
ELECTRONIC SUPPLEMENTARY MATERIAL 

 

SUPPLEMENTARY METHODS 

 

Study protocol 

 

Baseline measurements 

At baseline, participants recorded food intake and sleep times for three days. Subsequently 

participants visited the clinical research unit on the morning of day 1. A fasting blood sample 

was obtained, resting energy expenditure was measured with a ViaSys Vmax Encore 29 

(CareFusion, San Diego, CA, USA), and body fat percentage was measured by bio-electrical 

impedance analysis (BIA) with a Maltron BF-906 body fat analyser (Maltron International, 

Rayleigh, Essex, UK). The presence of cardiac autonomic neuropathy was defined as described 

previously (1), and assessed with continuous non-invasive finger cuff arterial blood pressure 

measurements (Nexfin, Edwards Lifesciences BMEYE, Amsterdam, The Netherlands). A 

FreeStyle Navigator continuous glucose measurement (CGM) sensor (Abbott Diabetes Care, 

Alameda, CA, USA) was applied to the laterodorsal non-dominant upper arm, and a 

GENEActiv accelerometer (Activinsights, Kimbolton, UK, measurement frequency 50 Hz) was 

connected to the non-dominant wrist. 

 

Sleep-wake rhythm, diet and medication 

For each participant, an individual Zeitgeber Time (ZT) 0 was determined by the average wake 

up time from the baseline sleep log. Food intake diaries were analysed using food analysis 

software based on the Dutch Food Composition Database (http://www.eetmeter.nl, Netherlands 

Nutrition Centre Foundation). Eating episodes were defined as food intake of at least 50 kcal, 

with 15 minutes between separate episodes (2), and the food intake period was defined as the 

duration between the first and the last eating episode. 

 

Meal frequency 

The patients were instructed to pause metformin use from two days prior to the measurements 

until study end (in total 5 days). We provided subjects with three identical liquid meals per day 

at evenly spaced fixed time points, starting from lunch on day 1. The daily amount of calories 

was set at 25 kcal/kg bodyweight. The daily amount of calories was divided into three equal 

portions of Ensure Plus (1.5 kcal/ml, 54E% carbohydrates, 29E% fat, 17E% protein; Abbott 



Nutrition, Columbus, Ohio, USA), and participants were instructed to consume an exact amount 

of the liquid meal within 15 minutes at three equally distanced times corresponding to ZT 0:30, 

ZT 6:00, and ZT 11:30.  

After the visit to the clinical research unit on day 1, participants returned home. They were 

instructed to adhere to ZT 0 as wake-up time, and average baseline sleep time as sleep time. 

Participants recorded food intake and sleep-wake behaviour in a diary. 

 

Clinical research unit measurements 

Subjects came back to the clinical research unit at the evening of day 2. A cannula was inserted 

in a peripheral arm vein. Subjects slept undisturbed in darkness (0 lux) during their habitual 

sleep times. On day 3 at ZT 0, room lights were turned on at ~150 lux at eye level. Subjects 

remained in a semi-recumbent position. Superficial subcutaneous adipose tissue samples were 

obtained in a random order from the four peri-umbilical quadrants on day 2 at ZT 15:30, and 

on day 3 at ZT 0:15, ZT 5:45, and ZT 11:15. After local anesthesia with 5 ml 2% lidocaine, 

continuous vacuum suction was applied with a 15 gauche needle. Samples were directly rinsed 

with 0.9% sodium chloride, subsequently added to 1 ml Tripure Isolation Reagent (Roche, 

Basel, Switzerland) shaken on a TissueLyser (Qiagen, Hilden, Germany) and stored at -80°C 

within 15 minutes after tissue sampling. 

Starting from ZT 0 on day 3, blood samples were obtained with 30-min intervals (15-min 

intervals in the first postprandial hour) until ZT 15. Blood plasma was separated from the cells 

by centrifugation. Glucose was determined immediately and aliquots for other assays were 

stored at -20°C. 

 

Adipose tissue RNA sequencing 

RNA isolation was performed according to the RNeasy-Mini protocol for animal tissues and 

cells on the Qiacube (Qiagen) including an RNAse-free-DNAse digestion step. RNA 

concentration was measured with the Nanodrop 2000 Spectrophotometer (Thermo Fisher 

Scientific) and quality checked with the 2100 Bioanalyzer (Agilent Technologies). RIN values 

were >7.5 for all samples except for 5 samples: 1 sample had a RIN of 6.9, and for 4 samples 

(3 healthy control samples, 1 patient sample), no RIN could be obtained due to low RNA 

concentration (range 8-14 ng/ul). However, visual inspection of the electrophoresis results of 

these samples revealed clear 18s and 28s peaks without additional peaks, indicating good RNA 

integrity, and therefore these samples were included for the cDNA library preparation. 



cDNA was constructed with the Ovation RNA-Seq System V2 (NuGen, Manchester, UK) and 

the product was purified with the MinElute PCR Purification kit (Qiagen). cDNA concentration 

was determined by fluormetric measurement with Qubit dsDNA BR (Invitrogen, Thermo 

Fisher Scientific) and quality checked with the Bioanalyzer DNA1000 (Agilent Technologies). 

2 ug cDNA was sheared by sonication (Covaris, Woburn, MA, USA). Sheared cDNA was size 

selected to maintain fragments of 140 to 180 bp, by double ampure purification (Agencourt, 

Beckman Coulter, Brea, CA, USA). Sizing and concentration were checked using Bioanalyzer 

and Qubit.  

Barcoded adaptor ligated library construction was performed using the Solid fragment Library 

preparation kit (Lifetech, pn 4464412). Each sample was generated using a separate 10bp 

barcode incorporated in the adaptor sequence. After 8 cycles of amplification, samples were 

purified twice using ampure (ratio of 1.5) and pooled equimolar based on concentration and 

average sample size. Sequencing of this equimolar pool was performed on the Solid 5500 

wildfire sequencer (Life technologies, Thermo Fisher Scientific) generating an average of 40 

million 50bp fragment and 10bp barcode reads per sample.  

