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Randomized controlled trial for time-restricted
eating in healthy volunteers without obesity
Zhibo Xie1,6, Yuning Sun2,6, Yuqian Ye2,3,6, Dandan Hu1,4, Hua Zhang5, Zhangyuting He2, Haitao Zhao1,

Huayu Yang 1✉ & Yilei Mao 1✉

Time-restricted feeding (TRF) improves metabolic health. Both early TRF (eTRF, food intake

restricted to the early part of the day) and mid-day TRF (mTRF, food intake restricted to

the middle of the day) have been shown to have metabolic benefits. However, the two

regimens have yet to be thoroughly compared. We conducted a five-week randomized trial

to compare the effects of the two TRF regimens in healthy individuals without obesity

(ChiCTR2000029797). The trial has completed. Ninety participants were randomized to

eTRF (n=30), mTRF (n=30), or control groups (n=30) using a computer-based random-

number generator. Eighty-two participants completed the entire five-week trial and were

analyzed (28 in eTRF, 26 in mTRF, 28 in control groups). The primary outcome was the

change in insulin resistance. Researchers who assessed the outcomes were blinded to group

assignment, but participants and care givers were not. Here we show that eTRF was more

effective than mTRF at improving insulin sensitivity. Furthermore, eTRF, but not mTRF,

improved fasting glucose, reduced total body mass and adiposity, ameliorated inflammation,

and increased gut microbial diversity. No serious adverse events were reported during the

trial. In conclusion, eTRF showed greater benefits for insulin resistance and related metabolic

parameters compared with mTRF. Clinical Trial Registration URL: http://www.chictr.org.cn/

showproj.aspx?proj=49406.
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Long-term dietary habits are determinants of metabolic
health1. In particular, western-style diets, which include fat-
rich food and snacks that are consumed around the clock,

play a causative role in the development of some chronic
diseases2. In contrast, our human ancestors did not have con-
tinuous access to a food supply. There are also a number of more
modern customs that involve fasting, such as “Sustenance” in
China and Ramadan for Muslims, which demonstrate that fasting
is possible in daily life. Time-restricted feeding (TRF), in which
the daily window for food consumption is restricted to a period of
4–10 h3, is thought to be a feasible fasting regimen for most
people. It has previously been shown in animal models that TRF
has many beneficial effects, including a reduction in body mass,
the prevention of obesity, an improvement in insulin sensitivity, a
reduction in hepatic fat content, the prevention of hepatosteatosis
and hyperlipidemia, and the amelioration of hepatic ischemia-
reperfusion injury and inflammation4–8. TRF has also been
shown to induce weight loss, increase insulin sensitivity, and
reduce blood pressure, and to have other metabolic benefits in
humans3,9–18. Furthermore, no serious side-effects have been
documented during previous studies of TRF in humans19,20.
Previous studies have shown that the effects of TRF might depend
on the particular time window for food consumption, but the
exact time periods used to date have not been well defined.
Nevertheless, restricting food intake to the early part of the day
(early TRF; eTRF) or to the middle part of the day (mid-day TRF;
mTRF) have been studied3,10,13. On the other hand, late day TRFs
were shown to produce inconsistent effects, with a recent trial
showing reductions in body weight, insulin resistance, and oxi-
dative stress after 4 h late day TRF21, while some others does not
produce the same magnitude of improvements as either eTRF or
mTRF15,22,23. Daily rhythm variations have been suggested to be
associated with the differing effects of TRFs during different
periods of the day in animal studies24,25, and in humans26.

We performed a randomized controlled trial to compare the
effects of eTRF (eating during a period of no more than 8 h
between 06:00 and 15:00, and fasting for the rest of the day),
mTRF (eating during a period of no more than 8 h between 11:00
and 20:00, and fasting for the rest of the day) with a control group
(eating ad libitum) for 5 weeks on health-related parameters in
persons without obesity. We also evaluated the daily rhythms of
plasma adipokine concentrations and clock gene expression in
peripheral blood mononuclear cells (PBMCs). We found that
eTRF was associated with a larger improvement in insulin sen-
sitivity than mTRF, and eTRF, but not mTRF, was associated with
lower fasting plasma glucose, body mass, adiposity, and inflam-
mation; and a more diverse gut microbiota than the control
group. In addition, the two types of TRF had differing effects on
the daily rhythms of plasma adipokines and PBMC clock gene
expression. Taken together, these findings suggest that TRF with a
window for food consumption early in the day is better for
metabolic health than a window later in the day, and that the
mechanism may involve changes to daily rhythms.

Results
Participants. Ninety volunteers who met the eligibility criteria
participated in the trial and were randomized at a ratio of 1:1:1 to
eTRF, mTRF, and control groups (Fig. 1). Eighty-two participants
(91.1%) completed the entire five-week trial; two, four, and two
participants in the eTRF, mTRF, and control groups did not. Self-
reported compliance with the regimens was 949 out of 980
person-days (96.8%) in the eTRF group, and 894 out of 910
person-days (98.2%) in the mTRF group. Comparisons of the
groups with respect to age, sex distribution, body mass, and body
mass index (BMI) at baseline are shown in Table 1. No serious
adverse events were reported during the trial.

Energy intake. Energy intake was estimated using pictures of the
meals consumed. There was a significant difference in the change
in energy intake among the eTRF, mTRF, and control groups
(p < 0.001), with the eTRF (Δ=−240 ± 409 kcal/day) and mTRF
(Δ=−159 ± 397 kcal/day) groups showing a reduction in energy
intake, whereas the control group (Δ= 64 ± 286 kcal/day;
p < 0.001 and p < 0.01, respectively) did not. However, there was
no difference between the two TRF groups (p= 0.30, Fig. 2a).

