SC79 injection.

n = 5–6 in each group. All data are shown as themeanG SEM. Comparison of different groups was carried out using two-tailed unpaired Student’s t test (E) or

two-way ANOVA (B-D). *p <0.05, **p <0.01 versus control groups; #p <0.05, ##p <0.01 compared with ZT6 mice of the same genotype. ZT, zeitgeber time.
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Given that CD36 is a transmembrane protein, whereas the clock machinery is primarily localized in the nu-

cleus, we further investigated the exact mechanism by which CD36 delivers resetting signals through the

cell membrane. CD36 could interact with IRb and play complex roles in the insulin signaling pathway under

several conditions such as multiple nutrient state, different tissue types and mouse models.21,35 Our data

showed that the combination of with CD36 and IRb ensured the circadian rhythm of liver clock through AKT-

FoxO1 signaling under a normal chow diet. Exactly, loss of hepatic CD36 inhibited the activation of the

insulin signaling pathway and caused misalignment of FoxO1 and p-FoxO1 rhythmic expression, thus

dampening the daily rhythm of gluconeogenesis. In addition, CD36 knockdown increased the nuclear

localization of FoxO1 and Per1, which could be restored by the AKT agonist SC79. There is growing evi-

dence that metabolic and circadian systems are interconnected at the transcriptional level.41–43 Consid-

ering that FoxO1 is a transcription factor, we speculated that FoxO1 may mediate liver clock resetting of

CD36 by regulating Per1 expression at the transcriptional level. Indeed, the JASPAR database shows

that there are several predicted FoxO1 binding sites in the Per1 promoter. ChIP experiments showed

that FoxO1 may bind to the Per1 promoter at the �1894/-1882 sites, and FoxO1 knockdown inhibited

the expression of Per1. Overall, our data suggested that CD36 resets Per1 oscillation through the AKT-

FoxO1 signaling pathway.

The proper phases and amplitudes of endogenous molecular clocks are crucial for the operation of the body’s

biological rhythm, which ismainly controlled by Bmal1/Clock activity, and circadian inhibition of CLOCK-BMAL1

transcriptional activity is fundamentally determined by the precisely timed activity as well as nuclear accumula-

tion of Per/Cry, especially Per.44–46We found that FoxO1 activated Per1 transcription, whereas increased nuclear

Per may reduce its own expression by inhibiting the CLOCK and BMAL1 heterodimer, which may partly explain

the disrupted rhythmic oscillation of Per1 under CD36 deficiency conditions.

We selected hepatocyte-specific knockdown mice to elucidate a promising connection linking CD36,

glucose metabolism and the liver clock because the liver is a pivotal metabolic organ with a massive num-

ber of metabolic genes manifesting a robust rhythm and which controls glucose uptake, production and

metabolism.10–12,31 Peripheral oscillators can be uncoupled and reset from the central pacemaker by

restricted feeding, and restricted feeding entrains the circadian rhythms in peripheral tissues, predomi-

nantly in the liver, but leaves SCN rhythms unaffected.47 In addition, both food availability and the temporal

pattern of feeding determine the repertoire, phase, and amplitude of the circadian transcriptome in the

mouse liver.48,49 CD36 functions importantly in the uptake of long-chain fatty acids and consequently per-

forms a pivotal role in the metabolic process. We demonstrated that CD36 regulates the circadian rhythm

of food intake in mice, which may partly explain why the liver clock is uncoupled from the SCN in our

research. This provides the new insight that CD36, in parallel to restricting feeding, may be a powerful

and direct factor that integrates peripheral and center clocks.

Although metabolic disorders caused by high expression of CD36 in liver are closely associated with

NAFLD,50,51 multiple studies have shown that loss of CD36 inconsistently promotes the progression of

NAFLD.52,53 Also, some studies have suggested a favorable effect of CD36 deficiency on obesity-induced

insulin resistance, other studies showed a different result.35,54–56 These conflicting findings explained that

the function of CD36 is complex. Our previous study has found that CD36-LKO mice exhibited attenuated

high fat diet (HFD)-induced hepatic steatosis and insulin resistance, and hepatocyte CD36 was identified as

a key regulator for de novo lipogenesis in the liver. However, we also proved that CD36 deficiency dis-

played a slight effect on lipid metabolism under normal chow diet (NCD) condition, suggesting that

different dietary states may change the expression of CD36 and the associated metabolic phenotype.