The relative expressions of PER1, PER2, PER3, and ARNTL (BMAL1) were validated by qPCR 

using a reaction mix consisting of forward primer, reverse primer (for sequences see ESM 

Table 3), SensiFAST SYBR NO-ROX Mix (Bioline, Singapore) and purified water in a ratio 

of 1:1:20:10. qPCR reactions were performed in the Lightcycler 480 (Roche). mRNA 

expression was quantified with the LinRegPCR software (Heart Failure Center, AMC, 

Amsterdam) (3) and normalized against the housekeeping gene EEF1A1.  
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SUPPLEMENTARY TABLES 

 

ESM Table 1: Primers used for qPCR. 

Gene Forward primer (5' - 3') Reverse primer (5' - 3') 

ARNTL1 (BMAL1) CATTAAGAGGTGCCACCAATCC TCATTCTGGCTGTAGTTGAGGA 

PER1 AGTCCGTCTTCTGCCGTATCA AGCTTCGTAACCCGAATGGAT 

PER2 GCGTGTTCCACAGTTTCACC GCGGATTTCATTCTCGTGGC 

PER3 CAAGACATGAGGGTATTCTACGC CAGCTCTTTGGGTCCAGTTGT 

EEF1A1 TTTTCGCAACGGGTTTGCC TTGCCCGAATCTACGTGTCC 

 

  



ESM Table 2. Compliance and sleep quality.  

 

        Control Type 2 diabetes      P 

         Sleep log°           

  Night before day 1           

Delta bedtime (min) 15 (8-48) 30 (8-86) 0.56 

Delta wake up time (min) 40 (11-51) 15 (5-45) 0.43 

  Night between day 1 and day 2           

Delta bedtime (min) 15 (8-30) 0 (0-13) 0.10 

Delta wake up time (min) 35 (23-52) 10 (3-48) 0.43 

         Diet log           

  Day 1           

Delta lunch time (min)  0 (0-9) 18 (0-31) 0.18 

Delta dinner time (min)  0 (0-0) 0 (0-9) 0.39 

  Day 2           

Delta breakfast time (min)  0 (0-0) 10 (2-38) <0.01 

Delta lunch time (min)  8 (0-23) 0 (0-0) 0.24 

Delta dinner time (min)  0 (0-12) 1 (0-26) 0.662 

         Actigraphy           

  Night between day 1 and day 2           

Sleep onset latency (min) 7 (4-37) 0 (0-8) 0.07 

Sleep efficiency (%) 89 (85-91) 93 (87-96) 0.24 

Snooze time (min) 7 (0-15) 3 (1-16) 1.00 

   Night between day 2 and day 3           

Sleep onset latency (min) 10 (4-26) 17 (9-58) 0.39 

Sleep efficiency (%) 86 (75-91) 87 (77-89) 1.00 

Snooze time (min) 6 (0-17) 6 (0-17) 0.82 

Compliance to the prescribed sleep-wake rhythm is expressed as the absolute difference (delta) 

between prescribed sleep times and reported sleep times. Compliance to the diet is expressed 

as the absolute difference (delta) between prescribed meal times and reported meal times. Sleep 

quality is assessed by actigraphy (te Lindert et al, Sleep 2013, ref 23 in main text). Sleep onset 

latency represents the difference (delta) between reported lights off time and actigraphic sleep 

onset. Sleep efficiency represents the percentage of the analysis period (between actigraphic 

sleep onset time and actigraphic final wake time) spent asleep according to the actigraph. 

Snooze time represents the time between reported wake time and actigraphic wake time. Data 



are presented as medians (25th-75th percentile). Between group differences are assessed with 

a Mann Whitney U test for non-normally distributed variables. The only significant between 

group difference was breakfast time at day 2 which was reported to be on time for healthy 

controls, but on average 10 minutes off-target by the patients. 

°for 7 time points (15%), data were missing due to incomplete sleep diaries 

 

 

 

ESM Table 3. Non-esterified fatty acid levels.  

      Preprandial NEFA (mmol/l)  Postprandial trough NEFA (mmol/l)  

            P        P  

Control Breakfast   0.43 ± 0.07 0.188 0.07 ± 0.01 0.018 

  Lunch   0.50 ± 0.08 0.391 0.08 ± 0.01 0.015 

  Dinner   0.49 ± 0.09 0.320 0.07 ± 0.01 0.005 

Type 2 diabetes Breakfast   0.56 ± 0.06   0.14 ± 0.02   

  Lunch   0.41 ± 0.06   0.13 ± 0.02   

  Dinner   0.39 ± 0.04   0.16 ± 0.02   

Data are means ± SEM. Between group differences were assessed with an independent samples 

two-sided t-test. 

 

 

  



GEO DATASETS 

 

The following datasets can be downloaded via NCBI Gene Expression Omnibus (GEO series 

accession number GSE104674): 

 

- Raw sequencing data 

- Dataset 1: Rhythmic expression analysis 

o Tab 1: Diurnal rhythmicity 

o Tab 2: Up or down regulation 

o Tab 3: Rhythm both groups (184 genes) 

- Dataset 2: Ingenuity Pathway Analysis 

o Tab 1: Nomenclature 

o Tab 2: Enrichment gene groups 

o Tab 3: Enrichment up or down 

o Tab 4: Upstream all time points 

  





ESM Fig. 1. Validation of the expression of four clock genes using qPCR. a-d Expression as 

determined by RNA sequencing (n=6 per time point). e-h Expression as determined by qPCR 

(n=4-6 per time point). The negative clock genes ae PER1, bf PER2, and cg PER3 as 

determined by qPCR replicated the pattern of a decrease over the day with a tendency towards 

a decreased amplitude for PER1 and PER3 in patients as determined by RNA sequencing. dh 

The positive clock gene ARNTL as determined by qPCR replicated the increase over the day 

and the tendency towards a lower amplitude in patients as determined by RNA sequencing. i 

Annotated functions of rhythmic genes (number of genes), determined with IPA. j Annotated 

cellular locations of rhythmic genes (number of genes) determined with IPA. kl Examples of 

genes showing a significant rhythm in patients but not in controls: the genes encoding for k 

ATP binding cassette subfamily G member 1 (ABCG1) and l ATP binding cassette subfamily 

C member 5 (ABCC5). 

