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Abstract

Objective: Time-restricted eating (TRE) restores circadian rhythms in mice, but the

evidence to support this in humans is limited. The objective of this study was to investi-

gate the effects of TRE on 24-hour profiles of plasma metabolites, glucoregulatory hor-

mones, and the subcutaneous adipose tissue (SAT) transcriptome in humans.

Methods: Men (n = 15, age = 63 [4] years, BMI 30.5 [2.4] kg/m2) were recruited.

A 35-hour metabolic ward stay was conducted at baseline and after 8 weeks of

10-hour TRE. Assessment included 24-hour profiles of plasma glucose, nones-

terified fatty acid (NEFA), triglyceride, glucoregulatory hormones, and the SAT

transcriptome. Dim light melatonin onset and cortisol area under the curve were

calculated.

Results: TRE did not alter dim light melatonin onset but reduced morning cortisol area

under the curve. TRE altered 24-hour profiles of insulin, NEFA, triglyceride, and

glucose-dependent insulinotropic peptide and increased transcripts of circadian loco-

motor output cycles protein kaput (CLOCK) and nuclear receptor subfamily 1 group D

member 2 (NR1D2) and decreased period circadian regulator 1 (PER1) and nuclear

receptor subfamily 1 group D member 1 (NR1D1) at 12:00 AM. The rhythmicity of 450

genes was altered by TRE, which enriched in transcripts for transcription corepressor

activity, DNA-binding transcription factor binding, regulation of chromatin organiza-

tion, and small GTPase binding pathways. Weighted gene coexpression network analy-

sis revealed eigengenes that were correlated with BMI, insulin, and NEFA.

Conclusions: TRE restored 24-hour profiles in hormones, metabolites, and genes

controlling transcriptional regulation in SAT, which could underpin its metabolic

health benefit.
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INTRODUCTION

The circadian system controls multiple behavioral and metabolic

processes [1]. At a molecular level, the system is controlled by

transcriptional-translational feedback loops. Period (PER1/2/3) and

cryptochrome (CRY1/2) circadian regulator genes are positively regu-

lated by the transcription factors circadian locomotor output cycles

protein kaput and aryl hydrocarbon receptor nuclear translocator-like

protein 1 complex (CLOCK:BMAL1/ARNTL) and are repressed by

their own translation products. Additionally, nuclear activators and

repressors (nuclear receptors RORα/β/γ, nuclear receptor subfamily 1

group D member 1 and 2 [NR1D1 and NR1D2]) regulate BMAL1 tran-

scription [1].

Nutrient-signaling molecules are strong regulators of clock

genes in peripheral tissues. Feeding results in the activation of the

insulin-phosphorylated protein kinase B(pAKT)-mammalian target

of rapamycin (mTOR) pathway, which increases the stability and

translation of PER [2,3], whereas fasting activates AMP-activated

protein kinase (AMPK) and nicotinamide phosphoribosyltransferase

(NAMPT), reducing the stability and transcription of CRY and PER

[4,5]. Therefore, meal timing is an entraining cue for peripheral

clocks, and mistimed eating with shortened overnight fasting

periods dampens peripheral clocks in mice [6,7].

Time-restricted eating (TRE) extends the overnight fasting period

by limiting the contiguous eating duration to 6 to 10 hours [6,8–11].

In mice with diet-induced obesity, TRE reduces body weight gain and

body fat accumulation, improves glucose tolerance, and restores

amplitude of core clock genes [6,7,11,12]. In humans, TRE decreases

body weight [9,13] and improves cardiovascular end points, insulin

sensitivity, and β-cell responsiveness [8]. TRE also regulates the rhyth-

micity of transcriptional profiles involved in amino acid transport but

it does not alter clock genes in human skeletal muscle [14].

The effect of TRE on 24-hour adipose tissue transcriptomic

profiles in humans remains untested. Individuals with obesity and

type 2 diabetes mellitus (T2DM) have a flattened amplitude in the

adipose tissue transcriptome, with <2% of expressed genes show-

ing a diurnal rhythm compared with 8% in lean individuals [15]. Adi-

pose tissue also plays a vital role in the body’s adaptive response to

fasting by inhibiting de novo fatty acid synthesis and adipogenesis

and stimulating lipolysis, thereby elevating circulating nonesterified

fatty acid (NEFA) [16]. In human adipose tissue, acute fasting also

alters the transcripts involved in circadian clocks [16,17]. Accord-

ingly, we hypothesized that TRE would restore 24-hour rhythms in

metabolites, glucoregulatory hormones, and the subcutaneous adi-

pose tissue (SAT) transcriptome in humans with obesity.