Here, we detected the effect of liver CD36 on diurnal variation of insulin sensitivity under the background

of NCD from the perspective of circadian rhythm, and we may explore the relationship between CD36 and

insulin variation under HFD condition in our later work. In addition, lipidmetabolism is also highly related to

circadian rhythm, and different dietary states may lead to the disorder of diurnal lipid metabolism.57–59

Hence, there exists an explanation of why CD36 showed different effect on lipid metabolism under

different dietary states. That is, different dietary states may alter the diurnal variation of CD36, which in

turn changes the rhythm of lipid metabolism, ultimately leading to the lipid homeostasis disorder. It will

be interesting in the future to explore the relationship between CD36 and diurnal lipid metabolism.

In conclusion, our work defines CD36 as a critical component and regulator of the mammalian clock, play-

ing a crucial role in circadian coordination of the liver clock and glucose homeostasis. In this study, we
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demonstrated that CD36 acts as a key factor to regulate liver clock function via the AKT-FoxO1-Per1

signaling pathway and that its deficiency causes reduced amplitude of clock output and disruption of

behavior rhythm, which may in turn aggravate the imbalance in glucose homeostasis (Figure 8).

As a key fatty acid transporter, the interaction between the clock component CD36 and rhythmic glucose

metabolism suggests that this transmembrane glycoprotein may be a potential mediator in integrating

circadian rhythm and metabolism. Future studies will be required to characterize the role of CD36 in inte-

grating energy metabolism and other peripheral clocks, which may pave the way to chronotherapy for

metabolic diseases, such as diabetes.

Limitations of the study

One of the limitations of this study is the use of only female animals. It is unclear whether there is a signif-

icant sex-dependent dissociation between the phenotype of impaired rhythmic glucose metabolism and

liver clock disorder in CD36-LKO mice. Thus, it is necessary to examine possible sex differences of this an-

imal model in the future studies.
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Figure 8. Proposed model

Hepatic CD36 regulates the liver clock via the AKT-FoxO1-Per1 pathway to govern glucose homeostasis. In CD36-LKO

mice, inhibition of insulin signaling provokes FoxO1 nuclear shuttling, activates the central clock gene Per1 at the

transcriptional level, simultaneously increases Per1 nuclear expression and then disrupts clock loop oscillation and

behavioral rhythm, consequently leading to perturbed diurnal glucose homeostasis.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD36 Novus cat# NB400-144; RRID: AB_10003498