Open squares: healthy controls. Closed circles: obese patients with type 2 diabetes. Data are 

means ± standard errors of the mean.  
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ABSTRACT 

 

Aims/hypothesis 

Animal studies indicated that disturbed diurnal rhythms of clock gene expression in adipose 

tissue can induce obesity and type 2 diabetes mellitus. The importance of the biological 

circadian system for energy metabolism is well appreciated, but little is known on the diurnal 

regulation of (clock) gene expression in obese patients with type 2 diabetes mellitus. In this 

study we aimed to identify key disturbances in the diurnal rhythms of the white adipose tissue 

transcriptome in obese patients type 2 diabetes mellitus.  

Methods 

In a case-control design, we included 6 obese patients with type 2 diabetes mellitus and 6 

healthy lean control subjects. All subjects were provided with three identical meals per day for 

three days at Zeitgeber Time (ZT, with ZT 0 representing the time of lights on) 0:30, 6:00, and 

11:30. Four sequential subcutaneous abdominal adipose tissue samples were obtained, on day 

2 at ZT 15:30, and on day 3 at ZT 0:15, ZT 5:45, and ZT 11:15. Gene expression was measured 

using RNA sequencing.  

Results 

In patients, the core clock genes showed reduced amplitude oscillations compared to healthy 

controls. Moreover, in patients only 1.8% (303 genes) of 16818 expressed genes showed 

significant diurnal rhythmicity, compared to 8.4% (1421 genes) in healthy controls. Enrichment 

analysis revealed a loss of rhythm in patients of canonical metabolic pathways involved in the 

regulation of lipolysis. Enrichment analysis of genes with an altered mesor in patients showed 

decreased activity of the translation initiating pathway EIF2 signaling. Patients showed a 

reduced diurnal rhythm in postprandial glucose concentrations. 

Conclusions/interpretation 

Diurnal clock and metabolic gene expression rhythms are decreased in subcutaneous adipose 

tissue of obese patients with type 2 diabetes mellitus, compared to lean controls. Future 

investigation is needed to explore potential treatment targets as identified by our study, 

including clock enhancement and induction of EIF2 signaling. 

 

Raw RNA sequencing data and 2 supplementary datasets can be downloaded at the NCBI 

GEO database (accession number GSE104674)   



 
 

RESEARCH IN CONTEXT 

 

What is already known about this subject 

 In rodents, the circadian timing system, consisting of a central brain clock and peripheral 

clocks in metabolic tissues, regulates insulin sensitivity. 

 Animal models of type 2 diabetes show reduced amplitude of diurnal adipose tissue 

clock gene expression rhythms. 

 Single nucleotide polymorphisms in clock genes correlate with the risk of type 2 

diabetes mellitus in humans. 

What is the key question? 

 What are the differences between obese patients with type 2 diabetes mellitus and 

healthy lean control subjects in the diurnal rhythms of the subcutaneous adipose tissue 

transcriptome? 

What are the new findings? 

 The amplitude of core clock gene oscillations is reduced, and the total number of genes 

with a significant diurnal oscillation is more than four-fold lower in obese patients with 

type 2 diabetes mellitus compared to healthy lean controls. 

 Canonical pathways with reduced rhythmicity in patients are involved in the regulation 

of lipolysis. 

 Genes with a decreased mesor in patients are enriched in the translation initiation 

pathway EIF2 signaling.  

How might this impact on clinical practice in the near future? 

Our findings provide the rationale to further investigate potential targets for the treatment of 

obesity and/or type 2 diabetes, including clock enhancement and induction of EIF2.  

  



 
 

INTRODUCTION 

 

All mammalian species possess a circadian timing system consisting of a central brain clock in 

the suprachiasmatic nucleus (SCN) and clocks in peripheral tissues such as muscle, liver, and 

adipose tissue [1, 2]. The fundamental clock mechanism is the autonomous transcriptional-

translational feedback loop consisting of core clock genes that oscillate with a period of ~24hr 

[3]. The central clock in the SCN is synchronized to the 24-hr rhythm of the environment via 

retinal input, and synchronizes the peripheral clock rhythms via hormones, the autonomic 

nervous system, and the regulation of food intake and body temperature [1]. The circadian 

timing system and energy metabolism are strongly intertwined. At the molecular level, the 

transcriptional-translational feedback loop has reciprocal connections with oscillations in 

NAD+, ATP, and the cellular redox state [3]. At the cellular level, cultured adipocytes show 

circadian rhythms in glucose uptake [4], insulin sensitivity [5], and lipolysis [6], and the 

necessity of the clock gene Arntl for normal adipogenesis [7]. At the organismal level, diurnal 

rhythms in glucose tolerance with increased glucose tolerance at the onset of the active period 

in healthy human subjects were already described in the 70s [8]. The observation that this 

diurnal rhythm of glucose tolerance is diminished in humans with prediabetes or diabetes 

mellitus was one of the first clues linking disturbed circadian rhythms to metabolic disease [9]. 

Of note, circadian rhythms are rhythms with a period of approximately 24 hours that are 

regulated by the endogenous circadian timing system and that persist under constant conditions, 

while diurnal rhythms are rhythms observed under non-constant conditions, for example during 

a 24 hour light-dark cycle. 

According to the circadian desynchrony hypothesis, desynchrony between the various clocks 

in the circadian timing and behavioral sleep/wake and fasting/feeding rhythms may be involved 

in the pathophysiology of obesity and type 2 diabetes mellitus [2, 10]. In support, mouse models 

of type 2 diabetes show decreased amplitude rhythms of adipose clock gene expression [11, 

12]. Moreover, whole body Clock mutant mice develop obesity and hyperglycemia [13], 

specific ablation of the clock gene Arntl in skeletal muscle causes insulin resistance [14], and 

specific Arntl ablation in adipose tissue causes obesity [15]. 

In humans, there is a correlation between polymorphism in the clock genes ARNTL [16] and 

CRY2 [17] and the risk of type 2 diabetes mellitus. It has been observed that humans with type 

2 diabetes mellitus show reduced amplitude clock gene expression rhythms in peripheral blood 

leukocytes [18], but these cells are probably not directly involved in the pathophysiology of 

insulin resistance.  



 
 

Despite this circumstantial support of the desynchrony hypothesis, the question whether diurnal 

gene expression rhythms are altered in metabolic tissues of human patients with type 2 diabetes, 

remains to be answered. One previous study detected no differences in diurnal rhythms of 

gluteal subcutaneous adipose tissue core clock gene expression between subjects with type 2 

diabetes mellitus and healthy subjects as assessed by qPCR of a limited number of genes [19]. 