METHODS

Participants

A total of 15 men (aged 40-70 years) with obesity (BMI = 30.5 [2.4]

kg/m2; waist circumference = 113 [4] cm) participated. The study

Consolidated Standards of Reporting Trials (CONSORT) diagram,

sample-size calculation, and other clinical characteristics of the study

participants have been previously reported [18].

Design

This study was designed as an open-label, pre-post trial, including

2-week baseline monitoring and an 8-week TRE intervention. Individ-

uals following a prolonged daily eating duration lifestyle (>12 h/d) dur-

ing the baseline monitoring period were recruited to participate in the

study in the South Australia Health and Medical Research Institute in

Adelaide. First enrollment of participants was on July 17, 2018, and the

trial was completed on April 3, 2019. The study was approved by the

Central Adelaide Local Health Network Human Research Ethics Com-

mittee, University of Adelaide, and the University of South Australia,

and it was registered with ClinicalTrials.gov (NCT03590158). Written

informed consent was obtained from each participant prior to the

enrollment.

In the 2 weeks prior to baseline and the week-8 metabolic testing

visit, activity levels and sleep patterns were measured by ActiGraph

(wGT3X-BT). All eating and drinking events for the entire 10-week

Study Importance

What is already known?

• Time-restricted eating (TRE) restores circadian rhythms in

the animal model.

• TRE improves glucose metabolism in humans.

• TRE alters the circadian rhythm of amino acid metabolism

in skeletal muscle.

What does this study add?

• TRE restored circadian rhythms in metabolites and glu-

coregulatory hormones.

• TRE altered clock gene expression and restored 24-hour

profiles in genes controlling transcriptional regulation in

human adipose tissue.

• TRE may promote healthy adipose tissue function and

metabolism.

How might these results change the direction of

research or the focus of clinical practice?

• The study provides the first evidence that TRE restores

24-hour profiles to genes in adipose tissue in humans.

• Providing potential mechanisms of TRE in regulating met-

abolic health in humans could be critical to translating

TRE into clinical practice.
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study duration were photographed and annotated by photograph-

based smartphone application “myCircadianClock” (https://

mycircadianclock.org/, Satchidananda Panda, Salk Institute, La Jolla,

California). Prior to the metabolic testing visit, standardized foods

were provided at 100% of calculated total daily energy requirements

(50% of carbohydrate, 30% fat, 20% protein) for 3 days. Whole-body

composition was assessed by dual-energy x-ray absorptiometry.

Dietary intervention

Participants were instructed to eat their habitual diets within a

self-selected consistent 10-hour time frame each day for 8 weeks

(the latest eating occasion was to be completed by 7:30 PM). Water

and energy-free beverage consumption was allowed ad libitum. No

other dietary instructions were provided, but participants were

asked to maintain their usual daily physical activity and sleep

patterns.

Procedures during the metabolic ward stay

Metabolic testing was performed in a light-, noise-, and temperature-

controlled sleep and chronobiology laboratory (Figure 1A). Four

participants per run arrived at 4:30 PM on the afternoon prior to testing.

Dinner was provided at 6:30 PM, and an 8-hour sleep opportunity was

provided at 10:00 PM and was measured via polysomnography. For

periods of wakefulness, light intensity was <50 lux and <0.03 lux during

sleep. On the metabolic testing day, three identical meals and two iden-

tical snacks were provided at calculated energy balance based on the

sedentary activity levels. The timing of meals differed between baseline

and week 8, when snack 2 was either consumed between a 14-hour

prolonged eating window of 8:00 AM to 10:00 PM (10:00 PM at baseline)

or a 10-hour restricted eating window of 8:00 AM to 6:00 PM (10:30 AM

at week 8). Water was allowed ad libitum.

