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ABSTRACT 

 

Introduction/Aim: Circadian rhythm disruption is emerging as a risk factor for metabolic disorders 

and particularly, alterations in clock genes circadian expression have been shown to influence 

insulin sensitivity. Recently, the reciprocal interplay between the circadian clock machinery and 

HPA axis has been largely demonstrated: the circadian clock may control the physiological 

circadian endogenous glucocorticoids secretion and action; glucocorticoids, in turn, are potent 

regulator of the circadian clock and their inappropriate replacement has been associated with 

metabolic impairment. The aim of the current study was to investigate in vitro the interaction 

between the timing-of-the-day exposure to different hydrocortisone (HC) concentrations on muscle 

insulin sensitivity.  

Methods: Serum-shock synchronized mouse skeletal muscle C2C12 cells were exposed to different 

HC concentrations recapitulating the circulating daily physiological cortisol profile (standard 

cortisol profile), the circulating daily cortisol profile that reached in adrenal insufficient (AI) 

patients treated with once-daily MR-HC (flat cortisol profile) and treated with thrice-daily of 

conventional IR-HC (steep cortisol profile). The 24 hrs spontaneous oscillation of the clock genes 

in synchronized C2C12 cells was used to align the timing for in vitro HC exposure (Bmal1 

acrophase, midphase and bathyphase) with the reference times of cortisol peaks in AI treated with 

IR-HC (8 am, 1 pm, 6 pm). A panel of 84 insulin sensitivity related genes and intracellular insulin 

signaling proteins were analyzed by RT-qPCR and western blot, respectively. 

Results: Only the steep profile, characterized by a higher HC exposure during Bmal1 bathyphase, 

produced significant downregulation in 21 insulin sensitivity-related genes. Among these, Insr, 

Irs1, Irs2, Pi3kca and Adipor2 were downregulated when compared the flat to the standard or steep 

profile. Reduced intracellular IRS1 Tyr608, AKT Ser473, AMPK Thr172 and ACC Ser79 

phosphorylations were also observed. 

Conclusions: The current study demonstrated that is late-in-the-day cortisol exposure that 

modulates insulin sensitivity-related genes expression and intracellular insulin signaling in skeletal 

muscle cells. 
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INTRODUCTION 

In humans, the endogenous circadian clock regulates a great number of daily physiological and 

behavioral processes [1,2]. The master clock, residing in the suprachiasmatic nuclei (SCN) of the 

hypothalamus, receives information from external and internal inputs, including light-dark and 

sleep-wake cycles, hunger-feeding-satiety circle, temperature shift, and stressors, and activates 

responses aimed at synchronizing the peripheral clocks with exogenous and endogenous inputs 

[3,4]. Clock genes and proteins oscillate at the single-cell level through finely regulated 

transcriptional and translational feedback loops [5]. According to the “canonical model”, two main 

clock proteins, which function as gene activators, BMAL1 (brain and muscle aryl hydrocarbon 

receptor nuclear translocator (ARNT)-like protein 1) and CLOCK, after forming the complex 

BMAL1/CLOCK by heterodimerization in the cytoplasm, translocate into the nucleus to induce the 

gene expression of the clock proteins, PERIOD (PER1/2/3) and CRYPTHOCROME (CRY1/2) [6]. 

PER and CRY, which function as gene repressors, after forming the complex PER/CRY by 

heterodimerization in the cytoplasm, translocate into the nucleus to repress gene expression, and 

consequently activity, of BMAL1/CLOCK complex, which is also able to repress PER/CRY protein 

expression, and consequently activity, by the activation of a proteasome-mediated pathway [6]. 

Clock genes and proteins rhythmically communicate throughout the day to compose the circadian 

clock machinery, which displays a specific daily rhythm: BMAL1/CLOCK complex accumulates in 

the cytoplasm at the beginning of a subjective day, while PER/CRY complex accumulates in the 

cytoplasm at the beginning of a subjective night [7,8]. 

An intricate interplay between the circadian clock and the hypothalamus-pituitary-adrenal (HPA) 

axis has been demonstrated in several in vitro and in vivo studies on animal and human models [9–

21]. In particular, several evidences have demonstrated that the circadian clock may control the 

physiological circadian endogenous glucocorticoids (GCs) secretion, in in vivo animal [9–13] and 

human [14] models, and the daily physiological response to the endogenous GCs, through the 

activation of different mechanisms inhibiting GC receptor function, in in vitro animal [15] and 

human [16,17] models. On the other hand, GCs have been found to synchronize the expression of 

the circadian clock in in vitro animal [18] and human [19] cell models and in in vivo animal models 

[20,21]. Moreover, it is well established that chronic GC excess in animals and humans is 

associated with insulin resistance [22-27] mainly due to the impairment of insulin receptor 

expression and signaling in skeletal muscle as largely demonstrated in in vitro human models 

[22,23] and in vivo animals [22,24] and human models [25-27]. The peripheral circadian clock has 

been documented to regulate a series of functions related to various systems, including metabolism, 

D
ow

nl
oa

de
d 

by
: 

G
la

sg
ow

 U
ni

v.
Li

b.
   

   
   

   
   

   
   

   
   

   
   

   
  

13
0.

20
9.

6.
61

 - 
11

/2
/2

02
0 

8:
39

:1
0 

AM

Acc
ep

ted
 m

an
us

cri
pt



 

4 

as demonstrated by the evidence that the circadian rhythm disruption has been associated with 

metabolic disorders in in vivo studies on either animal or human models [28-34]. Indeed, mouse 

models with disruption of circadian clock [28-31] developed obesity and metabolic disorders, 

whereas human models with a genetic variant of a clock machinery component [32] or a 

misalignment of circadian clock machinery rhythm [33] developed impairment of glucose 

metabolism, and/or insulin sensitivity in skeletal muscle, and interestingly, in a model of an obese 

population, adipose tissue cell variability of circadian clock was associated with visceral obesity 

and metabolic syndrome [34]. Furthermore, recent studies showed that skeletal muscle genes follow 

a circadian expression as well as myogenesis, fiber-type shifts and mitochondrial respiration [35]. 

The cohort of the studies demonstrating the interplay between the circadian clock and the HPA axis 

from one side, and the cohort of the studies demonstrating a connection between the circadian clock 

disruption and the disorders of metabolism, especially impairment of glucose metabolism and 

insulin sensitivity, from the other side, suggested that the insulin resistance and consequent 

metabolic syndrome induced by the disruption of the circadian clock might be mediated by the 

disruption, especially in terms of rhythm loss, of the HPA axis, that in turn might induce an 

impairment of metabolic state through the disruption of the circadian clock, especially in terms of 

rhythm loss. 

In humans, the HPA axis disorders, associated with GC excess or deficiency, mainly include 

hypercortisolism or Cushing’s syndrome (CS), characterized by cortisol excess in the endogenous 

form and GCs excess in the exogenous form, and hypocortisolism or adrenal insufficiency (AI), 

characterized by cortisol deficiency [38,40]. The exposure to cortisol excess and deficiency, which 

are associated with disruption of the physiological circadian cortisol rhythm, negatively affects 

morbidity and mortality [37,41-43]. Indeed, CS is associated with increased mortality and several 

comorbidities, including metabolic syndrome, generally characterized by insulin resistance and 

glucose intolerance or diabetes [37]. Similarly, AI, requiring lifelong replacement therapy with 

GCs, generally represented by hydrocortisone (HC), is also associated with increased mortality and 

several comorbidities, which however appear to be related to inadequate GC replacement [40]. 

Indeed, GC dose and timing adjustments are the main challenges to avoid the imbalance between 

overtreatment and undertreatment, and to replicate the physiological cortisol circadian rhythm. 

Specifically, the overall cortisol exposure, consequent to the daily doses of conventional GC 

treatments routinely used in the majority of patients, appears to be higher than that observed during 

the normal daily cortisol production [42]. The GC overexposure has been found to be associated 

with an increased mortality [41,42] and an increased risk of developing the typical CS 
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comorbidities, including metabolic syndrome [43,44], characterized by insulin resistance and 

glucose intolerance or diabetes [45,46]. More recently, patients treated with conventional GC 

formulations, especially immediate-release hydrocortisone (IR-HC), administered twice or thrice 

daily, and therefore exposed to non-physiological pattern of circadian cortisol profile, but to 

daytime cortisol peaks and troughs, and particularly to the elevated diurnal evening cortisol levels, 

have shown more deleterious effects, especially on metabolic state, when compared with patients 

treated with the novel formulation of modified released hydrocortisone (MR-HC) [47-55] . Indeed, 

a novel MR-HC formulation, based on an immediate release coating, together with an extended 

release core, orally administered once daily in the morning, was found to better mimic the circadian 

cortisol profile, by reducing diurnal cortisol peaks and troughs, and particularly the diurnal evening 

cortisol overexposure, with notable improvement of metabolic state [47-55] suggesting that the 

achievement of the optimal GC timing, beyond dosing, is relevant for the maintenance of a better 

metabolic profile.  

However, the role of the disruption of circadian GC rhythm and the consequent daily profile, as 

well as the effects of non-physiological cortisol exposure in different phases or time-points of cell 

circadian rhythm on the molecular regulation of insulin sensitivity has never been investigated in 

the skeletal muscle.  

To this purpose, the current study aims at investigating the molecular effects of physiological and 

non-physiological exposure to HC, the main exogenous GC, along various phases of the cell 

circadian rhythm, on insulin sensitivity in an experimental model of mouse skeletal muscle cell.  