Insulin resistance and fasting glucose. There were significantly
different changes in the Homeostatic Model Assessment of Insulin
Resistance (HOMA-IR) among the groups (ANOVA p < 0.001,
Fig. 2b)27. The eTRF group showed a larger reduction in HOMA-IR
(Δ=−1.08 ± 1.59) than either the mTRF group (Δ= 0.39 ± 0.71,
p < 0.001) or the control group (Δ=−0.05 ± 0.75, p= 0.002), but
there was no difference between the changes in the mTRF and
control groups. The change in FPG significantly differed across the
three groups (ANOVA p= 0.007, Fig. 2c), which reflected a sig-
nificant difference between the eTRF group (Δ=−0.59 ± 0.84
mmol/L) and control group (Δ= 0.16 ± 0.38mmol/L, p= 0.005).
There were no differences in the change in FPG between the mTRF
(Δ=−0.18 ± 1.17mmol/L) and control groups or between the TRF
groups.

Body mass and composition. Multiple comparisons following
ANOVA showed that there was a greater reduction in body mass
in the eTRF group (Δ=−1.6 ± 1.4 kg) than in the control group
(Δ= 0.3 ± 1.2 kg, p= 0.009), but there were no differences in the
changes in body mass between the mTRF (Δ=−0.2 ± 2.2 kg) and
control groups, or between the TRF groups (Fig. 2d). In addition,
the eTRF group showed significantly larger reductions in per-
centage body fat and body fat mass (Δ=−0.60 ± 1.22% and
Δ=−0.76 ± 1.01 kg, respectively) than the control group
(Δ= 0.42 ± 1.16% and Δ= 0.41 ± 0.89 kg, respectively; p= 0.042
and 0.001, respectively). No differences in these two parameters
were found between the mTRF (Δ=−0.22 ± 1.70% and
Δ=−0.30 ± 1.25 kg, respectively) and control groups or between
the TRF groups (Fig. 2e, f).

Blood pressure and lipid concentrations. The changes in systolic
blood pressure (SBP), diastolic blood pressure (DBP), and mean
arterial pressure (MAP) did not significantly differ among the
eTRF, mTRF, and control groups (p= 0.078, p= 0.099, and
p= 0.088, respectively). There were also no differences found in
the circulating high-density lipoprotein-cholesterol (HDL-C)
(p= 0.28), low-density lipoprotein-cholesterol (LDL-C) (p= 0.68),
total cholesterol (p= 0.94), and triglyceride (p= 0.71) concentra-
tions (Table S1).

Inflammatory markers, liver enzymes, and immune cells.
Tumor necrosis factor-α (TNF-α), interleukin-8 (IL-8), and high
sensitivity C-reactive protein (hsCRP) are important circulating
markers of inflammation28–30. The change in TNF-α was larger in
the eTRF group (Δ=−0.81 ± 1.98 pg/mL) than in the control
group (Δ= 0.39 ± 1.35 pg/mL, p= 0.024), but there were no dif-
ferences between the mTRF group (Δ=−0.06 ± 0.95 pg/mL) and
the control group, or between the two TRF groups (Fig. 2g).
Similarly, there was a larger reduction in the IL-8 concentration in
the eTRF group (Δ=−1.9 ± 4.5 pg/mL) than in the control group
(Δ= 1.1 ± 2.9 pg/mL, p= 0.045), but there were no differences
between the mTRF group (Δ=−1.0 ± 5.5 pg/mL) and the control
group, or between the TRF groups (Fig. 2h). However, the changes
in hsCRP were similar in the three groups (p= 0.70, Table S1).

The changes in plasma aspartate aminotransferase (AST)
activity significantly differed among the three groups (eTRF:
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Δ=−3.0 ± 7.0 U/L, mTRF: Δ=−1.0 ± 4.2 U/L, control: Δ=
0.4 ± 2.8 U/L; p= 0.046, Fig. 2i), which reflected a larger
decrease in the eTRF group than in the control group
(p= 0.041). However, the activities of alanine aminotransfer-
ase (ALT), alkaline phosphatase (ALP), and gamma-
glutamyltransferase (GGT) did not differ among the three
groups (Table S1).

There were no differences in the changes in white blood cell
(WBC) count among the three groups. The eTRF group
(Δ= 0.8 ± 1.6%) showed a larger increase in the percentage of
peripheral T-regulatory cells (pTregs) than the control group
(Δ=−0.2 ± 0.9%; p= 0.038), but there were no differences in
this parameter between the mTRF (Δ= 0.7%, −0.5 to 1.4%) and
control groups or between the two TRF groups (Fig. 2j).

Gut microbiota. The changes in the gut microbial α-diversity
significantly differed among the eTRF (Δ= 18.0 ± 44.0), mTRF
(Δ= 11.2 ± 51.6), and control (Δ=−10.2 ± 35.0) groups
(p= 0.049, Fig. 2k), with the eTRF group experiencing a larger
increase in α-diversity than the control group (p= 0.048)31.
However, there were no significant differences between the mTRF

and control groups (p= 0.18) or between the TRF groups
(p= 0.84).

LEfSe analysis was used to identify bacterial taxa that differed
in abundance between the beginning and end of the study in each
group. No significant differences were found in the relative
abundances of taxa between these time points. However, in the
mTRF group, the relative abundances of the genera Escherichia/
Shigella andWeissella were high at baseline, and that of the family
Leuconostocaceae was high at the end of the study (Fig. S3).

Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States (PICRUSt) was used to analyze the
representation of gene functions in the microbial communities
in each group. We predicted function using clusters of
orthologous group (COG) analysis, and found 29, 26, and
1 significantly different functional COGs between baseline and
follow-up testing in the eTRF group, mTRF group, and control
group, respectively (Fig. S4).

Sleep quality and appetite. The Pittsburgh Sleep Quality Index
(PSQI) was used to evaluate the sleep quality of the participants; a
higher PSQI score is indicative of worse sleep quality32. The

Assessed for eligibility
(n=429)

Randomized (n=90)

Allocated to mTRF (n=30)
- Received allocated intervention (n=30)
- Did not receive allocated intervention (n=0)

Allocated to eTRF (n=30)
- Received allocated intervention (n=30)
- Did not receive allocated intervention (n=0)

Allocated to eTRF (n=30)
- Received allocated intervention (n=30)
- Did not receive allocated intervention (n=0)

Excluded (n=339)
-Not meeting inclusion criteria (n=312)
-Declined to participate (n=17)
-Other reasons (n=0)

Lost to follow up (n=0)
Discontinued intervention (n=2)

Lost to follow up (n=0)
Discontinued intervention (n=4)

Lost to follow up (n=0)
Discontinued intervention (n=2)

Analyzed (n=28)
- Excluded from analysis (n=0)
- Received circadian rhythm analysis (n=5)

Analyzed (n=26)
- Excluded from analysis (n=0)
- Received circadian rhythm analysis (n=8)

Analyzed (n=28)
- Excluded from analysis (n=0)
- Received circadian rhythm analysis (n=6)

Fig. 1 CONSORT Flow Diagram. A total of 429 individuals were assessed for eligibility and 312 were excluded as they did not meet inclusion criteria, and 17
were excluded as they declined to participate. Ninety participants were randomized into one of three groups: eTRF, mTRF, or control, and baseline
measures were assessed after randomization. During the 5-week intervention, eight participants (eTRF: n= 2; mTRF: n= 4; control: n= 2) dropped out due
to dissatisfaction with the randomization result or for personal scheduling conflicts. Remaining 82 participants completed the trial and were included in the
present analysis.

Table 1 Baseline Characteristics.

Characteristics eTRF mTRF control p value

No. 28 26 28
Age, mean (SD), years 28.68 (9.707) 31.08 (8.438) 33.57 (11.6) 0.16
Female 24 (85.7%) 19 (73.1%) 21 (75.0%)
Weight, mean (SD), kg 61.1 (8.8) 61.0 (11.7) 61.2 (9.9) 0.99
BMI, mean (SD) 22.7 (3.1) 21.4 (2.2) 21.5 (2.9) 0.68

One-way repeated measures ANOVA followed by Holm-Sidak’s multiple comparisons test for between group comparisons.
BMI body mass index (calculated as weight in kilograms divided by height in meters squared), eTRF early time-restricted feeding group, mTRF mid-day time-restricted feeding group.

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-28662-5 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:1003 | https://doi.org/10.1038/s41467-022-28662-5 | www.nature.com/naturecommunications 3

www.nature.com/naturecommunications
www.nature.com/naturecommunications


Fig. 2 Energy intake and metabolic health-related parameters. a Change in daily energy intake after 5 weeks of intervention, ***p < 0.001, **p= 0.009. b
Change in insulin resistance index (measured with HOMA-IR) after 5 weeks of intervention, ***p < 0.001, **p= 0.002. c Change in fast plasma glucose
(FPG) after 5 weeks of intervention, **p= 0.005; d Change in body mass after 5 weeks of intervention, **p= 0.009. e Change in percentage body fat after
5 weeks of intervention, *p= 0.042. f Change in body fat mass after 5 weeks of intervention, **p= 0.001. g Change in TNF-α (tumor necrosis factor-α)
after 5 weeks of intervention, *p= 0.024. h Change in IL-8 (interleukin-8) after 5 weeks of intervention, *p= 0.045. i Change in AST (aspartate
transaminase) after 5 weeks of intervention, *p= 0.046. j Change in plasma Tregs (T regulatory cells) after 5 weeks of intervention, *p= 0.038. k Change
in gut microbiota α-diversity after 5 weeks of intervention, *p= 0.048. l Change in eating frequency after 5 weeks of intervention, **p= 0.001. n= 28
participants in eTRF group, n= 26 participants in mTRF group, n= 28 participants in control group. Data is visualized as Tukey box plots (line at mean, top
of the box at the 75th percentile, bottom of the box at the 25th percentile, whiskers at the highest and lowest values, outliers shown as triangles beyond the
whiskers). *p < 0.05, **p < 0.01, ***p < 0.001. One-way repeated measures ANOVA followed by Holm-Sidak’s multiple comparisons test for between group
comparisons.
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changes in PSQI did not significantly differ among the eTRF
(Δ=−1.08 ± 1.78), mTRF (Δ=−0.22 ± 2.19), and control
(Δ=−0.36 ± 1.73) groups (p= 0.24, Table S1).