Since another study reported that 25% of the genes in human adipose tissue show a diurnal 

rhythm [20], we adopted a genome wide approach to perform a comprehensive rhythmic gene 

expression analysis. Obesity and type 2 diabetes mellitus are strongly correlated, and the 

majority of patients with type 2 diabetes mellitus is obese [21, 22]. In the current study, we 

therefore compared in vivo diurnal gene expression rhythms in subcutaneous adipose tissue 

between obese patients with type 2 diabetes mellitus and healthy lean control subjects.   



 
 

METHODS 

 

Participants 

We included 6 obese patients with type 2 diabetes mellitus according to the 2010 American 

Diabetes Association (ADA) criteria [23], BMI 25-40 kg/m2, male sex, and age 30-75 yr, using 

no antidiabetic drugs other than metformin. Inclusion criteria for the 6 healthy control subjects 

were BMI ≤ 25 kg/m2, male sex, and age 30-75 yr. Exclusion criteria for both groups were any 

acute or chronic disease (other than type 2 diabetes mellitus) that impairs food digestion, 

absorption or metabolism, obstructive sleep apnoea, and shift work or crossing more than one 

time zone in the month prior to study participation. Subjects were recruited by announcements 

at public locations, in local newspapers, and patient magazines. We provided study information 

to 46 obese patients with type 2 diabetes mellitus, 9 patients were screened, 3 patients were 

excluded (1 patient had obstructive sleep apnoea, 2 patients declined to participate). Six patients 

provided informed consent and completed the study. We provided study information to 37 

healthy control subjects, 6 healthy controls were screened, all 6 provided informed consent and  

completed the study. 

 

Study Protocol 

For a detailed description of the study protocol, see electronic supplemental materials (ESM). 

In brief, at baseline, participants recorded food intake and sleep times for three days. 

Subsequently, participants visited the clinical research unit on the morning of day 1. For each 

participant, an individual Zeitgeber Time (ZT) 0 was determined by the average wake up time 

from the baseline sleep log. The patients were instructed to pause metformin use from two 

days prior to the measurements until study end (in total 5 days). We provided subjects with 

three identical liquid meals (Ensure Plus (1.5 kcal/ml, 54E% carbohydrates, 29E% fat, 17E% 

protein; Abbott Nutrition, Columbus, Ohio, USA)) per day at evenly spaced fixed time points 

(ZT 0:30, ZT 6:00, and ZT 11:30), starting from lunch on day 1. The daily amount of calories 

was set at 25 kcal/kg bodyweight. Subjects went back home, and came back to the clinical 

research unit at the evening of day 2. Subjects slept undisturbed in darkness (0 lux) during 

their habitual sleep times. On day 3 at ZT 0, room lights were turned on at ~150 lux at eye 

level. Subjects remained in a semi-recumbent position. Superficial subcutaneous adipose 

tissue samples were obtained by vacuum suction with a 15 gauche needle, in a random order 

from the four peri-umbilical quadrants on day 2 at ZT 15:30, and on day 3 at ZT 0:15, ZT 



 
 

5:45, and ZT 11:15. Starting from ZT 0 on day 3, blood samples were obtained with 30-min 

intervals (15-min intervals in the first postprandial hour) until ZT 15. 

 

Adipose tissue RNA sequencing 

For a detailed description of the adipose tissue RNA sequencing and qPCR techniques, see 

ESM. In summary, RNA isolation was performed according to the RNeasy-Mini protocol for 

animal tissues and cells on the Qiacube (Qiagen). cDNA was constructed with the Ovation 

RNA-Seq System V2 (NuGen, Manchester, UK) and the product was purified with the 

MinElute PCR Purification kit (Qiagen). cDNA was sheared by sonication (Covaris, Woburn, 

MA, USA) and subsequently size selected by double ampure purification (Agencourt, Beckman 

Coulter, Brea, CA, USA). Barcoded adaptor ligated library construction was performed using 

the Solid fragment Library preparation kit (Lifetech, pn 4464412). Sequencing was performed 

on the Solid 5500 wildfire sequencer (Life technologies, Thermo Fisher Scientific). The relative 

expressions of PER1, PER2, PER3, and ARNTL (BMAL1) were validated by qPCR.  

 

Statistical analysis 

Baseline measurements, ambulant measurements, and plasma values 

Normally distributed data are expressed as means and standard deviations (for baseline 

variables) or standard errors of the mean (for outcome variables), non-normally distributed data 

are expressed as medians (25th percentile-75th percentile). 

Incremental areas under the curve (iAUC) for postprandial plasma glucose and insulin were 

calculated using the trapezoid rule with GraphPad Prism for Windows (version 5.01, GraphPad 

Software, Inc.), where the postprandial period was defined to extend until 210 min after meal 

onset. Actigraphy data were analysed according to the method described by te Lindert and van 

Someren [24]. 

All further statistical analyses were performed with IBM SPSS Statistics (version 21, SPSS, 

Inc.). Baseline between-group differences were assessed with the Mann-Whitney U test for 

non-normally distributed variables and the independent samples two-sided t-test for normally 

distributed variables. 

AUC and fasting values were log-transformed or ln-transformed to achieve normality if 

necessary and subsequently analysed with a linear mixed-effects model for repeated 

measurements with Time, Group, and Time x Group interaction as fixed effects using 

‘Heterogeneous Compound symmetry’ (CSH) as covariance structure. Subsequent differences 

between time points were assessed with the Wilcoxon Signed Rank test for non-normally 



 
 

distributed variables and the paired samples two-sided t-test for normally distributed values. 

Graphs were made with GraphPad Prism. 

 

RNA sequencing data analysis 

For a detailed description of the RNA sequencing data analysis, see ESM. In brief, RNA 

sequencing data were aligned, and differences in expression over time in either healthy controls 

or patients were determined using a generalized linear model likelihood ratio test using the 

statistical computing environment R (version 3.1.0). Enrichment and upstream regulator 

analysis was performed with Ingenuity Pathway Analysis (Qiagen, Release June 2016).  

 

 

 

  



 
 

RESULTS 

 

The subject characteristics of the obese patients with type 2 diabetes mellitus and the healthy 

lean controls are shown in Table 1. Sleep-wake logs, food diaries and actigraphy measurements 

showed no significant between group differences in compliance or sleep quality, except for a 

10 minutes difference between prescribed breakfast time and actual breakfast time on day 2 in 

the patients (ESM Table 1).  