The metabolic testing day started at 6:00 AM followed by an

overnight fast and completed at 3:00 AM the following day (i.e., for

a 24-hour period) to obtain a total of four SAT biopsies every

6 hours, as previously described [19], and eight blood samples

every 3 hours from 6:00 AM (Figure 1A). Blood samples collected

every 3 hours were used to measure glucose, glucoregulatory hor-

mones (insulin, ghrelin, glucagon-like peptide-1 [GLP-1], gastric

inhibitory polypeptide [GIP]), and metabolites (triglycerides and

NEFA). A total of 20 μL of 200mM 4-(2-aminoethyl) benzenesulfo-

nyl fluoride hydrochloride (AEBSF, Gold Biotechnology; Cat#:

A-540-5, CAS 30827-99-7) and 10 μL of dipeptidyl peptidase-IV

(DPP-4) inhibitor (Sigma-Aldrich; Cat#: 634867) were added to

1 mL of 3-hour whole-blood samples for the measurement of glu-

coregulatory hormones (ghrelin, GLP-1, GIP). Blood samples were

also taken every hour from 6:00 AM to 12:00 AM and from 5:00 PM

to 3:00 AM to measure morning cortisol levels and evening melato-

nin and cortisol levels, respectively (Figure 1A).

Plasma hormone and metabolite measurements

Blood glucose and triglycerides were measured using commercially

available enzymatic kits on an AU480 clinical analyzer (Beckman

Coulter, Inc.). NEFA was measured using a colorimetric assay

(Randox Laboratories Ltd.). Plasma insulin (EMD), cortisol (DIAsource

ImmunoAssays S.A.), and melatonin (Bühlmann Laboratories AG)

were measured by radioimmunology assay, as described elsewhere

[20–22]. Plasma ghrelin, GLP-1, and GIP were measured by mag-

netic bead-based quantitative immunoassay (MilliporeSigma). Sam-

ples from each participant were analyzed within the same run to

minimize interassay variation.

Adipose tissue RNA sequencing

Total RNA was extracted from 50 to 100 mg of SAT using the RNeasy

Lipid Tissue Mini Kit (Qiagen) according to the manufacturer’s recom-

mendations. RNA integrity number was verified with Agilent 2200

TapeStation system (Agilent Technologies). RNA-seq libraries (comple-

mentary DNA [cDNA] libraries from polyA mRNA) and sequencing

were performed using Illumina’s TruSeq RNA library Preparation Kit

according to manufacturer’s instructions (Illumina), starting with

200 ng of total RNA. Libraries were pooled into groups of 12 to a lane

and sequenced using an Illumina HiSeq 2500 with 50-base pair (bp)

single-read chemistry.

Statistical methods

Baseline measurements and plasma values

The dim light melatonin onset (DLMO) was calculated as the absolute

threshold > 10 pM for each participant [23], which was used for

determining the endogenous circadian phase. Melatonin and cortisol

data were plotted relative to clock time. Data were grouped into time

bins: 3 hours for blood metabolites and glucoregulatery hormones and

6 hours for adipose tissue transcriptome (6:00 AM to 12:00 AM). Paired

Student t test (two-sided) or Wilcoxon signed rank test was applied to

analyze the DLMO, morning and evening cortisol area under the curve

(AUC), cortisol meal response, and objective sleep measurement. The

correlation between the change in morning cortisol AUC and the

change in glycated hemoglobin (HbA1c) was tested via Pearson corre-

lation analysis. Analysis of all temporal profiles of metabolites was first

carried out using a linear mixed-effect model fit by restricted maxi-

mum likelihood, with the time of day (6:00 AM, 9:00 AM, 12:00 PM, 3:00

PM, 6:00 PM, 9:00 PM, 12:00 AM, 3:00 AM), TRE (baseline, week 8), and

time of day by TRE interaction as the fixed factors and participant ID

as a random factor. Data were log-transformed if the skewness or het-

eroscedasticity in the residuals was observed. Statistical analysis was

performed using R software (version 3.6.1; The R Foundation for Sta-

tistical Computing).
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RNA-seq quality control and analysis