 

MATERIALS AND METHODS 

 

Study design 

The current in vitro study aims at exploring the effects of physiological and non-physiological HC 

concentrations, administered in different time-points of circadian rhythm, on skeletal muscle insulin 

sensitivity. The model used for the study is a mouse skeletal muscle cell line, the C2C12 myocytes 

appropriately obtained by the differentiation of respective myoblasts; this model is usually assessed 

for in vitro studies on cell proliferation, but also on glucose uptake and utilization, glycogen 

synthesis, insulin response, mitochondrial activity, protein synthesis, glucose and fatty acids 

oxidation, as well as skeletal muscle contractile activity. The study protocol initially required 

C2C12 myocytes synchronization, a process by which in vitro cells can assume an autonomous and 
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self-sustained circadian expression of components of circadian clock. The synchronization has been 

performed by a serum shock protocol and has been verified by following the oscillation of clock 

genes expression every 4 hrs for a consecutive 24 hrs interval of time, in order to set the time-points 

of exposure to HC. Although a mouse cell model, C2C12, was used for the current study, HC, and 

not corticosterone, was administered for the in vitro experiments to better mimic the human 

condition, without affecting the experimental results having HC and corticosterone the same 

binding affinity for GR [56,57]. The main experiment was based on the exposure of the C2C12 

myocytes to different HC concentrations in the different time-points of the circadian rhythm of the 

synchronized cells and to measure the effects on insulin sensitivity. The aspects of insulin 

sensitivity evaluated during the experiments were: 1) a general analysis of insulin sensitivity, 

performed by the evaluation of gene expression profile through RT-qPCR insulin resistant-related 

array investigating the simultaneous expression levels of 84 key genes involved in the cell 

mechanisms regulating insulin sensitivity, and consequently involved in the development of insulin 

resistance; 2) a specific analysis of insulin receptor signaling, the main determinant of insulin 

sensitivity, performed by the evaluation of gene expression profile through RT-qPCR; and 3) a 

specific analysis of crucial intracellular mechanisms associated with insulin sensitivity, performed 

by the evaluation of protein expression through western blot. On the basis of the results obtained at 

genomic level, the mechanisms investigated through western blot included not only the pathways 

strictly related to the insulin receptor signaling, but also a specific aspect of lipid metabolism, which 

is the fatty acid β-oxidation, a catabolic process through which fatty acids are degraded to trigger 

citric acid cycle and produce energy, and whose impairment exacerbate insulin sensitivity by 

inducing a lipotoxic and inflammatory state, detrimental for intracellular insulin signal in skeletal 

muscle.  

 

Cell line 

C2C12, a mouse skeletal muscle cell line, is an adherent diploid sub-clone of the mouse myoblast 

cell line established by David Yaffe [58]. C2C12 cell line was purchased from ATCC® (CRL-

1772™) and cultured in base medium Dulbecco's Modified Eagle's Medium (DMEM) with 10% of 

FBS and 1x105 U/L penicillin/streptomycin in a humidified condition in 5% CO2 at 37°C. After 2 

days of adhesion, 3*105 C2C12 cells were seeded in 60 mm dishes and terminally differentiated to 

myocytes by switch to a differentiating medium (DMEM with 2% of HS, 10*105 U/L 

penicillin/streptomycin, 1% insulin, transferrin, selenium [ITS]) for 48 hrs.  

 

Cell synchronization 
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C2C12 terminally differentiated to myocytes, were synchronized by switching to a DMEM 

supplemented with 50% horse serum, capable to induce a serum shock. After 2 hrs in serum-rich 

DMEM, cells were rinsed and re-fed with serum-free DMEM for 24 hrs. At the established time-

points (every 4 hrs over a 24 hrs period) dishes were washed twice with ice-cold PBS 1X, lysed, 

and harvested in 1 mL TRIzol reagent (Life Technologies, Carsbald, California, United States) by 

scraping with a rubber policeman and RNA extracted from cell lysates. To verify cell 

synchronization, messenger oscillation of the molecular circadian clock components Bmal1, Clock, 

Per1, Per2, Cry2 and protein oscillation of the molecular circadian clock component BMAL1, 

PER1, PER2, CRY2 were monitored during the 24 hrs period. The protein oscillation of CLOCK 

was not evaluated in the current study, since a previous in vivo study demonstrated that Clock knock 

out mouse models continue to exhibit a stable and autonomous peripheral circadian rhythm 

suggesting that CLOCK is not essential for the proper functioning of the transcriptional and 

translational feedback loop of the circadian clock [59,60]. Figure 1A schematically shows the 

serum shock protocol used for the cell synchronization.   

 

RNA isolation and RT-qPCR 

Total RNA was extracted using TRIzol reagent (Life Technologies, Carsbald, California, United 

States). After cell centrifugation at 4°C to obtain the cell pellet, TRIzol was added to C2C12 pellet 

on ice and the pellet was carefully homogenized with pipet in eppendorf. After 15 min at room 

temperature (RT), 200 μl of chloroform were added and the eppendorf vortexed for 15 sec for 2 

times with a pause of 2 min at RT. The mixture obtained was centrifuged at 12000xg for 15 min at 

4°C and upper phase carefully transferred in a new clean eppendorf at RT. After measuring the 

volume obtained, a quantity of isopropanol equal to the half of the volume obtained and 1 μl of 

glycogen were added and the sample preserved overnight at -20°C.  The day after, the sample was 

centrifuged at 12000xg for 10 min at 4°C and the supernatant eliminated with pipet. The pellet was 

washed with 1 ml 75% ethanol and centrifuged at 12000xg for 5 min at 4°C. This passage was 

repeated three times. Lastly, the pellet was dried for 10 min in sterile condition at RT and 20 μl 

RNAse-free/sterile H2O were added keeping the samples at 4°C for 1 h. The dissolved pellet was 

then heated for 5 min at 65°C, its purity assessed by the A260/A230 absorbance ratio and the 

samples stored at -80°C until use. The cDNA synthesis was performed using the RT2 First Strand 

Kit, purchased from Qiagen® (Milan, Italy); this protocol requires a first treatment for 5 min at 

42°C followed by 2 min on ice with buffer GE (5X genomic DNA elimination buffer) to eliminate 

potential genomic DNA contamination and, subsequently, a retro-transcription process for cDNA 

synthesis. In detail, starting from 1 μg RNA, the reverse transcription mix was prepared according 
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to the manufacture’s instruction. The mix was incubated for 15 min at 42°C and subsequently, 

immediately stopped by incubation at 95°C for 5 min. To each reaction 180 μl RNase-free water 

were added and the sample of cDNA stored at -20°C until use. The cDNA was used for 

quantification of messenger levels of the clock genes under investigation for the study. The total 

reaction volume (12.5 μl) consisted of 5 μl of cDNA, 7 μl of TaqMan® Universal PCR Mastermix 

(Applied Biosystems, Branchburg, NJ, USA) and 0.5 μl of primers-probes (Applied Biosystems, 

Branchburg, NJ, USA). Table 1S of supplementary material shows primers and probes assay ID. 

RT-qPCR was performed with StepOne Plus Real-Time PCR System, using the standard protocol; 

briefly, after two initial heating steps at 50°C (2 min) and 95°C (10 min), samples were subjected to 

40 cycles of denaturation at 95°C (15 sec) and annealing at 60°C (60 sec). All samples were 

assayed in duplicate. Values were normalized against the expression of the housekeeping gene 18S 

ribosomal RNA (18S). The relative expression of target genes was calculated using the comparative 

threshold method, denominated 2−ΔCt. To exclude contamination of the PCR mixtures, in parallel 

with cDNA samples, reactions were also performed in the absence of cDNA template.  

 

Drug 

HC was purchased from Sigma Aldrich (Sigma Aldrich, Italy) and dissolved in 100% ethanol 

(EtOH). Stock solutions of HC at the concentration of 10-3 M were stored at -80°C and freshly 

thawed prior the experiments. Serial dilutions were prepared in serum-free DMEM as 

recommended by manufacturer.  

 

Setting of time-points treatment 

To establish the time-points of HC exposure, the beginning of the circadian cycle (Time 0 [T0]) was 

set with the beginning of serum shock and consistently with the “canonical model” [6], time-points 

treatment were established on the basis of clock genes circadian expression and in particular of 

Bmal1 messenger expression. The Bmal1 peak transcription level (acrophase), corresponding to the 

nadir of Per and Cry transcription levels, was considered to correspond to the early morning; 

conversely, the Bmal1 nadir transcription level (bathyphase), corresponding to the Per and Cry peak 

transcription levels, was considered to correspond to the early evening in the daily rhythm. Time-

point with medium Bmal1 transcription level (midphase) was considered to resemble the afternoon 

in the daily rhythm [60,61]. 

 

HC treatment schedule  
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HC concentrations administered to C2C12 cells corresponded to the mean serum cortisol 

concentrations observed in healthy human subjects [62] and AI patients treated with once-daily 

MR-HC and with thrice-daily of conventional IR-HC [47]. At the time-points of the cell circadian 

rhythm corresponding to 8 am, 1 pm and 6 pm of the subjective daily rhythm, C2C12 cells were 

exposed for 1 h (minimum time to observe GC genomic effects and maximum time to avoid drastic 

cells de-synchronization [19,63-65]) to different HC concentrations. HC concentrations used to 

mimic physiological circulating cortisol concentrations (standard cortisol profile) have been 

reported in the text as “treatment schedule A” (TSA), while concentrations used to mimic the 

circulating cortisol concentrations reached in AI patients treated with once-daily MR-HC were 

reported as “treatment schedule B” (TSB) (flat cortisol profile), and concentrations used to mimic 

the circulating cortisol concentrations reached in AI patients treated with thrice-daily of 

conventional IR-HC were reported as “treatment schedule C” (TSC) (steep cortisol profile) 

specifically at acrophase, midphase and bathyphase. Figure 1B shows a simplified representation of 

the in vitro HC exposure at different circadian time-points. Table 1 shows the treatment schedules 

and the correspondence to the time-points of the circadian rhythm obtained after C2C12 

synchronization. 