RNA sequencing of subcutaneous adipose tissue samples detected a total number of 16818 

expressed genes. Diurnal rhythms of biological processes are characterized by their amplitude, 

acrophase, period and mesor (Fig 1a). Our four time point approach enabled us to assess 

amplitude, acrophase and mesor of all genes in the transcriptome. We first analyzed the core 

clock genes. The positive clock genes ARNTL and the CLOCK ortholog NPAS2 showed the 

expected increase over the day in both groups (Fig. 1b). The negative clock genes PER1, PER2, 

PER3, and CRY2 showed the expected decrease over the day in both groups (Fig. 1c). The core 

clock genes overall showed a decreased amplitude in patients compared to healthy controls 

(Wilcoxon Signed Rank test, P=0.025, Fig. 1d). Data for four clock genes were validated by 

qPCR (ESM Fig. ab). 

Next, we analyzed the number of genes with a significant diurnal rhythm with a generalized 

linear model likelihood ratio test, using a false discovery rate (FDR)<0.1 as cutoff. Out of the 

16818 genes, we identified three gene groups of interest: 1237 genes with a significant rhythm 

in healthy controls only, 119 genes with a significant rhythm in patients only, and 184 genes 

with a significant rhythm in both healthy controls and patients (Fig. 2a, 2e, ESM dataset 1, 

tab 1 and 3). Rhythmic genes included genes encoding for enzymes, transcriptional regulators, 

kinases, transporters, and membrane receptors (ESM Fig. cd). 

We performed enrichment analysis on these gene groups of interest. The 184 genes with a 

significant rhythm in both healthy controls and patients were enriched in canonical pathways 

including circadian rhythm signaling, TR/RXR activation, and adipogenesis (Fig. 2c, ESM 

dataset 2, tab 2). These 184 genes with a rhythm in both groups showed a reduced diurnal 

amplitude in patients compared to healthy controls (Wilcoxon Signed Rank test, P=0.002, Fig. 

2b). For the 184 genes with a rhythm in both groups, diurnal acrophase was similar between 

groups for 171 genes (93%) with 50 genes showing an increase over the day, 68 genes showing 

a decrease over the day, 35 genes showing a peak at mid-day and 18 genes showing a trough at 

mid-day. Thirteen genes showed a phase difference, including the insulin sensitive genes 

PDK4, PFKFB3, and IRS2 (Fig. 2f).  



 
 

The 1237 genes with a significant diurnal rhythm in healthy controls only, were enriched in 

canonical pathways including PPARα/RXRα activation (including the gene LPL), AMPK 

signaling (including the genes PPARGC1A and ACACA), and cAMP-mediated signaling (Fig. 

2cd, ESM dataset 2, tab 2). The 119 genes with a significant rhythm in patients only were not 

enriched for any canonical pathways (ESM dataset 2, tab 2, ESM Fig. e). 

To identify additional pathways potentially involved in the pathophysiology of type 2 diabetes 

mellitus, we analyzed genes that were consistently either up- or down regulated at all time 

points (i.e., with a different mesor, Fig. 1a). We identified 1392 genes (out of 16818 genes) that 

were either upregulated (708 genes) or downregulated (684 genes) at all time points in patients 

compared to healthy controls (FDR<0.1) (ESM dataset 1, tab 2). Enrichment analysis with 

IPA revealed the upregulated canonical pathway LPS/IL-1 mediated inhibition of RXR function 

(-log(P)=3.6, z-score =3.2, ratio 30/172) and the downregulated canonical pathway EIF2 

signaling (-log(P)=9.1, z-score =-3.4 ratio 41/165). Specifically, consistently upregulated genes 

included FGF1, the leptin gene LEP, and the aromatase gene CYP19A1. Downregulated genes 

included ARNTL, ARNTL2 and SIRT1 (Fig. 1b and 2d, ESM dataset 2, tab 3). 

We performed IPA upstream regulator analysis to identify potential regulators involved in the 

pathophysiology of type 2 diabetes mellitus. The upstream analysis predicted increased activity 

of the transcriptional regulators EHF and MDM2, the cytokine TNF, the transporter SYVN1, 

and the growth factor TGFB1 in patients compared to healthy controls. Regulators with 

predicted decreased activity were the transcriptional regulator FOXA1 and the protein complex 

AMPK (ESM dataset 2, tab 4). 

During the first two days of the fixed meal schedule, the healthy controls showed a diurnal 

rhythm in postprandial glucose excursions with an increase of the glucose incremental area 

under the curve (iAUC) from breakfast to lunch and no change in the iAUC from lunch to 

dinner. In contrast, the patients showed a decrease of the glucose iAUC from breakfast to lunch 

and no change in the iAUC from lunch to dinner (linear mixed-effects model, Time x Group 

interaction P=0.004) (Table 2). 

On the third day, the diurnal rhythm of plasma glucose iAUC at the clinical research unit 

showed a difference in rhythm between healthy controls and patients (linear mixed-effects 

model, Time x Group interaction P=0.006) that was in line with the results in the ambulant 

setting (Fig. 3a and Table 2). Plasma insulin iAUC values showed no significant difference in 

rhythm (linear mixed-effects model, Time x Group interaction P=0.194), nor an overall effect 

of time (linear mixed-effects model, Time P=0.522) (Fig. 3b and Table 2). 



 
 

Preprandial plasma free fatty acids (FFAs) showed a different pattern over the day between the 

groups. Whereas in the healthy controls there was a slight increase over the day, in patients 

there was a decrease in preprandial FFA levels over the day (linear mixed-effects model, Time 

x Group interaction P=0.033). Trough postprandial FFA levels were increased in the patients 

compared to the healthy controls (linear mixed-effects model, Group P=0.015) (Fig. 3c and 

ESM Table 2). 

Plasma cortisol concentrations showed the expected diurnal pattern with high morning levels 

and a subsequent decrease over the day (linear mixed-effects model, Time P<0.001). There was 

no difference between groups in diurnal rhythm (linear mixed-effects model, Time x Group 

interaction P=0.185) or baseline levels (independent samples two-sided t-test, P=0.112) (Fig. 

3d). 