Per1 LifeSpan cat# LS-C807611

AKT Cell Signaling Technology cat# 4691S; RRID: AB_915783

p-AKT Cell Signaling Technology cat# 4060S; RRID: AB_2315049

PI3K Cell Signaling Technology cat# 4257T; RRID: AB_659889

p-PI3K GeneTex cat# GTX132597; RRID: AB_2886688

FoxO1 Cell Signaling Technology cat# 2880S; RRID: AB_2106495

p-FoxO1 Cell Signaling Technology cat# 9461T; RRID: AB_329831

G6pase Santa Cruz cat# sc-167939; RRID: AB_10841606

PEPCK Santa Cruz cat# sc-32879; RRID: AB_2160168

b-actin Bioss cat# bs-0061R; RRID: AB_10855480

Per1 Proteintech cat# 13463-1-AP; RRID: AB_2161536

IRb Bioss cat# bs-0290R; RRID: AB_10856426

IRb Cell Signaling Technology cat# 3025s; RRID: AB_2280448

Fyn Abcam cat# ab184276; RRID: AB_2934009

Chemicals, peptides, and recombinant proteins

SC79 ApexBio Cat# B5663

DMEM HyClone Cat# SH30243.01

Lipofectamine RNAiMAX Reagent Invitrogen Cat# 13778150

HyClone Donor Equine Serum HyClone Cat# SH30074.02

RNAiso Plus TaKaRa Cat# 9109

protein G magnetic beads Millipore Cat# LSKMAGG02

Critical commercial assays

Mouse Insulin ELISA KIT Ruixinbio cat# rx202485m

Mouse glucose ELISA KIT Ruixinbio cat# rxwb438

Mouse leptin ELISA KIT Ruixinbio cat# rx202629m

Mouse glucagon ELISA KIT Ruixinbio cat# rx202477m

Mouse cortisone ELISA KIT Ruixinbio cat# rxj202703m

PrimeScript RT reagent kit TaKaRa cat# RR047A

Nuclear and Cytoplasmic Protein Extraction Kit Beyotime Biotechnology cat# P0027

EZ-Magna ChIP A/G Chromatin

Immunoprecipitation Kit

Millipore cat# 17-10086

Deposited data

Original western blot images This paper Mendeley Data: https://doi.org/10.17632/zmtm4cvpcb.2

Experimental models: Cell lines

HepG2 ATCC ATCC HB-8065

NIH/3T3 BNCC BNCC100843

Experimental models: Organisms/strains

CD36flox/flox mice This paper N/A

CD36-LKO mice This paper N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Yaxi Chen (chenyaxi@cqmu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Original western blot images have been deposited at Mendeley and are publicly available as of the date

of publication. The DOI is listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals and treatments

The CD36flox/flox mice were generated by using a plasmid with Loxp sites flanking CD36 exons 5, to

generate CD36-LKO mice, CD36flox/flox mice were crossed with Albumin-cre transgenic mice (Shanghai

Model Organisms Center, China) as previously described.60 Female CD36-LKO and CD36flox/flox mice

aged 8-12 weeks were used in all experiments. Mice were housed in the specific pathogen-free (SPF) mouse

facility of Chongqing Medical University. Animal experiments were conducted in accordance with the

guidelines of the Institutional Animal Care and Use Committee of Chongqing Medical University. All

mice were maintained under a standard 12 h light/12 h dark cycle at 25�C with free access to water and

a regular chow diet. Zeitgeber time zero (ZT0) referred to lights on at 6:00 AM.

Liver samples were harvested fromCD36flox/flox and CD36-LKOmice every 6 h over a period of 48 h. Venous

blood was collected from the retro-orbital plexuses before decapitation, and tissues were quickly

dissected, frozen on dry ice, and stored at �80�C. The serum was separated within 30 minutes and kept

at �80�C.

To test the effect of light on hepatic CD36 expression, the CD36flox/flox mice were subjected to the reversed

light/dark cycle (dark/light, DL) for 7 days and sacrificed at ZT6 and ZT18 on day 8 under the DL condition.

To test the effect of food on hepatic CD36 expression, CD36flox/flox mice were fed exclusively during the

light phase (Daytime-restricted feeding, DF) for 7 days and sacrificed at ZT6 and ZT18 on day 8 under

DF conditions. For fasting experiments, CD36flox/flox and CD36-LKO mice were subjected to 12 h fasting

from ZT18 to ZT6 and blood glucose was measured at ZT6, or 12 h fasting from ZT6 to ZT18 and blood

glucose was measured at ZT18. Mice in each group were fasted overnight and intraperitoneally injected

with insulin (5 units/kg body weight) 10 minutes before the livers were collected at ZT6 and ZT18 for analysis

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for qPCR, see Tables S1 and S2 see Tables S1 and S2 Primers for qPCR, see Tables S1 and S2

Primers for ChIP-qPCR, see Table S3 see Table S3 Primers for ChIP-qPCR, see Table S3

Software and algorithms

ImageJ https://imagej.nih.gov/ij/

GraphPad Prism GraphPad Software, Inc. https://www.graphpad.com/scientific-software/prism/

Other

TSE PhenoMaster metabolic cages TSE Systems http://www.tsesystems.com.cn/xdwdxjcxtphenomaster

Leica TCS SP8 confocal laser

scanning microscope

Leica https://www.leica-microsystems.com.cn/

cn/products/confocal-microscopes/p/sp8-sr/
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of insulin signaling. CD36-LKOmice were intraperitoneally injected with vehicle (PBS) at 100 ml or the same

dose of the AKT agonist SC79 (ApexBio, Houston, USA) at a concentration of 40 mg/kg for 12 h and then

were sacrificed at ZT6 and ZT18 to investigate the effect of insulin signaling on resetting the liver clock.