 

RT-qPCR insulin resistance-related array 

RT2 Profiler PCR Array provided in 96-well plates, contained primer assays for 84 insulin 

resistance-related genes and 5 housekeeping genes (Mouse RT2 Profiler™ PCR Array Insulin 

Resistance kit, PAMM-156Z, Qiagen, Milan, Italy). In addition, 1 well contained a genomic DNA 

control, 3 wells contained reverse-transcription controls and 3 wells contained positive PCR 

controls. RT2 Profiler PCR Arrays were performed following the manufacturer’s recommendations. 

After centrifugation of RT2 SYBR® Green/ROX qPCR Mastermix (Qiagen, Milan, Italy), the PCR 

components were prepared in a 15 ml tube by adding 1250 μl 2X RT2 SYBR® Green qPCR 

Mastermix, 200 μl cDNA, 1050 μl H2O and dispensing 25 μl of this mix to each well of 

MicroAmp® Fast Optic 96-well (Applied Biosystem, Lincoln Centre Drive Foster City, United 

States) in order to charge 10 ng cDNA per well. The last six wells, containing positive controls, 

were charged with PCR components and RNase-free water. The plate was placed in StepOne Plus 

Real-Time PCR System, using a standard protocol; briefly, after two initial heating steps at 50°C (2 

min) and 95°C (10 min), samples were subjected to 40 cycles of denaturation at 95°C (15 sec) and 

annealing at 60°C (60 sec). All samples were assayed in duplicate. Values were normalized against 

the arithmetic media of 5 housekeeping genes expression. Results are expressed as mean of three 

different experiments. Data analysis and validation were performed using the free online software 
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provided by the manufacturer’s website (Qiagen, Milan, Italy). Table 2S of Supplementary 

material reports 84 insulin resistance-related genes both as gene symbol and gene name. The 

insulin resistance-related array could be categorized according to their specific function as follows: 

Insulin Signaling: Akt3, Gys1, Igf1, Igf1r, Ikbkb (Ikkbeta), Insr, Irs1, Irs2, Map2k1 (Mek1), Mapk3 

(Erk1), Mapk9 (Jnk2), Mtor, Pde3b, Pik3ca (P110alpha), Pik3r1 (P85alpha), Ppargc1a (Pgc-

1alpha), Ptpn1 (Ptp1b), Rps6kb1, Slc2a4 (Glut4), Socs3, Srebf1; Non-Insulin Dependent Diabetes 

Mellitus: Adipoq (Acrp30), Hk2, Ikbkb (Ikkbeta), Insr, Irs1, Irs2, Mapk3 (Erk1), Mapk9 (Jnk2), 

Mtor, Pdx1 (Ipf1), Pik3ca (P110alpha), Pik3r1 (P85alpha), Slc2a4 (Glut4), Socs3, Tnf; Adipokine 

signaling: Adipokines: Adipoq (Acrp30), Il6, Lep, Nampt, Retn, Serpine1 (Pai-1), Tnf; Receptors & 

Transporters: Adipor1, Adipor2, Cd36, Lepr, Slc2a4 (Glut4), Tnfrsf1a (Tnfr1), Tnfrsf1b; Signaling 

downstream of adipokines: Akt3, Chuk (Ikbka), Ikbkb (Ikkbeta), Irs1, Irs2, Jak2, Mapk9 (Jnk2), 

Mtor, Nfkbia (Iκbα, Mad3), Ppara, Ppargc1a (Pgc-1alpha), Rela, Socs3, Stat3; Innate Immunity: 

Casp1 (Ice), Chuk (Ikbka), Ikbkb (Ikkbeta), Irs1, Irs2, Nlrp3, Nfkbia (Iκbα, Mad3), Pycard (Tms1, 

Asc), Rela, Tlr4; Inflammation: Alox5, Casp1 (Ice), Ccl12 (Mcp-5, Scya12), Ccr4, Ccr5, Chuk 

(Ikbka), Cxcr4, Ifng, Ikbkb (Ikkbeta), Il1b, Il23r, Il6, Lta4h, Nlrp3, Olr1, Pycard (Tms1, Asc), Rela, 

Tnf, Tnfrsf1a (Tnfr1), Tnfrsf1b; Apoptosis: Pparg, Serpine1 (Pai-1), Tnf, Casp1 (Ice), Ikbkb 

(Ikkbeta), Irs2, Mapk9 (Jnk2), Nfkbia (Iκbα, Mad3), Nlrp3, Pycard (Tms1, Asc), Rela, Tnfrsf1a 

(Tnfr1), Jak2, Pik3ca (P110alpha), Socs3, Rps6kb1, Tnfrsf1b; Metabolic pathways, including 

carbohydrate metabolism: Cs, Gys1, Hk2, Pck1, Pdk2, lipid metabolism: Acaca, Acacb, Acsl1, 

Acsl4, Apoe, Cebpa, Cnbp, Fabp4, Fasn, Lepr, Lipe, Lpl, Ppara, Pparg, Ppargc1a (Pgc-1alpha), 

Scd1, Srebf1, Srebf2, and metabolite transport: Apoe, Cd36, Fabp4, Rbp4, Slc2a4 (Glut4), Slc27a1, 

Ucp1, Vldlr; Infiltrating Leukocyte Markers of macrophages: Ccr5, Cxcr4, Adgre1; Th1 cells: 

Ccr5, Cd3e, Cxcr3, Il18r1; Th2 Cells: Ccr4, Cd3e, Crlf2 (Tslpr), Il1r1; Th17 Cells: Ccr6, Cd3e, 

Il23r. Genes expression levels were considered significantly modified (upregulated or 

downregulated) if absolute fold change of relative gene expression >2.0 and p-values <0.1 were 

detected.  

 

RT-qPCR genes variation validation 

On the basis of RT-qPCR array gene expression changes, genes mainly involved in the skeletal 

muscle insulin receptor signaling, whose expression was determinant of insulin sensitivity, were 

chosen and validated through RT-qPCR in Sybr Green. The total reaction volume (25 μl) consisted 

of 2 μl of cDNA, 12.5 μl of RT2 SYBR® Green/ROX qPCR Mastermix (Qiagen, Milan, Italy), 0.5 

μl of primers-probes (Applied Biosystems, Branchburg, NJ, USA) and 10 μl of H20. Table 3S of 

Supplementary material shows primers accession numbers. RT-qPCR was performed with 
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StepOne Plus Real-Time PCR System, using the standard protocol; briefly, after two initial heating 

steps at 50°C (2 min) and 95°C (10 min), samples were subjected to 40 cycles of denaturation at 

95°C (15 sec) and annealing at 60°C (60 sec). All samples were assayed in duplicate. Gene 

expression levels were normalized against the expression of the housekeeping gene cyclophilin A.  

The relative expression of target genes was calculated using the comparative threshold method, 

2−ΔCt. To exclude contamination of the PCR mixtures, in parallel with cDNA samples, reactions 

were also performed in the absence of cDNA template. 

 

Protein isolation and Western Blot analysis 

C2C12 myocytes were seeded at a density of 3*106 in 60 mm dishes and terminally differentiated 

for 48 hrs after 2 days of adhesion. After HC treatment, cells were lysed, and protein extracted as 

previously described [67]. Proteins from cell preparations were separated by 8% (according to 

protein’s molecular weight to detect) SDS-PAGE and then electroblotted onto a nitrocellulose 

membrane for 1h in a TransBlot Bio-Rad apparatus. After a blocking treatment for 1h with 5% of 

milk, the nitrocellulose filters were probed overnight with primary antibodies specific for BMAL1 

(#14020, Cell Signalling, Italy), PER1 (sc-398890, Santa Cruz Biotech, Inc), PER2 (GT5310, 

ThermoFisher, Italy), CRY2 (PA5-13125, ThermoFisher, Italy) to evaluate cell synchronization and 

confirm clock genes expression. Moreover, the molecular mechanisms investigated through western 

blot included not only the pathways strictly related to the insulin receptor signaling by analyzing 

intracellular levels of pIRS1 (Tyr608) (#09-432, Millipore, Italy), IRS1 (#2382, Cell Signalling, 

Italy), pAKT (Ser473) (#9271, Cell Signalling, Italy), AKT (#9272, Cell Signalling, Italy), but also 

the fatty acid β-oxidation catabolic process, which contributes to exacerbate skeletal muscle insulin 

sensitivity, by analyzing intracellular levels of pAMPKα (Thr172) (40H9) (#2535, Cell Signalling, 

Italy), AMPKα (#2793, Cell Signalling, Italy), pACC (Ser79) (D7D11) (#11818, Cell Signalling, 

Italy), ACC (C83B10) (#3676, Cell Signalling, Italy). β-actin (A4700; Sigma Aldrich, Italy) was 

used as endogenous control for protein expression analysis. Subsequently, filters were hybridized 

with peroxidase-conjugated secondary antibodies and immunoreactive bands were detected by ECL 

system. After chemiluminescent reaction, the blot was exposed to ImageQuant Las 4000 (GE 

Healthcare). Densitometry bands quantification was performed through ImageJ software.  

 

Statistical analysis 

All the experiments were replicated at least three times. Statistical analyses of clock gene 

expression and C2C12 cells synchronization were performed using GraphPad Prism 5 software. 