 

  



 
 

DISCUSSION 

 

In the present paper, we provide the first transcriptome atlas of diurnal gene expression rhythms 

in white adipose tissue of obese patients with type 2 diabetes mellitus and healthy lean control 

subjects. In patients, the amplitude of core clock gene oscillations was reduced, and the total 

number of genes with a significant diurnal oscillation was more than four-fold lower compared 

to healthy controls. Canonical pathways with reduced rhythmicity in patients included AMPK 

signaling and cAMP-mediated signaling. Canonical pathways with an elevated mesor in 

patients compared to controls were enriched in LPS/IL-1 mediated inhibition of RXR function, 

whereas genes with a decreased mesor in patient were enriched in EIF2 signaling. Upstream 

analysis of genes with a different mesor identified potential pathophysiological transcriptional 

regulators, such as SYVN1 and FOXA1. The reduction of adipose tissue gene expression 

rhythms was paralleled by a loss of the diurnal rhythm in postprandial glucose excursions. 

Previous rodent studies [11-15] and human polymorphism studies [16, 17] suggested that 

reduced diurnal rhythms of gene expression may be a predisposing factor for development of 

insulin resistance. Here we show for the first time, that in line with this hypothesis, the diurnal 

rhythm of subcutaneous adipose tissue gene expression is reduced in obese patients with type 

2 diabetes mellitus. It is known that increased adipose tissue lipolysis causes elevated plasma 

free fatty acid levels which induces liver and muscle insulin resistance [25]. Patients showed a 

loss of rhythm for many genes in the canonical pathways AMPK signaling and cAMP-mediated 

signaling which both regulate lipolysis via protein phosphorylation [26, 27]. The reduced 

diurnal rhythms in these genes may reflect reduced synchrony between metabolic gene 

expression and the diurnal rhythm of food intake, which may contribute to increased daytime 

lipolysis in patients with type 2 diabetes mellitus. However, since we did not assess protein 

phosphorylation status, this hypothesis remains to be proven in follow up experiments. 

The lower amplitude clock gene oscillations are in line with rodent models of type 2 diabetes 

mellitus showing reduced diurnal rhythms in adipose tissue clock gene expression [11, 12]. 

However, our finding of reduced clock gene amplitude contrasts with a previous study that 

found no difference in clock gene oscillations between obese subjects with diabetes mellitus, 

healthy obese subjects and healthy lean subjects [19]. This difference may be related to the 

chosen subcutaneous adipose tissue depot (gluteal [19] versus abdominal in our study), since 

we know from rodent studies that clock gene rhythms may differ between white adipose tissue 

depots [28]. In addition, the accumulation of subcutaneous adipose tissue in the abdominal 



 
 

subcutaneous compartment probably has a greater contribution to the development of insulin 

resistance than the gluteal subcutaneous compartment [29-31]. 

Since we used an observational case-control design, a limitation of our study is that we cannot 

draw definite conclusions on a causal relationship between the observed alterations in diurnal 

gene expression rhythms and metabolic disease. The observed loss of rhythmic gene expression 

in obese patients with type 2 diabetes mellitus may be due to reduced intracellular clock 

functioning, metabolic disturbances, altered rhythms in other neuro-hormonal signals, or a 

combination of these factors. For example, we considered the hormone cortisol as a potential 

candidate, because cortisol affects circadian clock gene expression [32], but in our data there 

was no difference in the cortisol rhythm between healthy controls and patients.  

We compared obese patients with type 2 diabetes to healthy lean control subjects, since obesity 

and type 2 diabetes show a strong correlation in the insulin resistant subtype of the metabolic 

syndrome [22]. Consequently, a second limitation of our study design is that we cannot deduct 

whether the differences in gene expression are mainly due to obesity or due to type 2 diabetes, 

and additional studies are needed to assess which factor is most relevant. 

We standardized the food intake schedule for three days. Rodent studies showed that the timing 

of food intake is an important Zeitgeber for adipose tissue clock gene and metabolic gene 

expression [33-35], and also in humans clock and metabolic gene expression in adipose tissue 

responds to feeding status [20]. Therefore, it is possible that the restriction of the food intake 

period and the reduction of the number of eating episodes in our study design, strengthened 

clock and metabolic gene expression rhythms in both patients and healthy controls compared 

to free-living conditions. On the other hand, with the current experimental set-up we can 

exclude that the differences observed are due to (acute) effects of differences in sleep/wake or 

feeding/fasting cycles. 

Several physiological features of diurnal gene expression were conserved in the obese patients 

with type 2 diabetes mellitus. Genes with preserved rhythmic expression showed virtually no 

phase differences between patients and healthy controls. Exceptions included the insulin 

dependent genes (PDK4, IRS2 [36], and PFKFB3). The phase changes in these genes are 

probably due to prolonged postprandial insulin signaling, since we observed that insulin levels 

of patients do not return to baseline in contrast to healthy controls.  

One hundred and nineteen genes showed a rhythm in the obese patients with type 2 diabetes 

mellitus, but not in healthy controls. A major part of these 119 genes encode for proteins with 

cellular functions including enzymes, transcriptional regulators and kinases. However, as a 

group these 119 genes were not enriched in any canonical pathways, which prohibits general 



 
 

statements about the function of this gene group. The increased amplitude in patients of genes 

responding to lipid metabolism (such as the sterol transporter ABCG1) or insulin (such as the 

cyclic nucleotide transporter ABCC5) with a diurnal peak or trough expression at ZT 0:15 may 

be explained by the larger difference in patients compared to the healthy controls between ZT 

0:15 and the other time points in terms of plasma insulin, preprandial free fatty acid levels and 

probably also intracellular metabolite levels.  

Parallel to the reduced amplitude in gene expression rhythms, we found a reduced diurnal 

rhythm in postprandial glucose excursions in obese patients with type 2 diabetes mellitus. The 

reduced rhythm in postprandial glucose excursions was expected based on earlier observations 

[9] and may be related to alterations in the diurnal rhythm of insulin sensitivity [37], although 

the underlying mechanism remains to be elucidated. If the reduction in diurnal adipose tissue 

gene expression rhythms can be extrapolated to muscle and liver tissue, this may offer a 

potential explanation considering that the molecular clock affects muscle [14] and liver [38] 

insulin sensitivity [2]. 