Sequence images were transformed FastQ files through Illumina

software (BaseCaller). The quality check was done by using FastQC,

version 0.11.5 (Babraham Bioinformatics). A total of 97% of bases

had a quality score greater than or equal to Q30 with a mean quality

score of 36.53. Sequence alignments were performed using Star

version 2.5.3a, and data were preprocessed and analyzed in the

R/Bioconductor environment. Sequenced reads were mapped to the

GRCh37 version of the human genome assembly (also known as

hg19) [24], as downloaded from the University of California Santa

Cruz Genome FTP site (http://hgdownload.cse.ucsc.edu/goldenpath/

hg19/bigZips/hg19.fa.gz) using Star v2.5.3a. Gene-level read

counts were generated using Homer (v4.10) and hg19 annotation
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F I GU R E 1 (A) Schematic of the study design: participants attended the sleep laboratory lab for a 35-hour metabolic testing visit at baseline
and week 8. Identical meals were provided within a 14-hour time frame at W0 (upper panel, 8:00 AM-10:00 PM) and 10-hour time frame at W8
(lower panel, 8:00 AM-6:00 PM; gray area). Abdominal SAT biopsies were performed every 6 hours from 6:00 AM (black arrows), and blood samples
were collected every 3 hours from 6:00 AM to 3:00 AM hourly from 6:00 AM to 12:00 PM and 5:00 PM to 3:00 AM (black dots). (B) Polar plot of eating
events of each individual plotted against time of the day in each concentric circle (each circle represents a different participant, n = 15) during the
baseline monitoring period (black) and during TRE intervention (gray). (C,D) Levels of cortisol (n = 15) from 6:00 AM to 12:00 PM and from 6:00 PM

to 1:00 AM in hourly plasma samples collected during the metabolic ward stay and morning cortisol area under the curve. (E,F) Levels of melatonin
(n = 13) from 5:00 PM to 3:00 AM in hourly samples collected during the metabolic ward stay and DLMO at 10 PM. DLMO, dim light melatonin
onset; SAT, subcutaneous adipose tissue; TRE, time-restricted eating.
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(ftp://hgdownload.soe.ucsc.edu/goldenPath/hg19/bigZips/genes/).

After removing genes with <10 counts combined across all samples,

the remaining genes were considered expressed and normalized using

trimmed mean of M-values normalization and their dispersion was

estimated using edgeR [25].

Analysis of differentially expressed genes by edgeR

Analysis of differentially expressed genes was carried out via edgeR

[25], with designs that accounted for pre- and postintervention at

each time point. A genewise quasi-likelihood negative binomial gener-

alized log-linear model was fit to the count data, and statistically

differentially expressed gene expression was assessed using a likelihood

ratio test and corrected for multiple hypotheses testing using the

Benjamini-Hochberg method (false discovery rate [FDR] < 0.05).

Spline regression analysis

Rhythmic analysis was not applicable for this data set, as our adipose tis-

sue biopsy specimens were sampled at only four time points [3]. There-

fore, time-series samples were treated independently, and a natural

cubic spline regression model (NCSRM) [26] with three degrees of free-

dom for an experimental two-way design with one treatment factor and

time as a continuous variable was fitted to the edgeR normalized count

data to identify the transcripts that followed the different 24-hour pro-

files after TRE versus baseline using the R package splineTimeR [27].

Differences in the fitted NCSRM coefficient values were assessed using

an empirical Bayes method and were corrected for multiple hypotheses

testing using the Benjamini-Hochberg method (FDR < 0.05).

Enrichment analysis

Enriched ontology terms were found using WebGestaltR to perform

overrepresentation analysis against the Molecular Signatures Data-

base and Gene Ontology databases, using all expressed genes as the

background [28]. An FDR of 5% was used to filter significantly

enriched terms.

Construction of weighted gene coexpression network
and identification of significant modules and hub genes

The R package WGCNA (version 1.70-3) was used for coexpression

analysis [29]. Network construction and module detection were per-

formed on the 450 genes with variable profiles identified from the

spline analysis, as previously described [29]. In brief, a signed network

was constructed, and Pearson correlations were used. The correlation

matrix was transferred to the adjacency matrix through the adjacency

function from the WGCNA package with power β (calculated using

pickSoftThreshold, 21). One minus the Topological Overlap Measure

(1 � TOM) was used to calculate a dissimilarity measure and assign

genes into modules based on coexpression [30], using the dynamic

tree-cutting method (minimum cluster size 30, deepSplit 2) [30]. The

minimum number of genes in each module was set to 30.

The module eigengene (MEs) identified for each module is a

robust representative of the character of the closely coexpressed

genes that form each module. The module-trait relationships were cal-

culated using Pearson correlation coefficient between each ME and

the clinical traits. Clinical traits included BMI, percentage of body fat

mass, glucose, NEFA, triglycerides, insulin, GIP, and GLP-1. The signifi-

cance of the Pearson correlation between modules and traits was

determined using an asymptotic t test [31].