Cosinor analysis was used to calculate the 24 hrs rhythmicity and to graphically reproduce the 
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presence of 24 hrs oscillations of clock genes across different time-points. In detail, Cosinor 

analysis was performed by fitting a periodic sinusoidal function f(t)= M+Acos(tπ /12- Φ) to the 

expression value of each gene across the time-points, where f(t) is the gene expression levels in a 

given time-point, M Mesor is the midline estimating statistic of mean, A is the sinusoidal amplitude 

of oscillation, t is the time expressed in hrs and Φ is the acrophase (peak time of the fitted cosine 

function). P values depicted in each graph were calculated by ANOVA. The expression of 

individual messenger by RT-qPCR array was analyzed using threshold cycle (Ct) values obtained 

with a threshold of 0.4. Ct values of 35 or greater for any messenger in either the control or the 

experimental samples was excluded from the analysis and marked as undetectable or undetermined. 

Data analysis was performed uploading the Ct values that passed through these stringent criteria on 

Qiagen web portal (https://dataanalysis.qiagen. com/pcr/arrayanalysis.php; Qiagen, Milan, Italy). 

Dose-time comparison of fold change were calculated by the software using the ΔΔCt method, 

calculating the fold change in terms of Ct values in each group of treatment, and relativized on five 

housekeeping genes expression levels. The Volcano plot analysis, combining the measure of 

statistical significance from the statistical test with the magnitude of the fold change, was used to 

evaluate the significant genes expression change. Gene expression levels were considered 

significant modified (upregulated or downregulated) whether absolute fold change of relative gene 

expression >2.0 and p-values <0.5 were detected. Features of interest are typically those in the 

upper left- and right-hand corners of the Volcano plot, as these have large fold changes (lie far 

from x=0) and are statistically significant (have large y-values). Validation of downregulated genes, 

evaluated by RT-qPCR, was analyzed through ANOVA analysis followed by a multiple 

comparative test (Bonferroni, Newman-Keuls or Dunnett’s correction).  

 

 

RESULTS 

 

C2C12 cells, after a suitable synchronization, displayed a different response to the different doses 

of HC, depending on the time of exposure, particularly on the time-point of the cell circadian 

rhythm. 

  

Rhythmic expression of clock genes in synchronized C2C12 cells 

The synchronization procedure clearly induced oscillation of the clock genes. Messenger expression 

of Bmal1 peaked at 12 hrs and decreased, reaching the nadir, at 20 hrs time-points. Similarly, 

protein expression of BMAL1, that reached the highest levels at 12 hrs and the lowest levels around 
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20 hrs time-points. Clock messenger expression, although following a cyclic pattern, exhibited little 

periodicity. Conversely, messenger and protein expression of Per1, Per2 and Cry2 genes peaked at 

24 hrs and decreased, reaching the nadir at 12 hrs. Based on these results and according to the 

commonly accepted circadian clock model, in order to set the in vitro exposure times, it has been 

assumed that the 12 hrs time-point correspond to the early morning (Bmal1 acrophase), 15 hrs time-

point roughly correspond to the afternoon (Bmal1 midphase) while 20 hrs time-point represents the 

early evening of the daily rhythm (Bmal1 bathyphase). Figure 2A shows the messenger expression 

profile of the clock genes during the 24 hrs period, whereas Figure 2B shows the protein expression 

profile of the clock genes during the 24 hrs whose densitometric measurement and the resulting 

graphs are shown in Supplementary Figure 1.   

Expression analysis of 84 insulin resistance-related genes in synchronized C2C12. 

HC concentrations used to mimic circulating cortisol concentrations reached in AI patients treated 

with once-daily MR-HC (TSB) (flat cortisol profile) or treated with thrice-daily of conventional IR-

HC (TSC) (steep cortisol profile) were compared each other and to HC concentrations used to 

mimic physiological circulating cortisol concentrations (TSA) (standard cortisol profile). 

In the acrophase, TSB and TSC produced no relevant changes in the expression of various genes 

when compared to TSA or reciprocally. In detail, no significant change in gene expression has been 

detected when TSB was compared to TSA, although Acsl1, Ccr4, Chuk, Rbp4, Cd36 genes tended 

to be upregulated, without reaching a significant difference. Similarly, no significant change in gene 

expression has been detected when TSC was compared to TSA, although Acsl1, Ccr4, Chuk, Rbp4, 

Cd36, Il18r1, Il1b, Pdk2 genes tended to be upregulated, without reaching a significant difference, 

with the exception of one gene (Chuk), which was upregulated with a significant fold change of 

2.65 (p=0.003). No significant change in gene expression has been detected when TSB and TSC 

were compared reciprocally, although Acsl1 and Chuk genes tended to be downregulated and 

upregulated in TSB compared to TSC.  Figure 3A, 3B and 3C show the volcano plot 

representations without significant gene expression changes after TSA, TSB and TSC in the 

acrophase. 

In the midphase, TSB and TSC produced minor changes in the expression of various genes when 

compared to TSA or reciprocally. In detail, no significant change in gene expression has been 

detected when TSB was compared to TSA, although Casp1, Ccl12, Lepr, Olr1 genes tended to be 

upregulated, without reaching a significant difference, with the exception of one gene (Cs), which 

was upregulated with a significant fold change of 3.17 (p=0.05). Similarly, no significant changes 

in gene expression has been detected when TSC was compared to TSA, although Cd36, Rbp4, Retn 
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genes tended to be upregulated and Pdk2 and Pdx1 genes down-regulated, without reaching a 

significant difference, with the exception of one gene (Il18r1), which was upregulated with a 

significant fold change of 3.18 (p=0.05). Four genes (Adipor2, Cs, Serpine1 and Sic27a1) were 

upregulated with a significant fold change of 2.08 (p=0.009), 3.16 (p=0.0002), 2.58 (p=0.01) and 

2.20 (p=0.005), respectively, when TSB was compared to TSC. Figure 4A, 4B and 4C show the 

volcano plot representations without significant gene expression changes, except for Cs and Il18r1, 

after TSA, TSB and TSC in the midphase. 

In the bathyphase, TSB and TSC produced a significantly different effect on expression of various 

genes when compared to TSA or reciprocally. Indeed, no significant change in gene expression has 

been detected when TSB was compared to TSA, whereas 38 different genes were downregulated 

and 1 gene was upregulated, when TSC was compared to TSA. Figure 5A, 5B and 5C show the 

volcano plot representations of gene expression changes after TSA, TSB and TSC in the 

bathyphase. Particularly, Figure 5B and Figure 5C show the significant gene expression changes 

after TSB and TSC comparing to TSA in the bathyphase. Among the 39 regulated genes, the 

volcano plot analysis revealed the significant downregulation of 21 genes. Table 2 details 21 genes 

significantly downregulated specifying fold changes and p-values. Similarly, 34 genes were 

downregulated when TSB was compared to TSC. Among the 34 regulated genes, the Volcano plot 

analysis revealed a significant downregulation of 22 genes, with a superimposable profile observed 

comparing TSC and TSA. Table 3 details 22 genes significantly downregulated specifying fold 

changes and p-values. Moreover, Figure 6 shows the heatmap of the all analyzed gene fold 

regulation in acrophase, midphase and bathyphase by representing each gene along the rows and the 

different treatment conditions along the columns. Among the genes significantly regulated during 

bathyphase when TSB and TSC were compared to TSA and reciprocally, as detailed above, Insr, 

Irs1, Irs2, Pi3kca and Adipor2 gene expression were validated through Sybr Green RT-qPCR. No 

change in gene expression has been detected when TSB was compared to TSA, while when TSC 

was compared to TSA a strong and significant inhibition of Insr (**p<0.01), Pi3kca 

(****p<0.0001) and Adipor2 (**p<0.01) expression and a marked, but not significant, inhibition of 

Irs1 and Irs2 occurred. Figure 7 shows the expression levels of Insr, Irs1, Irs2, Pi3kca, Adipor2 

after TSA, TSB and TSC in bathyphase.  

Analysis of intracellular insulin receptor signaling and fatty acid ß oxidation pathway 

Considering the huge and different effect observed on gene expression and induced during the 

bathyphase by TSB and TSC compared to TSA, the analysis of intracellular proteins involved in 

insulin sensitivity, particularly in insulin receptor signaling and in fatty acid ß oxidation pathway 
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has been performed only in C2C12 during the bathyphase. TSB and TSA induced similar 

intracellular protein modifications. Conversely, TSC strongly affects intracellular insulin receptor 

signaling and fatty acid β-oxidation pathway. Figure 8 shows that TSC inhibited IRS1 

phosphorylation at Tyr608 and AKT phosphorylation at Ser473, as well as AMPKα 

phosphorylation at Thr172 and ACC phosphorylation at Ser79. Figure 9 shows a graphic 

representation of the investigated intracellular insulin receptor signaling and fatty acid β-oxidation 

pathway in the skeletal muscle.   

 

 

DISCUSSION 

The current study explores the effect of the exposure of HC, administered at concentrations 

inducing either non-physiological or physiological daily cortisol profiles, at different phases of the 

circadian rhythm, on insulin sensitivity, in an in vitro model of mouse skeletal muscle cell. In 

particular, the treatment with non-physiological HC concentration (TSC, inducing a circulating 

daily cortisol profile resembling that reached in AI patients treated with thrice-daily of conventional 

IR-HC with a steep cortisol profile), during bathyphase, the time-point of cell circadian rhythm 

corresponding to the early evening, is associated with an impairment of insulin sensitivity, which is 

not occurring during treatment with physiological HC concentrations TSB and TSA, which induce a 

circulating daily cortisol profile resembling that reached in AI patients treated with once-daily MR-

HC or in healthy subjects, respectively. At molecular level, during bathyphase, compared to either 

TSB or TSA, TSC induced downregulation of the expression of several genes involved in the 

regulation of insulin sensitivity and, particularly, in the regulation of intracellular insulin receptor 

signaling and fatty acid metabolism, particularly fatty acid β-oxidation, whose impairment 

contributes to the development of insulin resistance. Conversely, non-physiological and 

physiological HC concentrations, during acrophase and midphase, the time-points of cell circadian 

rhythm corresponding to the early morning and the early afternoon, did not significantly affect 

insulin sensitivity, suggesting that GCs exposure affects insulin sensitivity and consequently 

insulin-dependent glucose, lipid and protein metabolisms in a manner which is strictly associated 

with the cell circadian rhythm in skeletal muscle.  