In rodent obesity models, the beneficial metabolic effect of the natural compound nobiletin was 

mediated by RORα and RORγ mediated enhancement of the Clock gene rhythm [39]. Since we 

observed a reduction of the CLOCK rhythm in obese patients with type 2 diabetes mellitus, 

future studies should investigate if nobiletin has beneficial effects in human patients with 

obesity and type 2 diabetes mellitus. 

To identify additional potential targets for the treatment of type 2 diabetes mellitus, we analyzed 

the 1392 genes with a different mesor, i.e., the genes that show either upregulation or 

downregulation at all time points in patients compared to healthy controls. For example, the 

downregulated canonical pathway EIF2 signaling is involved in translation initiation, and a 

previous rodent study reported that induction of EIF2 signaling protects against endoplasmatic 

reticulum stress in type 2 diabetes mellitus [40]. Potential upstream regulators with increased 

activity included TNF and TGFB1, consistent with literature on the role of these inflammatory 

mediators in the pathophysiology of insulin resistance [41, 42]. Among the potential upstream 

regulators with increased activity that may represent adipocyte treatment targets was SYVN1, 

which has a role in the regulation of endoplasmic reticulum protein degradation, and was shown 

to increase bodyweight by interacting with PGC1beta in mice [43]. Potential upstream 

regulators with decreased activity were FOXA1, a transcription factor that has been implicated 

in the development of obesity [44], and the energy sensor AMPK. These potential treatment 

targets warrant further investigation, since our study design cannot distinguish whether altered 

expression levels are due to obesity or type 2 diabetes mellitus. If future studies show that 



 
 

altered expression is specific for type 2 diabetes mellitus, preclinical therapeutic studies are 

justified.  

In conclusion, we provide evidence of reduced diurnal gene expression in adipose tissue of 

obese patients with type 2 diabetes mellitus compared to healthy lean controls. Core clock genes 

showed reduced amplitudes, the total number of rhythmic genes was strongly reduced and the 

rhythm in metabolic pathways was lost. We hypothesize that the reduced diurnal expression 

amplitudes may contribute to the development of insulin resistance via increased adipose tissue 

lipolysis. Further investigation is needed to explore potential targets for the treatment of obesity 

and/or type 2 diabetes mellitus, including clock enhancement, and induction of EIF2 and 

FOXA1. 

  



 
 

 

FIGURE LEGENDS 

 

Figure 1. Core clock genes showed reduced diurnal amplitudes in obese patients with type 

2 diabetes mellitus. a Circadian rhythms and diurnal rhythms can be described in terms of 

amplitude, acrophase, period and mesor. b Positive clock genes. CLOCK showed a significant 

rhythm in healthy controls (FDR 0.004), but not in patients (FDR 0.83). NPAS2 and ARNTL 

(BMAL1) showed a diurnal rhythm in both groups (FDR <0.001). c Negative clock genes. 

PER1, PER2, PER3, and CRY2 showed a diurnal rhythm in both groups (FDR<0.1). CRY1 

showed no significant rhythm in healthy controls (FDR 0.120), but did show a significant 

rhythm in patients (FDR 0.004). d The core clock genes overall showed reduced amplitude 

expression in patients compared to healthy controls (Wilcoxon Signed Rank test, P=0.025). 

Note that y-axes of RNA sequencing data have different scales. Closed circles: obese patients 

with type 2 diabetes mellitus. Open squares: healthy controls. Data are means ± standard errors 

of the mean. 

 

Figure 2. Diurnal rhythms of adipose tissue gene expression were reduced in obese 

patients with type 2 diabetes mellitus compared to healthy controls. a Venn diagram 

showing the number of rhythmic genes in each group (significance level FDR<0.1). b 

Scatterplot of differences in average amplitude (control-patients) of the 1237 genes with a 

significant rhythm in healthy controls, the 184 genes with a significant rhythm in both control 

and patients and the 119 genes with a significant rhythm only in patients. c Enrichment analysis 

of genes that were rhythmic in healthy controls only (left) and genes that were rhythmic in both 

groups (right), performed with Ingenuity Pathway Analysis. The ratios indicate the number of 

genes from a canonical pathway with a significant diurnal rhythm, as a proportion of the total 

number of genes in the canonical pathway. d Examples of genes showing a significant rhythm 

in healthy controls but not in patients: the genes encoding for the enzyme lipoprotein lipase 

(LPL), the transcriptional activator peroxisome proliferator-activated receptor gamma, 

coactivator 1 alpha (PPARGC1A), and the enzymes acetyl-CoA carboxylase alpha (ACACA) 

and acyl-CoA synthetase long-chain family member 1 (ACSL1). Examples of genes with an 

overall up- or downregulation (i.e., a different mesor) in patients compared to healthy controls: 

upregulated genes included FGF1 (encoding for fibroblast growth factor 1), LEP (encoding for 

leptin), and CYP19A1 (encoding for the aromatase protein). Downregulated genes included 



 
 

PPARGC1A, ARNTL2, and SIRT1 (encoding for sirtuin 1). Data are means ± standard errors of 

the mean. e Heatmaps of the standardized average log2 counts per million (CPM) normalized 

expression values per time point and group (columns) for the three groups of genes (rows) 

indicated in the Venn diagram (Fig. 2A). f Among the genes with a phase difference are 

pyruvate dehydrogenase kinase 4 (PDK4), 6-phosphofructo-2-kinase (PFKFB3), and insulin 

receptor substrate 2 (IRS2). Data are means ± standard errors of the mean. 

Open squares: healthy controls. Closed circles: obese patients with type 2 diabetes mellitus.  

 

Figure 3. Plasma values at the clinical research unit after ingestion of three identical 

meals. a The diurnal rhythm of postprandial glucose excursions was reduced in obese patients 

with type 2 diabetes mellitus compared to healthy controls (linear mixed-effects model, 

Interaction P=0.006), despite higher plasma glucose values in patients. b Insulin levels were 

increased in patients compared to healthy controls, but neither group showed a diurnal rhythm 

in postprandial insulin excursions. c Plasma FFA levels were higher in patients with a slower 

recovery compared to healthy controls, resulting in a decrease of preprandial FFA levels over 

the day compared to healthy controls. d Plasma cortisol rhythm was not different between 

groups. 