Correlation between the MEs and the gene expression profiles

was calculated to identify the most central element in each module’s

network, the “hub gene” of the module. Enrichment analysis of each

module’s co-expressed genes was conducted according to the previ-

ously described methods.

RESULTS

Participants

The clinical characteristics are briefly summarized. A total of 15 men

(mean [SD], age: 63 [4] years; waist circumference: 113 [4] cm, BMI:

30.5 [2.4]; body mass: 95.2 [12.2] kg; body fat percentage: 34.3%

[1.2%]) started and completed the study without adverse events.

Photograph-based food diary records showed excellent adherence to

TRE, with a significant reduction in eating hours per day (14.6 [1.0]

hours vs. 10.6 [1.0] hours, p < 0.0001; Figure 1B, polar plot).

TRE reduced stress hormone and increased rapid eye
movement sleep stage but did not alter melatonin
rhythm

TRE reduced morning cortisol AUC by �17.4 (9.4) μg/L/h (p = 0.02;

Figure 1C,D) but did not significantly alter evening cortisol AUC

(change = �4.4 [4.5] μg/L/h, p = 0.35; Figure 1C). The exploratory

analysis showed that the change in morning cortisol AUC was posi-

tively correlated with the change in HbA1c (r = 0.60, p = 0.02), but

the significance was lost after multiple adjustment (Supporting Infor-

mation Table S1). TRE also significantly reduced the meal-induced

cortisol response after dinner by �10.7 μg/L/h (p = 0.04). TRE did not

alter DLMO (p = 0.86; Figure 1E,F) but increased the percentage of

rapid eye movement sleep without changing sleep onset latency, total

sleep time, sleep efficiency, and percentage of sleep stage 1, 2, and

3 (Supporting Information Table S2).

TRE altered 24-hour profiles of plasma insulin, NEFA,
triglycerides, and GIP concentrations

A time of day by TRE interaction was observed in 24-hour profiles

of insulin (F = 2.39, p < 0.02; Figure 2A), NEFA (F = 4.76,
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p < 0.001; Figure 2B), triglycerides (F = 3.71, p < 0.001; Figure 2C),

and GIP (F = 5.55, p < 0.001; Figure 2D). Post hoc analysis showed

that, in response to TRE, insulin was increased at midday (p = 0.02)

and decreased at midnight (p = 0.01; Figure 2A). NEFA concentra-

tions were decreased at 9:00 AM and midday (p = 0.04 and 0.03,

respectively) and increased at midnight (p < 0.001; Figure 2B),

whereas triglycerides were lower at midnight and 3:00 AM

(p < 0.001 and 0.003, respectively; Figure 2C). There were no

changes in the concentrations of NEFA and triglycerides at other

time points. Only GIP was higher at 9:00 AM, 12:00 PM, and 6:00 PM

(p = 0.05, 0.003, and 0.01, respectively) and lower at midnight

(p < 0.001; Figure 2D). There were no changes in GLP-1

(Figure 2E), glucose (Figure 2F), and ghrelin (Supporting Informa-

tion Figure S1 and Table S3).

TRE altered SAT transcriptional profiles

RNA sequencing of SAT samples detected that 319, 610, and

3407 transcripts were differentially expressed by TRE at 6:00 AM,

6:00 PM, and 12:00 AM, respectively (Supporting Information

Tables S4-S6, respectively). Only five genes were altered at all of

these time points, namely, zinc finger protein 587 (ZNF587),

carboxyl-terminal domain phosphatase subunit 1(CTDP1), retinoic

acid-induced 1 (RAI1), chromobox 4 (CBX4), and transforming

growth factor beta-like stimulated clone 22 domain family mem-

ber 4 (TSC22D4).

First, we examined the 24-hour profiles of the known core clock

genes. TRE increased CLOCK (FDR = 0.054) and NR1D2 (FDR = 0.011)

gene expression and decreased the expression of PER1 (FDR = 0.023)

and NR1D1 (FDR = 0.016) at 12:00 AM (Figure 3). To analyze the impact

of TRE on the temporal profile of adipose tissue transcripts, we used

spline regression models and identified 450 genes (Figure 4 and Support-

ing Information Table S7). The changes in the 24-hour profiles of core

clock genes were not detected by spline analysis. Pathway analysis

yielded four gene ontology pathways (Table 1): 15 genes were enriched

in transcription corepressor activity pathway (FDR = 0.045; Supporting

Information Table S8); 19 genes were enriched in DNA-binding transcrip-

tion factor binding pathway (FDR < 0.001; Supporting Information

Table S8); 13 genes were enriched in the regulation of chromatin organi-

zation pathway (FDR < 0.001; Supporting Information Table S8), and

24 genes were enriched in small GTPase binding (FDR = 0.008; Support-

ing Information Table S8).