Advances in the scientific knowledge of the cellular and molecular underpinnings of the cell 

circadian rhythm indicate that a main biological clock controls a wide range of physiological 

processes by acting through the circadian clock machinery, located in SCN (master clock) and in 
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several peripheral locations (peripheral clocks) [1,2]. In humans, SCN cells cyclically stimulate 

paraventricular nucleus (PVN) neurons, through direct and indirect axonal projections, leading to a 

circadian release of cortisol-releasing hormone and, consequently, adrenocorticotropic hormone 

(ACTH) and cortisol, the main endogenous GC, which, in turn, contributes to trigger oscillation of 

peripheral clocks. Indeed, the circadian clock regulates cortisol secretion, rhythm and action, acting 

at different levels of the HPA axis, including at the level of GC receptors, whereas GCs are able to 

modulate the activity of the circadian clock, through the regulation of the expression and oscillation 

rhythm of clock genes and proteins, in a reciprocal interplay [60,61].  

The interplay between HPA axis and circadian clock has been demonstrated by evidence derived 

from in vitro and in vivo studies in animal and/or human models [9–21].  

Several rodent cell circadian clock knockout and mutant models demonstrated the role of cell 

circadian clock on the regulation of corticosterone circadian release and rhythm, through the 

modulation of HPA axis, in in vivo studies. Bmal1 knockout mouse models displayed loss of ACTH 

and corticosterone circadian release, with ACTH drawing a flat daily curve and corticosterone 

drawing a peaked curved, with higher nocturnal peak [9]. Per1 and Per2 knockout mouse models 

displayed loss of corticosterone circadian release, drawing a flat daily curve with corticosterone 

constantly persisting at high levels during the entire day [10]. Cry1 and Cry2 knockout mouse 

models displayed low levels of corticosterone associated with a different peaked daily curve; while 

Cry2 knockout mice showed a more physiological trend, with a peak in the first hours of the night, 

Cry1 knockout mice showed a premature peak of about 2 hrs [11], suggesting a Cry1-dependent 

more than Cry2-dependent control of corticosterone circadian rhythm. Clock mutant mice displayed 

loss of corticosterone circadian release, drawing a flat daily curve with corticosterone constantly 

persisting at low levels during the entire day [12], while Per2/Cry1 double mutant mice displayed 

loss of ACTH and corticosterone circadian release, drawing a flat daily curve, together with a 

blunting of corticosterone to ACTH challenge [13]. Moreover, in CD patients the circadian 

expression of the clock genes CLOCK, BMAL1, CRY1, PER1, PER2, PER3 was abolished, unlike 

what was found in the group of healthy control subjects, in which all the clock genes analyzed 

showed a physiological circadian trend [14].  

Moreover, the cell circadian clock has been demonstrated to regulate not only GC secretion and 

rhythm, but also GC action, through the modulation of GC receptor, both in animal and human in 

vitro studies. In particular, the main components of circadian clock, such as CRY1/2 and 

CLOCK/BMAL1 have been demonstrated to blunt or repress GC receptor activity [15-17]. Indeed, 

in mouse embryonic fibroblasts primary cultures, CRY1/2 competed with GCs for the binding to 
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GC receptor with blunting of the receptor activation and alteration of transcriptional response to 

GCs. Particularly, CRY interacts with the carboxy-terminus of GCs receptor, which is required for 

either activation or repression of transcription in response to ligand [15]. In human cancer cell lines, 

CLOCK/BMAL1 repressed GC receptor activity by acetylating multiple lysine residues of GC 

responsive element (GRE)-binding sequence, with consequent blunting of the binding of GC 

receptor to GRE of the receptive genes [16]. In human peripheral blood mononuclear cells, CLOCK 

triggers the acetylation of multiple lysine residues located in GC receptor hinge region, an 

important region involved in hormone binding, receptor activation and/or intracellular signaling, at 

the highest level in the early morning and at the lowest level in the late evening, with the 

determination of the physiological circadian GCs sensitivity variation, with a lower sensitivity in 

the morning and a higher sensitivity in the night [17].  

On the other hand, the role of HPA axis on the regulation of cell circadian clock, and consequently, 

circadian rhythm, has testified by studies evaluating the effect of exogenous GCs in the regulation 

of expression of circadian clock machinery, in both animal and human in vitro and/or in vivo 

studies. Indeed, in rat non-synchronized fibroblast cell line, 1h exposure to 100 nM dexamethasone, 

a synthetic exogenous long-acting GC, induced a cell circadian rhythm, particularly of Per1/3 and 

Cry1, with the classical 22 hrs period, which was spontaneously maintained for the two cycles [18], 

suggesting that GCs can efficiently induce an in vitro cell synchronization. In human adipocytes 

primary cultures with an autonomous, spontaneous, physiological in vitro cell circadian rhythm, 2 

hrs exposure to 1000 nM dexamethasone reduced the period of circadian rhythm of clock, 

especially of CLOCK, BMAL1, and PER2, from 24 hrs to 22 hrs, when exposed at the time 

corresponding to the early morning [19], suggesting that GCs can modify a pre-existing in vitro cell 

synchronization. Moreover, in mice subjected to surgical ablation of SCN, the administration of 

7x105 nM dexamethasone, in the early morning, modulated the expression of almost 60% of the 

circadian genes in the liver; in particular, dexamethasone induced or repressed circadian clock gene 

expression, particularly of Bmal1, Per1 and Cry1 and the immediately downstream gene clusters 

involved in clock-controlled liver functions, in a non-rhythmic background, re-synchronizing the 

cell circadian rhythm [20]. Similarly, in adrenalectomized rats, the physiological corticosterone 

replacement, performed in order to induce the physiological circadian corticosterone rhythm, with 

high circulating levels during the night and low circulating levels during the day, may restore in the 

amygdala the cell circadian rhythm, particularly of Per2, previously abolished by the removal of 

adrenal glands [21]. These two latter studies on animal models, lacking the physiological cell 

circadian rhythm and an intact HPA axis, clearly demonstrated that GCs might induce or modulate 

the cell circadian rhythm expression and function and induce cell synchronization even in the 
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absence of the main central or peripheral organs deputed to the generation and regulation of 

physiological clock system. Altogether, these in vitro and in vivo animal and/or human models 

suggest the presence of an intricate interplay existing between the circadian clock and HPA axis, 

especially GCs circadian production, rhythm and actions; notably, these actions are multiple and 

include the regulation of glucose, lipid and protein metabolisms together with insulin sensitivity, 

whose impairment, consequent of disruption of cell circadian clock or HPA axis, determines the 

development of insulin resistance and consequent metabolic disorders. 

Insulin resistance is a clinical condition characterized by the inability of insulin to regulate the 

circulating levels of plasma glucose through the suppression of hepatic glucose production and the 

stimulation of peripheral glucose utilization, especially in skeletal muscle; it is generally the 

consequence of a defect of insulin receptor signaling caused by downregulation of the expression, 

as well as gene mutations or post-transcriptional and/or post-translational modifications of insulin 

receptor and/or downstream effector molecules, mainly IRS-1 and IRS-2, which, in the skeletal 

muscle, are phosphorylated on the tyrosine or serine residues, therefore influencing positively or 

negatively, respectively, the intracellular transmission of the insulin signal [36]. Persistent 

peripheral insulin resistance initially induces a compensative increase of insulin secretion by 

pancreatic β-cells, but lastly induces a gradual dysfunction and death of the pancreatic β-cells, 

triggering to the development of diabetes. In addition to the impairment of glucose metabolism, an 

impairment of lipid metabolism also occurs, with the increase of circulating free fatty acids levels, 

induced by their excessive release from adipose tissue, and captured by skeletal muscle, where they 

accumulate into the cytoplasm of the cells, for the concomitant impairment of their mitochondrial 

β-oxidation, inducing a lipotoxic state due to lipid infiltration. The lipotoxic state is responsible for 

the exacerbation of the impairment of insulin receptor activity, directly and indirectly, through the 

induction of an inflammatory state, and it is secondary responsible for a decrease of amino acid 

incorporation protein synthesis, determining a catabolic state with predominance of protein 

degradation in skeletal muscle [36].     

Several in vitro and in vivo studies in animal and/or human models have demonstrated that GCs 

directly regulate glucose, lipid and protein metabolisms, by different mechanisms, including the 

well-known interference with the insulin receptor signaling, with consequent impairment of insulin 

sensitivity and development of insulin resistance, which contributes not only to the development of 

an impairment of glucose tolerance, but also to the shift from muscle protein synthesis to muscle 

protein degradation and from anabolic to catabolic state [22-27,37]. These mechanisms are 

emphasized in condition of GC excess, including exogenous and endogenous CS, where skeletal 

muscle protein catabolism together with insulin resistance determines a progressive muscle atrophy 

D
ow

nl
oa

de
d 

by
: 

G
la

sg
ow

 U
ni

v.
Li

b.
   

   
   

   
   

   
   

   
   

   
   

   
  

13
0.

20
9.