Data are means ± standard errors of the mean. Open squares: healthy controls. Closed circles: 

obese patients with type 2 diabetes mellitus. 
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TABLES 

Table 1: Subject characteristics.   

  Control (n=6) Type 2 diabetes (n=6) P 

   Physical parameters           

Age (y) 59 (50-64) 58 (54-69) 1.000 

BMI (kg/m²) 24 (22-25) 31 (28-32) 0.009 

Waist circumference (cm) 91 (86-95) 111 (106-114) 0.002 

Systolic blood pressure (mmHg) 118 (111-156) 126 (120-141) 0.485 

Diastolic blood pressure (mmHg) 72 (69-86) 71 (66-85) 0.485 

Resting energy expenditure (kJ/day) 6951 (578) 7644 (1050) 0.187 

BIA body fat (%) 22 (19-24) 31 (25-35) 0.004 

  Laboratory values           

HbA1c (mmol/mol) 36 (35-39) 53 (47-59) 0.002 

HbA1c (%) 5.4 (5.4-5.7) 7.0 (6.5-7.5) n/a 

Glucose (mmol/l) 5.5 (5.1-5.7) 8.4 (7.6-10.5) 0.002 

LDL cholesterol (mmol/l) 3.5 (2.7-4.0) 2.6 (2.0-3.2) 0.093 

HDL cholesterol (mmol/l) 1.5 (1.3-1.6) 1.1 (1.0-1.4) 0.026 

Total cholesterol (mmol/l) 5.2 (4.5-5.8) 4.6 (4.2-5.0) 0.310 

Triacylglycerol (mmol/l) 0.8 (0.6-1.1) 1.9 (1.2-2.4) 0.009 

   History/medication           

Diabetes duration (y) n/a   6 (2-15)   

Metformin (n) 0   6     

Metabolic syndrome criteria*           

0 / 1 / 2 / 3 / 4 / 5 (n) 3 / 1 / 2 / 0 / 0 / 0 0 / 0 / 1 / 1 / 3 / 1   

   Baseline           

Reported daily food intake (kJ) 9226 (7005-13192) 8328 (6010-10018) 0.485 

Food intake period (minutes) 778 (90) 700 (106) 0.198 

Number of eating episodes (n) 6.0 (1.0) 5.8 (2.1) 0.865 

Wake up time (ZT 0) (hh:mm) 6:45 (06:38-07:34) 6:15 (05:25-07:27) 0.310 

Sleep onset time (hh:mm) 23:22 (23:08-23:58) 22:32 (21:58-23:39) 0.180 

Sleep duration (min) 448 (418-500) 422 (391-586) 0.699 

Experimental meal (kJ) 2862 (2722-3157) 3314 (3069-3664) 0.026 

Cardiac autonomic neuropathy (n) 0   0   n/a 

Normally distributed data are presented as means (SD), non-normally distributed data as 

medians (25th-75th percentile). *as defined in reference[45]    

 



 
 

Table 2: Glucose and insulin AUC values.   

      Control Type 2 diabetes  

      

 
iAUC 

 
  

P vs 
previous 

meal 
iAUC 

  
 P vs previous 
meal 

Interaction P 
value 

Interstitial glucose iAUC day 2   breakfast 184 ( 31 )   1222 ( 189 )     

(mmol/l x min)   lunch 319 ( 59 ) 0.023 413 ( 146 ) 0.020 0.004 

    dinner 319 ( 66 ) 0.996 655 ( 205 )* 0.673   

Plasma glucose iAUC day 3   breakfast 306 ( 77 )   1271 ( 114 )     

(mmol/l x min)   lunch 567 ( 86 ) 0.006 1007 ( 69 ) 0.066 0.006 

    dinner 767 ( 119 ) 0.040 1181 ( 89 ) 0.260   

Plama Insulin iAUC day 3 breakfast 55590 ( 10468 )   143515 ( 36495 )     

(pmol/l x min)   lunch 54183 ( 7665 ) 0.782 123286 ( 23235 ) 0.451 0.194 

    dinner 65973 ( 11122 ) 0.027 122400 ( 20703 ) 0.961   

 

Data are presented as means (SEM).  

* 2 missing values due to sensor problems 

  



 
 

ABBREVIATIONS 

ABCC5 ATP binding cassette subfamily C member 5  

ABCG1 ATP binding cassette subfamily G member 1  

ACACA acetyl-CoA carboxylase alpha  

ACSL1 acyl-CoA synthetase long-chain family member 1  

ADA American Diabetes Association  

AMPK  AMP-activated protein kinase 

ARNTL aryl hydrocarbon receptor nuclear translocator like  

ATP adenosine triphosphate 

BMAL1 brain and muscle Arnt-like protein-1 

BMI  body mass index 

cAMP cyclic adenosine monophosphate  

cDNA complementary DNA 

CLOCK  clock circadian regulator 

CPM counts per million  

CRY2  cryptochrome circadian regulator 2 

CSH heterogeneous compound symmetry 

CYP19A1 cytochrome P450 family 19 subfamily A member 1 

DNA deoxyribonucleic acid 

EIF2 eukariotic translation initiation factor 2 

ESM electronic supplemental materials 

FDR false discovery rate  

FFA  free fatty acid 

FGF1  fibroblast growth factor 1 

FOXA1 forkhead box A1 

iAUC incremental area under the curve  

IL-1  interleukin-1 

IPA  ingenuity pathway analysis 

IRS2  insulin receptor substrate 2  

LEP  leptin 

LPL lipoprotein lipase 

LPS lipopolysaccharide 

NAD+ nicotinamide adenine dinucleotide 

NPAS2  neuronal PAS domain protein 2  

PDK4 pyruvate dehydrogenase kinase 4  

PER period circadian regulator 

PFKFB3 6-phosphofructo-2-kinase 

PGC1beta PPARG coactivator 1 beta 

PPAR peroxisome proliferator activated receptor 

PPARGC1A peroxisome proliferator-activated receptor gamma, coactivator 1 alpha  

qPCR quantitative polymerase chain reaction 

RNA  ribonucleic acid 

ROR RAR related orphan receptor  

RXR retinoid-X receptor  

SCN suprachiasmatic nucleus  

SYVN1  synoviolin 1 



 
 

TGFB1 transforming growth factor beta 1 

TNF  tumor necrosis factor 

TR thyroid hormone receptor 

ZT zeitgeber time 
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