Cell line and culture

HepG2 (ATCC, Manassas, VA, USA) and NIH3T3 cells (BNCC, Beijing, China) were cultured in DMEM (Hy-

Clone, UT, USA) supplemented with 10% fetal bovine serum (FBS) and 100 units/mL penicillin-streptomycin

and maintained in a humidified incubator at 37�C with 5% CO2. All cell lines have been authenticated by

procell Life Science&Technology Co.,Ltd and tested negative for mycoplasma contamination. The cells

were transfected with the indicated constructs using Lipofectamine RNAiMAX Reagent (Invitrogen, CA,

USA) and CD36 siRNA (siCD36)/FoxO1 siRNA (siFoxO1)/Per1 siRNA (siPer1) or negative control (-ve

CTRi) according to the manufacturer’s protocol. SC79 (4 mg/ml, 1 h; ApexBio) was added to the cultures

as indicated. For cell serum shock, cells were exposed to 50% horse serum (HyClone, UT, USA) for 2 h. Sub-

sequently, the medium was replaced with recording medium (DMEM supplemented with 1% FBS and 100

units/mL penicillin–streptomycin), and then, the cells were harvested at 6 h intervals from 12 to 30 h.

METHOD DETAILS

Glucose tolerance test (GTT)

Mice were fasted overnight for 12 h. Following fasting, at ZT6 or ZT18, baseline blood glucose was

measured using a glucose meter (Roche Diagnostics, Basel, Switzerland), and mice were intraperitoneally

injected with glucose (1 g/kg) in isotonic saline. Glucose levels in blood were further measured at 15, 30, 60,

90, and 120 min intervals following injection.

Insulin tolerance test (ITT)

Mice were fasted overnight for 4 h. Following fasting, at ZT6 or ZT18, baseline blood glucose was measured

using a glucose meter (Roche Diagnostics, Basel, Switzerland), and mice were intraperitoneally injected

with insulin (0.75 U/kg) in isotonic saline. Glucose levels in blood were further measured at 15, 30, 60, 90,

and 120 min intervals following injection.

Pyruvate tolerance test (PTT)

Mice were fasted overnight for 16 h. Following fasting, at ZT6 or ZT18, baseline blood glucose was

measured using a glucose meter (Roche Diagnostics, Basel, Switzerland), and mice were intraperitoneally

injected with pyruvate (2 g/kg) in isotonic saline. Glucose levels in blood were further measured at 15, 30,

60, 90, and 120 min intervals following injection.

Serum biochemistry analysis

The serum levels of insulin, glucose, leptin, glucagon, and cortisone were determined using commercial

kits (rx202485m, Ruixinbio, China for insulin; rxwb438, Ruixinbio, China for glucose; rx202629m, Ruixinbio,

China for leptin; rx202477m, Ruixinbio, China for glucagon; rxj202703m, Ruixinbio, China for cortisone) ac-

cording to the manufacturer’s instructions.

RNA extraction and RT-qPCR analysis

Total RNA from cells or mouse tissues was isolated using TRIzol reagent (TaKaRa, Japan) and reverse tran-

scribed using a PrimeScript RT reagent kit (TaKaRa, Japan) according to the manufacturers’ protocol. Real-

time quantitative PCR (RT-PCR) was performed on a Bio-Rad CFX Connect Real-time PCR system (BioRad,

USA) with a SYBR Green PCR Mix kit (TaKaRa, Japan). Gene expression levels were normalized to b-actin,

and relative levels were compared to the control using the 2-DDCt method. The specific primer sequences

used for real-time PCR are listed in Tables S1 and S2.