The Council of Nutrition Assessment Questionnaire (CNAQ)
is used to evaluate the appetite of individuals33. There were no
significant differences in the CNAQ results among the three
groups (eTRF: Δ=−0.24 ± 2.30, mTRF: Δ=−0.83 ± 2.50, con-
trol: Δ= 0.07 ± 1.82; p= 0.35). However, there were differences
in the changes in the frequency of food consumption, including
of formal meals and snacks (p < 0.001, Fig. 2l) among the
eTRF (Δ=−0.67 ± 0.76), mTRF (Δ=−0.72 ± 0.67), and control
(Δ= 0.04 ± 0.59) groups, with both TRF groups showing
significantly lower meal frequency than the control group (eTRF:
p= 0.001, mTRF: p= 0.001).

Daily rhythms of plasma adipokine concentrations and PBMC
clock gene expression. The fasting plasma concentrations of
resistin, leptin, and ghrelin were measured, and no significant
changes were found in any of the three groups with respect to the
concentrations of these substances. Furthermore, blood samples
were collected at four times of day (07:00, 12:00, 17:00, and 23:00)
at both the beginning and end of the interventions from 19
participants (five, eight, and six from the eTRF, mTRF, and
control groups, respectively). Two-way ANOVA showed that the
plasma ghrelin concentration at 23:00 was significantly increased
by eTRF (0.49 ± 0.17%, p= 0.037); and the resistin concentration
increased at 12:00 (0.22% ± 0.085%, p= 0.048) and decreased at
17:00 (−0.24% ± 0.078%, p= 0.03) in the eTRF group. No
changes in the concentrations of any of these substances were
identified in the mTRF group (Fig. 3).

The expression of the clock genes BMAL1 (ARNTL), SIRT1,
PER1, PER2, PER3, CRY1, and CRY2 was measured in PBMCs of
the same 19 participants, and the amplitudes, midline-estimating
statistics of rhythm (MESORs), and acrophases of the expression
levels of these genes were calculated using Cosinor analysis.
Because not all the expression levels of the clock genes could be
fitted using Cosinor curves, the parameters were calculated for
exploratory purposes only (plots for each participant are shown
in Fig. S5 and the corresponding r2 values in Table S2). In the
eTRF group, the SIRT1 mRNA expression of all the participants
increased in amplitude during the trial (Fig. 4a). Although
participants in the mTRF group all showed increases in the
amplitude of PER2mRNA expression, they also showed decreases
in the amplitude of PER1 mRNA expression (Fig. 4b). In
addition, all the participants in the eTRF group showed increases
in the MESORs for BMAL1, PER2, and SIRT1 mRNA expression
during the trial (Fig. S1a). All the participants in the mTRF group
also showed an increase in the MESOR for PER2 mRNA
expression, but the decreases in the MESOR for PER1 mRNA
expression were quite consistent in this group (Fig. S1b). No
consistent shifts in the acrophases of the expression of clock genes
were identified in any of the groups (Fig. S2).

Discussion
The present study has shown that 5 weeks of eTRF, but not
mTRF, improves insulin sensitivity, reduces fasting plasma glu-
cose, reduces body mass and adiposity, ameliorates inflammation,
and increases gut microbial diversity. However, there were no
significant differences among the three groups with respect to
blood pressure, circulating lipid concentrations, HbA1c, hsCRP,
sleep quality, or appetite.

The good compliance with the two TRF protocols in the pre-
sent study implies that TRF is an easy-to-execute fasting regimen,
and the similar compliance with each suggests that they are
similarly feasible. The participants in both TRF groups were

instructed to eat ad libitum during their daily 8 h eating periods
and no specific nutritional guidance was given to them, such that
the trial conditions were similar to real-life situations. However,
there were reductions in energy intake in both of the TRF groups,
which implies that energy intake can be limited just by shortening
the daily duration of food consumption. Furthermore, the lack of
a significant difference in the change in energy intake between the
two TRF groups suggests that the differences in the improve-
ments in metabolic health were not caused by differences in
energy intake.

The benefits of improving insulin sensitivity are numerous34.
Consistent with the results of previous studies3,14,35, we found
that eTRF, but not mTRF, improved insulin sensitivity.
Remarkably, this is the first trial to show that eTRF is superior to
mTRF with respect to its ability to improve insulin sensitivity by
directly comparing these two TRF regimens.

Although similar changes in energy intake occurred in both
TRF groups, only the eTRF group showed a reduction in body
mass versus the control group, which was accompanied by
reductions in both the percentage body fat and fat mass. These
may indicate an improvement in fat deposition, which requires
further visceral fat measuring parameters in future trials. Besides,
the weight loss in eTRF group was relatively modest compared
with prior eTRF studies3,36, which may be the result of different
inclusion criteria of participants, with normal weight humans
included in this trial, while mostly overweight participants or
individuals with obesity were included in prior eTRF studies3,36.

Only one trial by Courtney Peterson et al. has previously
reported the effect of eTRF on blood pressure, with participants
showing markedly reduced blood pressure after eTRF3. In con-
trast, no significant changes in blood pressure were noticed in the
eTRF group in the present trial. The baseline blood pressure levels
might be the reason for the different effects of eTRF between
these two trials, because the trial by Courtney Peterson et al. was
carried on those with a mean blood pressure within pre-
hypertensive range3, while the present trial on healthy partici-
pants. The reported effects of mTRF on blood pressure have been
inconsistent, and only one previous study showed a reduction on
blood pressure, which was assumed to be an “add-on” effects of
anti-hypertensive drugs14,21,26. In addition, there was no effect of
either TRF regimen on circulating lipid concentrations, but this
was not unexpected, because the blood concentrations of most of
the participants were within the normal range.