Network analysis indicated gene alteration in response
to TRE in human adipose tissue

Four distinct coexpression MEs were identified from spline analysis by

using WGCNA (Figure 5A). The calculating module-trait correlation is
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F I GU R E 2 The impact of TRE on 24-hour profiles of plasma metabolites and glucoregulatory hormones. Linear mixed-effect model fit with
the time of day (6:00 AM, 9:00 AM, 12:00 PM, 3:00 PM, 6:00 PM, 9:00 PM, 12:00 AM, 3:00 AM), TRE (baseline, week 8), and time of day by TRE
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peptide-1; NEFA, nonesterified fatty acid; TRE, time-restricted eating.
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presented as a heatmap (Figure 5B). Genes that clustered in the gray

module (n = ) were negatively correlated with BMI, percentage of body

fat mass, insulin, and GIP and positively correlated with NEFA. Genes in

the brown (n = 43) and blue (n = 105) modules were positively corre-

lated with BMI, percentage of body fat, and insulin, and negatively cor-

related with NEFA. The top hub gene for the blue module was fibrosin

(FBRS); for brown, it was Rho guanine nucleotide exchange factor

1 (ARHGEF1); for turquoise, it was methyl-CpG binding domain protein

(MBD3); and for gray, it was heat shock protein 90 alpha family class B

member 1 (HSP90AB1) (Figure 5C). To further explore the key regula-

tory nodes, we applied pathway analysis of genes in each module. Only

the genes in the gray model, showing the strongest correlations with

the clinical traits, were enriched in specific pathways. These pathways

were chaperone-mediated protein complex assembly, response to

topologically incorrect protein, posttranslational protein modification,

and RNA splicing while maximizing gene coverage (Figure 5D).

DISCUSSION

TRE improves metabolic health by restoring circadian rhythms in rodent

models [6,7]. However, the evidence that TRE alters 24-hour rhythms in

humans is currently limited. In this study, TRE decreased morning cortisol

and midnight levels of insulin, GIP, and triglycerides and increased NEFA.

Four out of twelve core clock genes were altered in adipose tissue, and

four hundred and fifty genes that were arrhythmic at baseline became

rhythmic in response to TRE. Overrepresentation analysis indicated that

the pathways altered by TRE were transcription corepressor activity,

DNA-binding transcription factor binding, regulation of chromatin organi-

zation, and small GTPase binding. WGCNA found the correlations among

three eigengenes and insulin, NEFA, and BMI.

TRE improves insulin sensitivity and increases NEFA suppression in

response to meals given at breakfast and over 24 hours in humans

[8,18,32]. The present study extends these findings by showing

changes in the 24-hour profiles of insulin, NEFA, triglycerides, and GIP

in a manner consistent with improved insulin sensitivity and metabolic

health. Parr et al. also reported that TRE altered the 24-hour profiles of

insulin, NEFA, GIP, and GLP-1 [32]. TRE did not alter DLMO, which is

primarily regulated by the light-dark cycle [33] and has been reported

previously [34]. Interestingly, rapid eye movement sleep was increased

by TRE (�2.1%, 9 min), indicating an improvement in sleep health,

which is reverse to what happens during Ramadan fasting, when food

intake occurs later in the evening [35]. Contrary to expectations

[36,37], evening cortisol was not reduced by TRE, potentially because
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of the small size of the late evening snack in this study (�200 kcal).

However, morning cortisol was lowered by TRE, which could have con-

tributed to the lower rise in morning glucose and HbA1c [38].

The molecular machinery of the circadian clock Is a combination

of transcriptional activators and repressors coordinately acting at

thousands of sites in the chromatin fiber, driving a highly specific pro-

gram of gene expression in a circadian manner to maintain metabolic

homeostasis [1,39]. Obesity is associated with a dampening in the

amplitude of core clock genes, including CLOCK, PER1, NR1D1, and

NR1D2, in adipose tissue of mice and humans [15], which is restored

by TRE in mice [6,7,11]. In the present study, TRE increased CLOCK

and NR1D2 and decreased PER1 and NR1D1 transcripts at midnight.