6.
61

 - 
11

/2
/2

02
0 

8:
39

:1
0 

AM

Acc
ep

ted
 m

an
us

cri
pt



 

19 

and a systemic metabolic disorder [22-27,37]. Indeed, in mouse skeletal muscle cell line and in 

primary cultures of human myoblasts, 24 hrs exposure to 1000 nM dexamethasone antagonized 

insulin action through a decrease of IRS-1 expression and an increase of IRS-1 phosphorylation on 

serine residues, inducing and impairment of insulin receptor signaling and, consequently, insulin 

sensitivity [22]. In primary cultures of human myocytes, 48 hrs GCs exposure significantly reduced 

intracellular insulin receptor signaling and, consequently, glucose uptake [23]. On the other hand, in 

mice displaying a reduction of corticosterone production, induced by a selective inhibitor of 11 β-

hydroxysteroid dehydrogenase type 1 (11 β-HSD1), the key enzyme that converts the inactive 11-

dehydrocorticosterone to the active corticosterone, the insulin action is agonized through an 

increase of IRS-1 phosphorylation on tyrosine residues, inducing an improvement of insulin 

receptor signaling and, consequently, insulin sensitivity in skeletal muscle, with a consequent 

decrease in circulating fasting glucose levels [22]. Moreover, in adrenalectomized diabetic mice, the 

exposure to 20 μg pro kg of body weight/day dexamethasone induced a concomitant skeletal 

muscle impairment of insulin receptor signaling and degradation of protein; in particular, 

dexamethasone induces a competition of active GC receptor with IRS-1 for the association with 

phosphatidylinositol 3 kinase (PI3K), with consequent impairment of insulin signaling, due to IRS-

1 displacement from PI3K, and the activation by the complex GC receptor/ PI3K complex of 

protein degradation [24]. In healthy human subjects, the administration of 2 mg dexamethasone in 

four daily doses for 2 days induced an impairment of insulin receptor signaling and insulin action 

by affecting lipid metabolism, with decrease of fatty acid β-oxidation and increase of lipolysis, with 

consequent lipid accumulation and decrease of glucose uptake in skeletal muscle, and systemic 

hyperglycemia [25]. Moreover, a similar study on healthy human subjects demonstrated that the 

administration of 500 mg dexamethasone, in four daily doses for 2 days, induced skeletal muscle 

insulin resistance associated with compensatory hyperinsulinemia [26]. Importantly, the overnight 

HC infusion at a concentration inducing a short term hypercortisolemia in healthy human subjects 

preserving ß-cells function, induced a systemic insulin resistance characterized by hyperglycemia 

and high levels of circulating free fatty acids accompanied with higher insulinemia [27]. Currently, 

little is known about the molecular mechanisms underlying the effect of GCs excess, and 

particularly, the loss of the physiological cortisol circadian rhythm on the development of metabolic 

disorders, also due to the inexistence of specific models, although a role of the disruption of cell 

circadian clock and rhythm has been suggested.  

Some evidences in in vivo animal and human models suggest the disruption of cell circadian clock 

to mediate the GCs effects on glucose metabolism and insulin sensitivity, through the regulation of 

cell circadian clock machinery component expression. Indeed, mice with deletion of genomic GRE 
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in the Per2 gene were protected from the dexamethasone-induced development of skeletal muscle 

and adipose insulin resistance and impairment of glucose tolerance [28]. Interestingly, several in 

vivo evidences in animal and human models recently demonstrated a strict link between cell 

circadian clock disruption and insulin resistance and consequent glucose intolerance or diabetes 

[29-34]. Indeed, Bmal1 knockout mice developed glucose intolerance or diabetes, with the increase 

in fasting glucose levels accompanied by a reduction in insulin secretion, due to an impairment in 

insulin secretion pathway in β-cells of the pancreas [29]. Clock mutant mice developed not only 

hyperphagia, associated with upregulation of two potent orexigenic peptides, orexin and ghrelin, 

and consequent obesity associated with hyperleptinemia, but also hyperglycemia and 

hyperlipidemia [30]. Per2 knockout mice developed hyperphagia, likely consequent to the loss of 

circadian feeding rhythm leading to equal food intake during both the light and dark daytime, and 

consequent obesity [31]. On the other hand, in humans, a CRY2 allele variant, due to a single 

nucleotide polymorphism, has been associated with impairment of glucose tolerance or diabetes in 

the general population of  European and Asiatic cohorts of subjects [32]. Moreover, a circadian 

rhythm misalignment, obtained by forcing behavioral habits of healthy male subjects with an abrupt 

shifting of their normal circadian rhythm by 12 hrs, impairs skeletal muscle insulin sensitivity, with 

consequent increase of fasting glucose, due to decreased insulin-stimulated glucose disposal and 

uptake [33]. These studies demonstrated the important role of circadian clock in the control of 

glucose metabolism. Interestingly, a study on adipose tissues derived from a population of obese 

women demonstrated that adipocyte non-physiological fluctuation components belonging to the 

circadian clock, represented by increased circadian variability of BMAL1 and PER2 expression, was 

associated with an increased sagittal diameter of the respective women abdomen, marker of visceral 

obesity, demonstrating that the impairment of the circadian clock might be associated with 

metabolic syndrome [34]. Furthermore, recent studies demonstrated that a huge number of skeletal 

muscle genes follows a circadian expression influencing a wide range of physiological functions 

including not only muscle-specific functions, such as myogenesis, fiber-type shifts, and 

mitochondrial respiration, but also metabolic functions, such as glucose tolerance and insulin 

sensitivity [68,69], therefore confirming that skeletal muscle, the key metabolic tissue responsible 

for the great majority of insulin-mediated whole-body glucose uptake and disposal, is subject to 

circadian control, and regulates glucose metabolism and insulin sensitivity in a circadian manner.  

The totality of these studies suggests that a GC excess might be directly and indirectly responsible 

for the development of insulin resistance, due to a relevant impairment of insulin receptor signaling 

and insulin receptor mediated intracellular glucose, lipid and protein metabolisms, mainly in the 

skeletal muscle; these evidences are also confirmed in the pathological human in vivo model of CS. 
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Indeed, CS is associated with insulin resistance, and consequent development of glucose intolerance 

and/or diabetes [37]. The mechanisms underlying these events include the impairment of the insulin 

receptor signaling, operated by GCs directly, or indirectly through the stimulation of lipolysis and 

proteolysis and the consequent increase of fatty acids and amino acids, inducing the development of 

metabolic syndrome, characterized not only by glucose intolerance, but also by dyslipidemia and 

catabolic state [37]. The GCs effect on adipose tissue, with the consequential development of 

visceral obesity, which emphasizes the metabolic syndrome, as well as the concomitant GCs effect 

on pancreatic β-cell, with the inhibition of insulin secretion, are probably responsible for the 

development of diabetes in CS [37]. 

Conversely, AI, characterized by cortisol deficiency and by a complete loss of cortisol circadian 

rhythm, requires lifelong GC replacement therapy [38]. Before the availability of synthetic GCs, the 

great majority of AI patients died within a year or at most two from the diagnosis, mainly due to 

adrenal crisis [39]. The introduction of GC replacement therapy, in the early 1950s, changed the AI 

management, reducing morbidity and mortality [41-45]. However, AI patients maintained a 

mortality rate higher than that associated with the general population [41,42], together with a higher 

morbidity for metabolic disorders, as well as cardiovascular, infectious, immune and skeletal 

diseases, resulting in an impaired quality of life [38-39]. This considerable morbidity and mortality 

may be partially attributable to the disruption of GC circadian rhythmicity induced by the 

conventional GC formulations [43-46]. Indeed, the most commonly used conventional IR-HC thrice 

daily treatment schedule is associated with a non-physiological cortisol daily pattern, not providing 

an adequate GCs physiological replacement therapy, mainly due to the high circulating cortisol 

levels in the evening [47-55]. Recently, the novel MR-HC formulation appeared able to improve 

metabolic, as well as cardiovascular, immune and skeletal complications, with positive impact on 

quality of life when compared with conventional GC formulations [47-55]. 

However, the specific role of non-physiological daily cortisol profile or circadian cortisol rhythm 

on the development of insulin resistance and the underlying molecular mechanisms, in the skeletal 

muscle, remains a major challenge. 

The current study, for the first time, elucidated the metabolic effects of HC exposure, at different 

concentrations, in different time-points of the cell circadian rhythm by exploring the molecular 

mechanisms both at genomic and protein levels, in a synchronized in vitro model. In the current 

study, in order to determine the role of cell circadian rhythm in the HC-induced metabolic function, 

cell synchronization of the skeletal muscle cells C2C12 has been assessed by serum-shock protocol; 

this protocol efficiently induced the circadian expression of the main components of the clock 
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machinery and allowed to fix the time-points of treatment with HC. Previous reports have found 

that the addition of serum-rich media to cultured mammalian cells triggers the rhythmic expression 

of cell circadian clock, given the largely demonstrated presence of cell autonomous circadian clock, 

regardless of their species of origin [70]. In particular, as previously demonstrated in different in 

vitro models [70,71], despite the murine origin, in C2C12 cells, serum shock induced circadian 

clock rhythmic expression, by resetting endogenous clock genes expression, and its reactivation in a 

circadian manner [70]. The rhythmic oscillation of clock genes through the 24 hrs period allowed to 

establish the circadian time-points of treatment, which, for the purpose of the study, have been set at 