Excess nutrient intake usually induces an inflammatory
response, which has been causally linked to the dysregulation of
glucose and lipid metabolism37. Previous studies have shown
beneficial effects of TRF to reduce inflammation in individuals
with obesity or metabolic diseases3,22,38, and we have shown that
eTRF reduces inflammation in individuals without obesity, in the
form of reductions in the plasma concentrations of TNF-α and
IL-8. A high plasma AST activity is a feature of obesity-induced
hepatic steatosis39,40, and we have also shown a potential pro-
tective effect of eTRF against high liver enzyme activity, which is
consistent with the results of most previous studies of animal
models of liver steatosis, non-alcoholic fatty liver disease4,6,41–47,
or hepatic ischemia-reperfusion5; only one previous study showed
that TRF does not affect the activities of the liver enzymes ALT,
ALP, and GGT48.

The increase in pTregs in the eTRF group may also contribute
to the beneficial effects of eTRF on metabolism, because a low
pTreg count is associated with obesity, insulin resistance, and
inflammatory responses49–53. Although the mechanism of the
effect of TRF on pTregs is still under investigation, intermittent
fasting has been shown to increase the number of pTregs in
rodent intestines, where they have an immunoregulatory effect54.
We also found that the α-diversity of the gut microbiota increased
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in the eTRF group, and this has been reported to be associated
with a healthier gut microbiota55, whereas low gut microbial
diversity is associated with metabolic diseases56.

Our finding that eTRF has superior effects to mTRF may be the
results of different effects on mediators of the peripheral daily
rhythm. Disturbances in the daily rhythms of secreted substances
are associated with obesity and metabolic health57–59, and diet

influences these60–63. A previous study conducted in rodents
showed that food restriction within an active period influences
the daily rhythm of these substances and improves metabolic
health64. Although in the present study TRFs seemed to have no
effects on the fasting plasma concentrations of these substances,
eTRF influenced the daily rhythms of ghrelin and resistin.
Although the daily variations in the circulating concentration of

Fig. 3 Only eTRF, but not mTRF, influenced the daily rhythms of plasma adipokine concentrations. At baseline and at the end of the study, samples were
collected from 19 participants (eTRF, n= 5; mTRF, n= 8; and control, n= 6). Plasma adipokine concentrations (resistin, leptin, and ghrelin) were measured
at four time points. Two-way ANOVA analysis showed that eTRF (a, d, g) caused significant changes in the resistin concentration at 12:00 (p= 0.048) and
17:00 (p= 0.03) (a), and in the ghrelin concentration at 23:00 (p= 0.037) (g), but mTRF (b, e, h), or control groups (c, f, i) had no significant effects on
the rhythm of adipokines. The values at each time point are displayed as the percentage of the mean value across all the time points and are displayed as
means ± SEMs. Two-way repeated-measures ANOVA with time of day and feeding regimens as the two independent variables. ξp < 0.05 between baseline
and follow-up at that time point. BL baseline, FU follow up.
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Fig. 4 TRF influences the daily rhythm amplitude of clock genes expression in peripheral blood mononuclear cells. After Cosinor analysis, the
amplitudes of clock gene expression in each individual were calculated. a The change in amplitude of clock genes after analyzed with Cosinor analysis in
eTRF group. All participants in eTRF group showed an increase in the amplitude of SIRT1 after the trial. b The change in amplitude of clock genes after
analyzed with Cosinor analysis in mTRF group. All participants in mTRF group showed an increase in the amplitude of PER2, but a decrease in that of PER1
after the trial. c The change in amplitude of clock genes after analyzed with Cosinor analysis in control group.
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resistin has been reported to be related to feeding rhythm in
rats65, and TRF has been reported to influence the circulating
concentration of resistin in men66, the effect of a change in the
feeding window on the daily rhythm of resistin had not been
previously reported. This change might merely be a reaction to
the change in feeding rhythm. The daily rhythm in circulating
ghrelin concentration has been reported to synchronize with TRF
in mice, with the concentration increasing before the feeding
period67, and it should be noted that ghrelin has an important
role in the feeling of hunger68. Therefore, the higher concentra-
tion of ghrelin that was identified at 23:00 in the eTRF group
might be at least in part the results of a longer period of fasting in
this group at that time point.

Cosinor analysis has been reported to accurately reflect the
rhythmic changes in clock gene expression69; therefore, we used
this to compare clock gene expression among the groups. Because
not all the expression data for every participant fitted Cosinor
curves, the parameters were calculated just for exploratory pur-
poses, to provide clues for future investigations. Previous studies
identified a positive relationship between the amplitude of oscil-
lation of rhythmic components and metabolic health70. We found
that eTRF might enhance the daily rhythms in human clock
genes, on the basis of the findings that all the participants in the
eTRF group showed increases in the amplitude of SIRT1
expression and the MESORs of BMAL1, PER2, and SIRT1
expressions in PBMCs. In contrast, mTRF had diverse effects on
the daily rhythms of expression of several clock genes: it increased
the amplitude and MESOR of PER2 expression, but reduced the
amplitude and MESOR of PER1 expression in all the participants.
This suggests that mTRF has relatively complex effects on daily
rhythms, which will be further investigated in the future. How-
ever, it is worth noting that the timing of food intake on the test
day might influence the results of the analyses of daily rhythm-
related parameters. Although it has been shown in rodent models
that peripheral concentrations of secreted substances and PBMC
gene expression can be influenced by changes in feeding rhythm,
rather than just by recent food intake65,71, it is unclear at present
which of these has a greater effect on the daily rhythms of
secreted substances and PBMC clock gene expression in humans.