Only one study has previously performed serial time point sampling

over 24 hours under unrestricted versus time-restricted conditions in

skeletal muscle [14]. In that study, TRE altered the rhythmicity of

genes involved in amino acid transport but did not alter clock genes

[14]. Interestingly, muscle clocks are known to be less responsive to

food cues than the liver or adipose tissue clocks in mice [40]. Two

other human studies have reported that TRE induced changes in clock

genes at two four time points. Early TRE decreased PER1 at 8:00 PM

and increased CRY1/2 and RORΑ at 8:00 AM and 8:00 PM [41].

Increased amplitude in BMAL1, CRY1, PER2, and RORα was also

reported in white blood cells of patients with T2DM who ate three

meals in 12 hours versus six meals in 15 hours [42].

In human adipose tissue, we show for the first time, to our knowl-

edge, a rhythmic induction of 450 genes following TRE [17]. An

advance occurs as transcripts positively related to PER1 are rein-

forced by temporal feeding, whereas genes negatively related to

PER1 are reinforced by temporal fasting [17]. Insulin has recently

emerged as a mediator of clocks that induces translation of PER2 and

PER1 in human stem cell-derived adipocytes, mouse 3 T3-L1 cells,

and adipose tissue explants from mPer2Luc knockin mice [2,3]. PER2

and PER3 transcripts were also upregulated, and NR1D2 was downre-

gulated by insulin versus saline in human adipose tissue [3]. In total,

�2% of transcripts were altered by insulin versus saline, including

AMPK, phosphatidylinositol, and mTOR pathways [3]. We speculate

that TRE induced reductions in evening insulin may have driven the

alterations in clocks and downstream genes, which was supported by a

correlation between insulin and mEs. Two eigengene modules had a

positive relationship with insulin, and one module showed a negative

relationship with insulin. Pathway analysis of the latter module showed

enrichment in chaperone-mediated protein complex assembly, post-

translational protein modification, response to topologically incorrect

protein, and RNA splicing. The hub gene was HSP90AB1, a molecular

co-chaperone isoform of heat shock protein 90 that is involved in main-

taining cellular levels of BMAL1 [43], and, therefore, potentially another

key factor in TRE induced restoration in adipose tissue rhythms.

Having healthy adipose tissue is essential for optimal metabolic

functioning. Circadian timing is a crucial aspect in adipose tissue

health, promoting the accumulation of lipids during periods of energy

intake and lipid mobilization during times of fasting. In the 450-gene-

set analysis, the pathways in adipose tissue that were altered by TRE

were those involved in the regulation of chromatin organization

(e.g., sterol regulatory element binding transcription factor 1 [SREBF1];

ribosomal protein S6 kinase A4 [RPS6KA4]; tripartite Motif Contain-

ing 28 [TRIM28]; C-terminal binding protein 1 [CTBP1]; lysine methyl-

transferase 2B [KMT2B]; and H1 histone family member X [H1FX]),

transcription corepressor activity, and DNA transcription factor bind-

ing (e.g., nuclear receptor corepressor 2 [NCOR2], CTBP1, CBX4, and

transcription factor 3 [TCF3]). Previously, pathways encoding histone

deacetylation and transcriptional regulation, including DNA-binding

450 genes vary differently over 24 h by TRE vs baseline
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F I GU R E 4 Spline regression analysis identified 450 profiles of
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eating. [Color figure can be viewed at wileyonlinelibrary.com]

T AB L E 1 GO enrichment analysis of 450 genes that showed altered rhythmicity in response to TRE