Bmal1 acrophase, midphase and bathyphase, corresponding to maximum, medium and minimum 

expression levels, respectively. The circadian clock consists of an autoregulatory 

transcriptional/translational feedback loop mechanism with a positive and a negative arm; this 

mechanism predicts that the expression levels of Bmal1, the main effector of the loop mechanism 

positive arm, are at the highest levels in the first hours of light and at the lowest levels in the first 

hours of dark, with an opposed trend for Per and Cry expression levels, the main effectors of the 

loop mechanism negative arm, whose levels are highest in the first hours of dark and lowest in the 

first hours of light [7,8]. Starting from these observations, 12 hrs after serum shock high Bmal1 and 

low Per and Cry expression was observed, while 20 hrs after serum shock a reversal trend was 

observed, as previously demonstrated in the same cell model [70]. Assuming 12 hrs after serum 

shock as corresponding to the early morning, 15 hrs after serum shock corresponding to the early 

afternoon and 20 hrs after serum shock corresponding to the early evening, different treatment 

schedules of HC exposure, inducing different physiological or pathological circulating cortisol daily 

curves: in particular, TSB and TSC, corresponding to HC concentrations used to mimic circulating 

cortisol concentrations reached in AI patients treated with once-daily MR-HC and thrice-daily of 

conventional IR-HC, respectively, were compared to TSA, corresponding to HC concentrations 

used to mimic physiological circulating cortisol concentrations in healthy subjects, specifically at 

the different cell circadian rhythm time-points acrophase, midphase and bathyphase. After the 

different treatment schedules, gene expression levels of 84 genes involved in the modulation of 

insulin sensitivity, and the development of insulin resistance, were evaluated and compared through 

genomic array, to obtain a first evaluation of HC exposure genomic effects on skeletal muscle 

insulin sensitivity in the three different cell circadian time-points. In detail, TSB and TSC, when 

compared to TSA during acrophase and midphase, did not significantly influence expression levels 

of genes involved in the regulation of insulin sensitivity, despite the relatively high HC 

concentrations. Conversely, TSC, but not TSB, during bathyphase, induced a significant 

downregulation in the expression of 21 main genes involved in the regulation of insulin sensitivity, 
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despite the relatively low concentrations of HC. An in-depth study of the function of these 21 genes 

showed their involvement in the regulation of intracellular insulin receptor signaling and a specific 

intracellular pathway of lipid metabolism, namely fatty acid β-oxidation. These interesting novel 

results demonstrated that the exposure of skeletal muscle cells to a low concentration of HC during 

the cell bathypahse, which typically occurs in the early evening of the physiological circadian 

rhythm, can strongly and negatively influence the intracellular transmission of insulin signal, 

disrupting the expression of the main genes involved in the regulation of insulin sensitivity, pointing 

out that the day-time, more than the degree, of HC exposure negatively influence insulin sensitivity 

in the skeletal muscle. Indeed, although the HC concentration used in TSC was only slightly higher 

than the HC concentrations used in TSB and TSA during bathyphase, a great number of genes 

involved in the regulation of insulin sensitivity was negatively regulated, whereas in acrophase and 

midphase, although the HC concentrations used in TSB and TSC were notably higher than the those 

used in TSA, no significant changes have been observed among the three different HC 

administration schedules, in the expression of genes involved in the regulation of insulin sensitivity, 

therefore emphasizing that the metabolic GCs effects depend on the different phases of cell 

circadian rhythm, probably as a consequence of the effect of the circadian clock on the GC action, 

mediated by the change in GC receptor sensitivity. 

This evidence is confirmed by the data available in the literature on the different effect of various 

HC formulations inducing non-physiological or physiological cortisol profile, resembling or not the 

physiological cortisol rhythm. Indeed, AI patients treated with thrice daily conventional 

formulations, especially IR-HC, and exposed to the non-physiological cortisol pattern, when 

switched to once daily MR-HC therapy, able to better mimic the circadian cortisol profile, showed 

improvements in metabolic parameters, including body weight, waist circumference, lipid profile 

and, particularly, glucose metabolism, with reduction in fasting glucose and glycated hemoglobin in 

diabetic patients, reduction in insulin levels and insulin resistance in pre-diabetic patients, and a 

reduction in fasting glucose, glycated hemoglobin, insulin levels and insulin resistance in non-

diabetic patients [47-55] 

Moreover, in the current study, to better investigate the involvement of the 21 genes significantly 

downregulated in skeletal muscle insulin resistance during bathyphase, the five genes mainly 

involved in the regulation of insulin sensitivity (Insr, Irs1, Irs2, Pi3kca and Adipor2) were selected 

and re-analyzed through RT-qPCR, confirming their decreased expression exclusively after TSC 

exposure, and that, rather than the HC doses, the specific time-point of the circadian rhythm, at 

which they are administered, is the major responsible of the disruption in the transmission of the 

insulin signal. The confirmation of the downregulation of these genes allowed to perform an 
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additional molecular analysis, at protein level, to better investigate the intracellular insulin signal 

activation after the treatment schedules at cell bathyphase, the only time-point of the cell circadian 

rhythm with significantly relevant change in gene expression. In detail, the analysis of intracellular 

proteins involved in the insulin receptor signaling and in the fatty acid β-oxidation pathway 

corroborated the results obtained at genomic level. Indeed, following the pathological TSC 

schedule, insulin signaling was weakened as demonstrated by the strong inhibition of 

phosphorylated IRS1 at Thyr608 (insulin receptor activating phosphorylation) and of 

phosphorylated AKT at Ser473 (intracellular insulin pathway activation), compared to insulin 

signaling activated by physiological TSA and TSB. Moreover, the concomitant inhibition of 

AMPKα phosphorylation at Thr172 and of ACC at Ser79 in TSC compared to TSB and TSA 

suggested that HC supra-physiological TSC during bathyphase might inhibit fatty acid β-oxidation, 

compared to physiological TSA and TSB.  

 

The current study presents some limitations concerning the in vitro study of cell circadian rhythm. 

Although the oscillation of the clock genes is maintained at the peripheral level, in this in vitro 

system, the SCN input as well as the pharmacokinetics parameters regulating HC exposure in vivo, 

are missed. In vivo cortisol circulating levels and bioavailability are strongly affected by protein 

binding activity, metabolism and excretion in urine among the individuals, making it impossible to 

predict in an in vitro system. However, although the concentrations of cortisol may vary between 

individuals the pattern of cortisol circadian rhythm is sufficiently reproducible [72]. Moreover, the 

in vitro exposure to HC for only one hour in order to avoid the cell desynchronization and the loss 

of the Bmal1 acrophase, certainly did not allow to investigate the gene and protein modifications 

that would have occurred with a more prolonged treatment. Despite these limitations, these current 

findings might support the clinical knowledge about cortisol circadian rhythm disruption and 

metabolic comorbidities.  

 

CONCLUSIONS 

In conclusion, the current study demonstrated that TSC, inducing a circulating cortisol profile 

resembling that reached in AI patients treated with thrice-daily conventional IR-HC with a steep 

cortisol profile, during bathyphase, corresponding to the early evening in the daily rhythm, 

significantly induces insulin resistance by downregulating expression of genes particularly involved 

in insulin sensitivity in skeletal muscle. In particular, the significant downregulation of the main 

genes involved in the regulation of insulin sensitivity as well as the impaired intracellular insulin 
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receptor signaling accompanied to the inhibition of lipid oxidation pathway demonstrated that 

exposure to non-physiological concentrations of HC in the early evening may strongly affect insulin 

sensitivity. The current study, despite the limitations of an in vitro study, could support the current 

scientific literature highlighting the correlation between cortisol circadian rhythm disruption and 

metabolic disorders, as well as the metabolic improvements obtained using the new MR-HC 

formulation, which better mimic the circadian cortisol profile by reducing diurnal cortisol peaks and 

troughs and in particular by reducing the early evening cortisol overexposure.  
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LEGENDS TO THE TABLES AND FIGURES 

Table 1. Treatment schedule after C2C12 synchronization. 

Synchronized C2C12 cells have been treated with different concentrations of HC to mimic 

circulating cortisol concentrations observed in healthy human subjects [63] and the serum cortisol 

peaks (expressed in nmol/L) in AI patients treated with once-daily MR-HC or thrice-daily IR-HC 

conventional treatments [48]. 12 hrs post serum free medium replacement, corresponding to Bmal1 

acrophase, resembled the 8 am in the daily rhythm; 15 hrs post serum free medium replacement, 

corresponding to Bmal1midphase, resembled the 1 pm in the daily rhythm; 18 hrs post serum free 

medium replacement, corresponding to Bmal1 bathyphase, resembled the 6 pm in the daily rhythm. 

TSA: treatment schedule A; TSB: treatment schedule B; TSC: treatment schedule C. 

Figure 1 

Simplified representation of the in vitro synchronization protocol and of TSA and TSC 

performed in the different circadian time-points. A) C2C12 myoblasts were seeded in 60 mm 

dishes and terminally differentiated to myocytes. After 48 hrs, the medium was changed and C2C12 

were synchronized using DMEM-supplemented with 50% horse serum (serum shock). After 2 hrs 

in serum-rich, cells were rinsed and re-fed with serum-free DMEM for 24 hrs. B) At the indicated 

times (every 4 hrs over a 24 hrs period) dishes were washed twice with ice-cold PBS 1X, lysed, and 

RNA extracted from cell lysates. At each time-point of the cell circadian cycle, corresponding to 8 

am, 1 pm and 6 pm of the subjective daily rhythm, C2C12 cells were exposed to different HC 

concentrations for 1h.  

Figure 2 

Circadian messenger and protein expression profile of Bmal1, Clock, Per1, Per2 and Cry2 in 

C2C12 cell line. A) Double plotted graphs illustrating the temporal rhythm organization of Bmal1, 

Clock, Per1, Per2 and Cry2 in synchronized C2C12 cell line during 24 hrs. The messenger 

expression levels were normalized against the housekeeping gene RNA18S. Values represent the 

mean ± SEM of six independent experiments. P values depicted in each graph were calculated by 

ANOVA.B) Protein expression profile of clock genes during 24 hrs. Proteins were normalized 

against b-actin. The blot is representative of two or three independent experiments. Densitometry 

protein bands quantification was reported in Supplementary data (Figure 1S).  

Figure 3 

Volcano plot representation indicates the statistical significance of gene expression changes 

comparing the exposure to several HC concentrations at acrophase time point of circadian 

rhythm. A) Comparison between TSA vs TSB. B) Comparison between TSA vs TSC. C) 

Comparison between TSB vs TSC. The x-axis of the Volcano plot shows the log2 of the fold-
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differences, while the y-axis their p-values based on student’s t-test. Symbols in the volcano plot 

above the dashed line readily identify fold-differences. The plot represents the mean of three 

independent experiments. 