The present study had several limitations. Firstly, although it
was a randomized trial, the participants could not be blinded to
the intervention. Secondly, the people who applied to join the
trial might already have been interested in TRF or wished to
improve their health through making a dietary change, and most
were women. Thirdly, the number of participants in the trial was
relatively small and they may not have been representative of the
wider population. Fourthly, the potential barriers to TRF were not
analyzed. Fifthly, the participants in the TRF groups were
required to consume their meals within an 8 h period, but the
specific timing and duration of their meals varied within each
group, which may have influenced the results. The influence of
the duration of food consumption on the effects of TRF requires
further investigation. Sixthly, the changes in the eating periods
that were made in the TRF groups may have caused changes in
the duration of fasting prior to testing, which might have influ-
enced the results. Lastly, daily rhythm-related parameters were
measured in limited numbers of participants and few time points
were assessed. To better assess the effects of TRFs on daily
rhythms, further, larger studies should be conducted that include
shorter intervals between measurements and more than one
diurnal cycle.

Methods
Study design. We conducted a randomized, controlled trial, in which participants
were randomized to an eTRF group (eating during no more than 8 h between 06:00
and 15:00 and fasting for the rest of the day), an mTRF group (eating during no

more than 8 h between 11:00 and 20:00 and fasting for the rest of the day), and a
control group (eating ad libitum over 8 h each day). Participants in the eTRF and
mTRF groups were only allowed to consume water, flavored carbonated water,
unsweetened tea, and coffee during the fasting period. The primary outcome was
the change in HOMA-IR, an index of insulin resistance that is calculated using the
fasting glucose and insulin concentrations. The secondary outcomes were changes
in energy intake, fasting glucose, body mass, body composition, blood pressure,
blood lipid concentrations, inflammatory markers, liver enzymes, immune cells,
gut microbiota, sleep quality, and appetite. Change in daily rhythms of plasma
adipokine concentrations and PBMC clock gene expression were measured as
exploratory analyses.

Study participants. This clinical trial was conducted at Peking Union Medical
College Hospital (PUMCH, China), approved by the hospital’s ethics committee,
and conducted according to the Helsinki Declaration of 1975. Prior to enrolling
participants, the study was registered at chictr.org.cn (ChiCTR2000029797). Par-
ticipants were recruited from the Beijing area from Feb. 16th, 2020, to Mar. 22nd,
2020, by means of posters, emails, flyers, social media, and website advertisements.
Ninety participants who were in the habit of eating over more than 8 h per day and
who did not have recent experience of fasting were recruited into the trial after
providing their written informed consent.

Diets and compliance. Participants in the eTRF group were instructed to choose
an 8 h eating period between 6:00 and 15:00 and to fast for the rest of the day.
Those in mTRF group were instructed to choose an 8 h eating period between
11:00 and 20:00 and to fast for the rest of the day. Participants in the control group
could eat ad libitum, following their usual eating regimens, with food being con-
sumed over more than 8 h per day. The participants maintained their habitual
alcohol intake during the trial, which was no more than twice a week, as required in
the eligibility criteria. Alcohol intake was forbidden on the test days and the pre-
ceding days. To ensure compliance, participants were required to take photos of
their food as they began to eat and as they finished and to send them privately to
the investigators using a WeChat-supported web message-sending applet. All
participants wrote a consent form and guaranteed to supply real data about food
intake at the beginning of the trial. The investigators checked their posts every day
and participants who failed to post those photos for more than 3 days, which
meant they could not fulfill the required 90% completion rate, were considered to
have failed to complete the trial. The energy content of each meal was estimated
using China Food Composition Database72. One designated researcher who had
got a good clinical practice certificate was trained to estimate the number of dif-
ferent types of food using the posted photos, which would be double-checked by
another researcher. Standardized measurement guides were used to assess portion
sizes. The records for all the meals of every participant were included in the
analysis, except for non-compliant days. To estimate compliance, the number of
person-days for each group was defined as 35 days (the length of the trial) mul-
tiplied by the number of participants who finished the trial. The compliance rate
was calculated as the number of self-reported compliant days divided by the total
number of person-days for each group. Because 28, 26, and 28 participants in the
eTRF, mTRF, and control groups, respectively, completed the trial, the compliance
levels were calculated to be 980 (35 × 28) for the eTRF group and 910 (35 × 26) for
the mTRF group. Because participants were instructed to take either TRF regimen
or normal diet regimen, they were not blinded to the assignment of the groups.
Investigators who checked posted photos and estimated energy contents from
photos were not blinded to the assignment of the group. Other investigators and
statisticians were blinded during the study procedure, and were unblinded after all
the data had been analyzed.

Randomization procedure. For the pilot RCT, participants were randomly
assigned to either the eTRF, mTRF, or control group in a 1:1:1 ratio, using a
computer-based random-number generator by designated researchers.

Inclusion and exclusion criteria. The inclusion criteria were: (1) 18–64 years old;
(2) ability to attend the hospital at regular intervals; (3) ability to independently
provide informed consent; (4) BMI between 17.5 and 30.0 kg/m2; (5) daily feeding
period of more than 8 h; and (6) stable body mass (change < ±10% of current body
mass during the 3 months prior to the study). The exclusion criteria were: (1)
night-shift work more than once a week; (2) fasting during the preceding 8 weeks;
(3) alcohol consumption more than twice a week; (4) pregnancy, gastrointestinal
abnormalities or eating disorders, history of gastrointestinal surgery or systemic
disease; (5) use of corticosteroid drugs, β-receptor blockers, or other drugs that
might affect the findings; (6) a diagnosis of hypertension, diabetes, or other
metabolic disease; and (7) a diagnosis of insomnia.