ID Category Gene set term Overlap Enrichment ratio p value FDR

GO_MF GO:0031267 GO_SMALL_GTPASE_BINDING 24 2.538 0.000 0.008

GO_BP GO:0006325 GO_REGULATION_OF_CHROMATIN_ORGANIZATION 13 3.367 0.000 0.025

GO_ MF GO:0140297 GO_DNA_BINDING_TRANSCRIPTION_FACTOR_BINDING 19 2.599 0.000 0.026

GO_ MF GO:0003714 GO_TRANSCRIPTION_COREPRESSOR_ACTIVITY 15 2.834 0.000 0.045

Abbreviations: BP, biological process; FDR, false discovery rate; GO, gene ontology; MF, molecular function; TRE, time-restricted eating.
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transcription repressor, protein serine/threonine phosphatase, and

transcription corepressor/coregulatory/cofactors, were altered by

TRE in human muscle [14]. SREBF1 is a transcription factor involved

in the regulation of lipogenesis in adipose tissue. SREBF1 activity is

regulated by nutrient availability through the insulin-mTOR complex1

signaling pathway, peaking during the nocturnal feeding period in

mice [44] and lowered by fasting [45]. TRE also altered SREBF1 in the

liver of CRY1�/�, CRY2�/�, and BMAL1�/� knockout mice [44,46].

Therefore, TRE could indicate restoration in the rhythmic regulation

of de novo lipogenesis in SAT, which may promote insulin sensitization

of adipocytes [47]. This was supported by downregulated SREBF1

targeted pathways at 6:00 AM enriched by gene-set enrichment analy-

sis (data are not shown), such as LDL receptor (LDLR), ELOVL fatty

acid elongase 6 (ELOVL6), acetyl-CoA carboxylase alpha (ACACA),

malic enzyme 1 (ME1), 3-hydroxy-3-methylglutaryl-CoA synthase

1 (HMGCS1), acyl-CoA synthetase short chain family member

2 (ACSS2), ATP citrate lyase (ACLY), acetoacetyl-CoA synthetase

(AACS), and sterol-C5-desaturase (SC5D). Small GTPase binding regu-

lates vesicular trafficking, and the temporal profile of this pathway

was altered by TRE. Changes in Rho GTPases (Rho/Rac guanine nucle-

otide exchange factor 17 or 18 [ARHGEF17 or 18]; Rho GDP dissocia-

tion inhibitor alpha [ARHGDIα]; Pleckstrin homology and Rho GEF
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domain containing G3 [PLEKHG3]; ARHGEF1; Rac family small GTPase

1 [RAC1]; CDC42 effector protein 1 [CDC42EP1]) and Rab GTPases

(RAB11 family interacting protein 3 [RAB11FIP3]), which promote glu-

cose uptake through increasing glucose transport type 4 (GLUT4) trans-

location to cell surface [48,49], were observed. The rhythmicity in the

small GTPases contribute to known daily variation in insulin sensitivity

in peripheral tissues [49], and we speculate that TRE could restore diur-

nal variation in insulin-mediated glucose uptake in adipose tissue.

Finally, cell proliferation in adipose tissue is diurnal, with a loss in

rhythm following high-fat diet and unrestricted eating [50]. The present

study shows that TRE induced changes in the temporal regulation of

transcription factors involved in adipogenesis (including TRIM28,

disheveled segment polarity protein [DVL], and TCF3) and adipose tis-

sue browning, including cAMP-regulated transcriptional coactivator

(CRTC) family [51], CTBP1 (a corepressor of peroxisome proliferator-

activated receptor γ) [52], and CBX4 (a polycomb group protein for

maintaining the stability of transcriptional coactivator PRDM16) [53].

Therefore, TRE could restore the temporal regulation in the cellular fate

of preadipocytes in humans, which could also influence healthy adipose

tissue expansion and function; however, this requires further study.

The study has several limitations. This was an uncontrolled, pre-post

study with a small sample size, solely in White men in their 60s with

obesity. As such, our findings cannot be directly extended to men from

different age groups, women, individuals with normal weight, those with

established metabolic disorders such as T2DM and metabolic syndrome,

and people from other races. Because sampling was not performed at

more than four time points, we did not perform a cosine model to predict

the mesor, amplitude, and phase shift of the 24-hour profiles of the

adipose tissue transcriptome and glucoregulatory hormones. The changes

in the adipose tissue transcriptome could have partially resulted from

different lengths of fasting prior to the adipose tissue biopsy at midnight

between baseline and TRE. Spline analysis displayed a group of altered

gene expression profiles, and we are assuming the rhythmicity of these

genes may be restored by TRE; however, this needs to be further con-

firmed in the constant routine protocol.

CONCLUSION

TRE restored 24-hour profiles in glucoregulatory factors and adipose

tissue transcripts in a manner that was suggestive of healthy adipose

tissue function and metabolism.O
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