Figure 4 

Volcano plot representation indicates the statistical significance of gene expression changes 

comparing the exposure to several HC concentrations at midphase time point of circadian 

rhythm. A) Comparison between TSA vs TSB. B) Comparison between TSA vs TSC. C) 

Comparison between TSB vs TSC. The x-axis of the Volcano plot shows the log2 of the fold-

differences, while the y-axis their p-values based on student’s t-test. Symbols in the volcano plot 

above the dashed line readily identify fold-differences. The plot represents the mean of three 

independent experiments. 

Figure 5 

Volcano plot representation indicates the statistical significance of gene expression changes 

comparing the exposure to several HC concentrations at bathyphase time point of circadian 

rhythm. A) Comparison between TSA vs TSB. B) Comparison between TSA vs TSC. C) 

Comparison between TSB vs TSC. The x-axis of the Volcano plot shows the log2 of the fold-

differences, while the y-axis their p-values based on student’s t-test. Features of interest are 

typically those in the upper left and right hands corners of the volcano plot, as these have large fold 

changes (lie far from x=0) and are statistically significant (have large y-values). 

(www.qiagenbioinformatics.com). Plots circled in red indicate significantly modified genes. The 

plot represents the mean of three independent experiments. 

Figure 6 

Representation of 84 insulin resistance-related genes expression profile after several HC 

concentrations exposure at acrophase, midphase and bathyphase time points of circadian 

rhythm. Heatmap: each gene is represented by a row while the columns show the fold regulation 

of genes expression (high fold regulation in green and low fold regulation in red) after the different 

treatments at the 3 time-points. A) TSA vs TSB at acrophase; B) TSA vs TSC at acrophase; C) TSA 

vs TSB at midphase; D) TSA vs TSC at midphase;  E) TSA vs TSB at bathyphase; F) TSA vs TSC 

at bathyphase. The heatmap represents the mean of three independent experiments.  

Table 2 

Gene symbols and name of 21 genes significantly downregulated during bathyphase when 

TSA was compared to TSC.  
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Table 3 

Gene symbols and name of 22 genes significantly downregulated during bathyphase when 

TSB was compared to TSC.  

Figure 7 

Insulin pathway genes validation through RT-qPCR. Values represent the mean ± SEM of three 

independent experiments. The expression levels are normalized against the housekeeping gene 

cyclophilin. **p<0.01; ***p<0.001 vs control. 

Figure 8 

Intracellular insulin signaling after different HC concentrations at bathyphase time point. The 

blots are representative of three independent experiments. The values of densitometry reported are 

the mean ± SEM of three independent experiments.  

Figure 9 

Schematic representation of intracellular insulin signaling and fatty acid ß oxidation pathway 

activated by TSC in bathyphase of Bmal1 (Created with BioRender.com). Exposure of muscle 

cells to TSC HC in bathyphase strongly inhibits pIRS-1 Tyr608, thus decreasing intracellular 

insulin signaling. Concurrently, TSC in the same-time point, inhibits pAMPK Thr172, triggering to 

phosphorylation of ACC on Ser79 that increases its enzymatic activity, thus leading to an 

upregulated fatty acid synthesis.  
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starvation

Bmal1  gene 

expression

12 acrophase

15 midphase
18 bathyphase
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TSA TSB TSC

Physiological MR-HC IR-HC

400 650 750

200 372 600
150 177 300

Hydrocortisone concentrations to recapitulate in vitro the 

serum cortisol patterns observed in patients under once 

daily MR-HC or thrice-daily IR-HC treatments (nmol/L)
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Gene symbol
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Acacb

Acsl4

Adipor2

Alox5

Cebpa

Fasn

Ifng

Ikbkb

Il1r1

Insr

Irs1

Irs2

Lipe

Lta4h

Mapk3

Olr1

PIk3ca

Socs3

Stat3

Tnfraf1b

D
ow

nl
oa

de
d 

by
: 

G
la

sg
ow

 U
ni

v.
Li

b.
   

   
   

   
   

   
   

   
   

   
   

   
  

13
0.

20
9.

6.
61

 - 
11

/2
/2

02
0 

8:
39

:1
0 

AM

Acc
ep

ted
 m

an
us

cri
pt



                    Gene name Fold change
 Acetyl-CoA Carboxylase Alpha -5.37

 Acetyl-CoA Carboxylase Beta -2.49

 Long-chain-fatty-acid—CoA ligase 4 -2.57

 Adipokine receptor 2 -3.70

 Arachidonate 5- Lipoxygenase -4.29

 CCAAT/enhancer binding protein alpha -6.68

 Fatty acid synthase -2.42

 Interferon gamma -2.18

 Inhibitor of nuclear factor kappa B kinase subunit beta -4.25

 Interleukin 1 receptor -3.59

 Insulin receptor -5.60

 Insulin receptor substrate 1 -4.15

 Insulin receptor substrate 2 -3.32

 Lipase E -4.08

 Leukotriene A4 Hydorxylase -3.11

 Mitogen-Activated Protein Kinase 3 -3.55

 Oxidized low density lipoprotein receptor 1 -3.51

 Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha -2.11

 Suppressor Of Cytokine Signaling 3 -3.19

 Signal transducer and activator of transcription 3 -3.42

 Tumor necrosis factor receptor superfamily, member 1b -5.35
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p-value
0.009718

0.023602

0.029905

0.029810

0.026506

0.037441

0.020579

0.034901

0.034995

0.046924

0.024156

0.019819

0.030917

0.024886

0.020585

0.039112

0.034575

0.030844

0.038021

0.022028

0.030947
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Gene symbol
Acaca

Adipor2

Alox5

Cebpa

Crlf2

Cs

Hk2

Ikbkb

Il1r1

Insr

Irs1

Irs2

Lipe

Lta4h

Mapk3

Mtor

Olr1

Pycard

Serpine1

Slc27a1

Socs3
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                    Gene name Fold change
 Acetyl-CoA Carboxylase Alpha -2.75

 Adipokine receptor 2 -2.50

 Arachidonate 5- Lipoxygenase -2.09

 CCAAT/enhancer binding protein alpha -3.82

Cytokine Receptor Like Factor 2 -2.20

Citrate synthase -2.68

Hexokinase 2 -2.39

Inhibitor of nuclear factor kappa B kinase subunit beta -2.82

 Interleukin 1 receptor -2.50

 Insulin receptor -3.28

 Insulin receptor substrate 1 -2.45

 Insulin receptor substrate 2 -2.12

 Lipase E -2.79

 Leukotriene A4 Hydorxylase -2.13

 Mitogen-Activated Protein Kinase 3 -2.43

 mammalian target of Rapamycin -2.62

 Oxidized low density lipoprotein receptor 1 -2.14

 Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha -2.89

Serine proteinase inhibitor 1 -2.34

Solute Carrier Family 27 Member 1 -3.61

 Suppressor Of Cytokine Signaling 3 -2.46
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p-value
0.005650

0.002580

0.033591

0.001066

0.000122

0.000276

0.000034

0.000048

0.000076

0.000001

0.000686

0.000400

0.004016

0.000395

0.002200

0.000041

0.015128

0.021533

0.003379

0.000001

0.000324
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Mm04277571_s1

TaqMan ® Assay ID

Mm00500226_m1

Mm00455950_m1

Mm00501813_m1

Mm00478113_m1

Mm01331542_m1
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Gene Dye

Bmal1 FAM-MGB

Clock FAM-MGB

Per1 FAM-MGB

Per2 FAM-MGB

Cry2 FAM-MGB

18S FAM-MGB
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SybrGreen®  Accession number or primers
NM_010568

NM_010570

NM_001081212

NM_008839

NM_197985

Fwd: 5' GCAGACAAAGTTCCAAAGACA 3’

Rvs:  5' ACCCTGGCACATGAATCC 3’
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SybrGreen®  Accession number or primers Gene
NM_010568 INSR

NM_010570 IRS1

NM_001081212 IRS2

NM_008839 PI3KCA

NM_197985 ADIPOR2

Fwd: 5' GCAGACAAAGTTCCAAAGACA 3’

Rvs:  5' ACCCTGGCACATGAATCC 3’ Ciclophylin A
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Gene symbol Gene name

Acaca   

Acetyl-

Coenzyme A 
carboxylase 

alpha

Acacb

Acetyl-

Coenzyme A 
carboxylase 

beta

Acsl1 

Acyl-CoA 

synthetase long-

chain family 

member 1

Acsl4

Acyl-CoA 

synthetase long-

chain family 

member 4 
Adiponectin, 

C1Q and 

collagen domain 

containing 
Adiponectin 

receptor 1

Adipoq

Adiponectin, 
C1Q and 

collagen domain 

containing 
Adiponectin 

receptor 1

Adipor1

Adiponectin 

receptor 1

Adipor2
Adiponectin 
receptor 2 

Akt3

Thymoma viral 
proto-oncogene 

3

Alox5

Arachidonate 5-

lipoxygenase

Apoe

Apolipoprotein 

E

Casp1 Caspase 1 

Ccl12

Chemokine (C-C 

motif) ligand 12

Ccr4 

Chemokine (C-C 

motif) receptor 

4

Ccr5

Chemokine (C-C 

motif) receptor 

5

Ccr6

Chemokine (C-C 

motif) receptor 

6 

Cd36 CD36 antigen

Cd3e

CD3 antigen, 

epsilon 

polypeptide

Cebpa

CCAAT/enhance

r binding 

protein 

(C/EBP), alpha

Table 2S

1
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