Anthropometric measurements. Body mass and percentage body fat were mea-
sured using an HBF-371 Bioelectrical impedance analyzer (Omron Healthcare Co.,
Kyoto, Japan). Height was measured using a metric tape, with the participant
standing up straight against a wall. BMI was calculated using the body mass in
kilograms divided by the height in meters, squared.
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Blood sampling and storage. Blood sampling was performed at the beginning and
the end of the trial. Fasting blood sampled were collected during the morning
(07:00–08:30) after an overnight fast of at least 8 h. For those who participated in
the analysis of daily rhythms, blood sampling was performed at 07:00, after an
overnight fast, and at 12:00, 17:00, and 23:00. Plasma, serum, whole blood, and
PBMC fractions were collected and either analyzed immediately or stored at
−80 °C until assayed.

Flow cytometric analysis. PBMCs were separated from blood samples using Ficoll
(GE Healthcare, Chicago, IL) and centrifugation. pTregs were counted by flow
cytometry (FACS Canto plus, BD Biosciences, Franklin Lakes, NJ) using a fixed
staining protocol of 5 μL antibody (Anti-human CD4 (RPA-T4) FITC, 11-0049-41;
Anti-human CD25 (BC96) PE, 12-0259-41; Anti-human CD3 (UCHT1) APC, 17-
0038-41; Anti-human CD127 (EBIORDR5), PERCP-CYAN, 45-1278-41;
eBioscience, San Diego, CA) diluted in 100 μL PBS. Flow cytometric data were
analyzed using FlowJo (Version 10.6.2, BD Biosciences) (Fig. S6).

Fecal sample collection and storage. Fecal samples were collected during the
3 days before the start of the trial and during the same period of time before the
end of the trial. Detailed instructions regarding sample collection and transpor-
tation were provided by the study personnel and the participants were provided
with containers with feces-preserving fluid. The participants were asked to collect
approximately 2–3 g of feces using the spatula attached to the cover of the con-
tainer, to place the fecal sample inside, and then to shake the container well. The
containers were then delivered to investigators within 24 h and stored at −80 °C
until the contents were analyzed.

Biochemical measurements. The plasma activities of AST, ALT, ALP, GGT, and
lactate dehydrogenase; and the concentrations of LDL-C, HDL-C, total cholesterol,
triglyceride, and glucose were measured using an automated analyzer (Beckmann-
Coulter AU 5800, Brea, CA). Insulin was measured using an ADVIA Centaur XP
(Siemens, Munich, Germany). Blood cells were analyzed using XN‐2000 (Sysmex,
Kobe, Japan). The IL-8 and TNF-α concentrations were measured using an
Immulite 1000 (Siemens). The concentrations of resistin (AdipoGen Life Science,
Liestal, Switzerland), leptin (Phoenix Pharmaceuticals, Burlingame, CA), and
ghrelin (Thermo Fisher, Waltham, MA) were measured using ELISA kits on a
microplate reader (Bio-Rad Laboratories).

Real-time quantitative PCR. RNA was pooled from PBMCs and used for cDNA
synthesis. Transcript levels were then quantified by qPCR using SYBR qPCR mix
(ABI-Invitrogen). The expression of each gene of interest was normalized to that of
ACTB using the 2−△△CT method. The primer sequences are listed in Table S3.

Subjective sleep quality and eating habits. The participants were required to
maintain their normal sleeping habits throughout the trial and to avoid undergoing
testing after a night shift. Sleep was analyzed using the PSQI questionnaire and
eating habits were analyzed using the CNAQ.

Analysis of the microbiota. DNA was obtained from fecal samples using the
QIAamp Fast DNA Stool Mini Kit (Qiagen), according to the manufacturer’s
protocol. The concentrations of the extracted DNA were measured using a
Nanodrop, and DNA electrophoresis using a 1% agarose gel was performed to
verify its integrity. To generate the 16S rDNA library, PCR analysis was performed
using a 16S V3–V4 hypervariable region general primer set and a KAPA HiFi
Hotstart ReadyMix PCR Kit (KAPA), and the PCR products were collected using
an AxyPrep DNA gel extraction kit (Axygen). To establish qualified 16S rDNA
libraries, the concentrations were measured using the Nanodrop, 1% agarose gel
electrophoresis was performed, and quantitative testing with Qubit dsDNA HS
Assay Kit was performed prior to sequencing. The 16S rDNA amplicon sequence
results were analyzed using the Hiseq 2500 PE250 platform. The sequencing results
were first assembled using PANDAseq 2.11 software to acquire clean reads73. An
operational taxonomic units table was constructed using Usearch 10.0.259 and
randomized leveling was performed on each sample to avoid sample size-related
bias74. Alpha diversity, assessed using chao1, was analyzed using QIIME 2
2017.6.075, and the chao1 changes during the study were evaluated using one-way
repeated-measures ANOVA, followed by the Holm-Sidak multiple comparisons
test. Analyses of the changes in the gut microbial profiles were performed using
LEfSe 1.076. PICRUSt 1.0.0, based on closed-reference operational taxonomic units,
was used to predict the abundances of functional categories, on the basis of COG
analysis75.