Western blotting analysis

Protein extracts from liver tissue or cells were lysed in RIPA buffer, and cytoplasmic and nuclear proteins

were extracted from HepG2 cells or liver tissue using a commercial kit (Beyotime Biotechnology, Wuhan,

China). The lysates were separated by SDS-PAGE and transferred to PVDF membranes. The membranes

were incubated overnight with primary antibodies at 4�C and then incubated with HRP-conjugated second-

ary antibodies for 2 hours. Immunoreactive protein was detected using an ECL Advance Western Blotting
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Detection kit (Amersham Bioscience, Piscataway, US). A quantitative analysis was performed using Image J

software (V1.53k). The following primary antibodies were purchased: anti-CD36 (1:2000, Novus, cat#

NB400-144), anti-Per1 (1:2000, LifeSpan, cat# LS-C807611), anti-AKT (1:1000, CST, cat# 4691S), anti-p-

AKT (1:2000, CST, cat# 4060S), anti-PI3K (1:1000, CST, cat# 4257T), anti-p-PI3K (1:500, GeneTex, cat#

GTX132597), anti-FoxO1 (1:1000, CST, cat# 2880S), anti-p-FoxO1 (1:1000, CST, cat# 9461T) anti-G6pase

(1:2000, Santa Cruz, cat# sc-167939), anti-PEPCK (1:2000, Santa Cruz, cat# sc-32879) and anti-b-actin

(1:5000, Bioss, cat# bs-0061R).

Metabolic profiling studies

Experimental mice were housed for 2 weeks in TSE PhenoMaster metabolic cages (TSE Systems; Berlin,

Germany) to allow them to acclimate to the new cage environment, and then food and water intake, move-

ment distance, physical activity, oxygen consumption (VO2), carbon dioxide output (VCO2), respiratory

exchange ratio (RER) and energy expenditure (EE) were simultaneously measured throughout the 48 h

metabolic profiling studies. Food and water were provided ad libitum in the appropriate devices, and all

mice were housed under a 12 h light/dark cycle.

Immunohistochemistry

Immunohistochemical studies were performed on sections of 4% paraformaldehyde-fixed and paraffin-

embedded liver tissues. Endogenous peroxidases were inactivated using 3% H2O2, followed by blocking

with goat serum. Sections were incubated overnight (4�C) with anti-Per1 (1:200; Proteintech, Wuhan, China)

and anti-FoxO1 (1:100; CST, Danvers, MA) antibodies. Then, the sections were washed and incubated for

30 min with secondary antibody at 37�C. Histochemical reactions were performed using a diaminobenzi-

dine (DAB) kit, and sections were counterstained with hematoxylin. All images were captured using a Zeiss

microscope (Zeiss).

Immunofluorescence

Cells grown in confocal dishes were fixed with 4% paraformaldehyde for 15 min at 37�C, blocked with 3%

bovine serum albumin for 30 min at 37�C, and incubated overnight at 4�C with primary antibodies against

Per1 (LS-C807611, LifeSpan, US), FoxO1 (2880S, Cell Signaling, US) and IRb (bs-0290R, Bioss, China). After

being washed with PBS three times, the cells were incubated with fluorescence-conjugated secondary an-

tibodies for 1hat 37�C. Cells were washed three times and then stained with DAPI, and images were

captured using a Leica TCS SP8 confocal laser scanning microscope (Leica, Germany).

Coimmunoprecipitation (Co-IP)

Proteins from cells and tissues were extracted in NP40 buffer and RIPA buffer, respectively. Endogenous

IRb and Fyn was respectively immunoprecipitated using anti-IRb antibody (3025s, Cell Signaling, US) and

anti-Fyn antibody (ab184276, Abcam, US) coupled with protein Gmagnetic beads (LSKMAGG02, Millipore,

MA, USA). All immunoprecipitated samples were washed three times with cold lysis buffer, and then, the

bound proteins were eluted by boiling for 5 min in SDS sample buffer. Rabbit IgG was used as a negative

control. The immunoprecipitated protein was further analyzed via western blotting with the respective

antibodies.

Chromatin immunoprecipitation (ChIP)

The chromatin immunoprecipitation (ChIP) assay was performed according to the manufacturer’s instruc-

tions for an EZ-Magna ChIP A/G Chromatin Immunoprecipitation Kit (17-10086, Millipore, Merck, Bedford,

MD). The immunoprecipitated DNA samples were detected via RT-PCR using three primers that were

within the�2000 bp to +0 bp region of the Per1 promoter. The ChIP-qPCR primer sequences are provided

in Table S3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8. Data are shown as the mean with SEM. Compar-

isons between different groups were performed using two-tailed unpaired Student’s t test or two-way

ANOVA. For all analyses, p <0.05 was considered statistically significant.
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