Statistical analysis. For the sample size calculation, we estimated that the eTRF
group would show a 37.5% reduction in HOMA-IR and that the mTRF group
would show no change in HOMA-IR during the 5-week trial9. The reported mean
and standard deviation are 1.91 and 0.8 in Chinese people without obesity77.
Therefore, to detect a 37.5% difference in HOMA-IR (1.91 × 0.375= 0.7) between
the TRF groups, the statistical power analysis indicated that 22 participants would
have to complete the trial in each group in order to achieve 80% power (two-sided

test, a= 0.05), assuming a within-participants standard deviation of 0.8. Taking
into consideration potential drop-outs during the trial, 30 participants were
recruited for each group.

The energy that was consumed on non-compliant days was not included in the
calculation of the mean daily energy consumption and the data for the eight
participants who did not complete the trial were excluded from the analyses. Data
are shown as Tukey box plots, with the mean value indicated by a line, unless
otherwise stated. Data was collected using Microsoft Excel (Microsoft 365 MSO
version 1904). Statistical calculations were performed using GraphPad Prism 7.0
(GraphPad software, La Jolla, CA). The D’Agostino & Pearson normality and
Shapiro-Wilk tests were used to check the data distribution. To compare the three
groups, one-way repeated-measures ANOVA was used, followed by the Holm-
Sidak multiple comparisons test. To analyze the daily rhythms of circulating
substance concentrations, the data at each time point were first collated as
percentages of the mean of the values at all the time points, then analyzed using
two-way repeated-measures ANOVA, with time of day and feeding regimen as the
two independent variables. P < 0.05 was considered to represent statistical
significance.

Cosinor analysis was applied to the clock gene expression data. Cosinor model
curves were plotted using the clock gene expression data for each participant on
each test day using the following function and the amplitude, MESOR, phase shift
and acrophase (peak time) for each curve78:

f tð Þ ¼ Mesorþ Amplitude ´ cos
�
2π ´

t
24

þ Phaseshift
�
:

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The individual de-identified participant microbiota metagenomic sequencing data can be
accessed from the BioProject Database of National Centre for Biotechnology Information
with the dataset accession number PRJNA786689. The daily rhythms-related source data
underlying Fig. 4 and Supplementary Figs. 1, 2 are provided with this paper. The other
individual de-identified participant data are not openly available due to participant
confidentiality and will be shared by the corresponding author upon reasonable request
for academic use. The study protocol is available as a supplementary file. China Food
Composition Database was used in this manuscript72. Source data are provided with
this paper.

Code availability
No code was involved in this manuscript.

Received: 18 January 2021; Accepted: 3 February 2022;

References
1. Seconda, L. et al. Assessment of the sustainability of the mediterranean diet

combined with organic food consumption: an individual behaviour approach.
Nutrients 9, 61 (2017).

2. Kobayashi, T. et al. Development of a food frequency questionnaire to
estimate habitual dietary intake in Japanese children. Nutr. J. 9, 17 (2010).

3. Sutton, E. F. et al. Early time-restricted feeding improves insulin sensitivity,
blood pressure, and oxidative stress even without weight loss in men with
prediabetes. Cell Metab. 27, 1212–1221 (2018).

4. Hatori, M. et al. Time-restricted feeding without reducing caloric intake
prevents metabolic diseases in mice fed a high-fat diet. Cell Metab. 15,
848–860 (2012).

5. Ren, J. et al. Alteration in gut microbiota caused by time-restricted feeding
alleviate hepatic ischaemia reperfusion injury in mice. J. Cell. Mol. Med. 23,
1714–1722 (2019).

6. Woodie, L. N. et al. Restricted feeding for 9h in the active period partially
abrogates the detrimental metabolic effects of a Western diet with liquid sugar
consumption in mice. Metabolism 82, 1–13 (2018).

7. Wu, T.-R. et al. Gut commensal plays a predominant role in the anti-obesity
effects of polysaccharides isolated from. Gut 68, 248–262 (2019).

8. Zarrinpar, A., Chaix, A., Yooseph, S. & Panda, S. Diet and feeding pattern affect
the diurnal dynamics of the gut microbiome. Cell Metab. 20, 1006–1017 (2014).

9. Gabel, K. et al. Effects of 8-hour time restricted feeding on body weight and
metabolic disease risk factors in obese adults: a pilot study. Nutr. Healthy
Aging 4, 345–353 (2018).

10. Gill, S. & Panda, S. A smartphone app reveals erratic diurnal eating patterns in
humans that can be modulated for health benefits. Cell Metab. 22, 789–798
(2015).

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-28662-5

8 NATURE COMMUNICATIONS |         (2022) 13:1003 | https://doi.org/10.1038/s41467-022-28662-5 | www.nature.com/naturecommunications

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA786689
www.nature.com/naturecommunications


11. Anton, S. D. et al. The effects of time restricted feeding on overweight, older
adults: a pilot study. Nutrients 11, 1500 (2019).

12. Hutchison, A. T. et al. Time-restricted feeding improves glucose tolerance in
men at risk for type 2 diabetes: a randomized crossover trial. Obesity 27,
724–732 (2019).

13. Moro, T. et al. Effects of eight weeks of time-restricted feeding (16/8) on basal
metabolism, maximal strength, body composition, inflammation, and
cardiovascular risk factors in resistance-trained males. J. Transl. Med. 14, 290
(2016).

14. Wilkinson, M. J. et al. Ten-hour time-restricted eating reduces weight, blood
pressure, and atherogenic lipids in patients with metabolic syndrome. Cell
Metab. 31, 92–104 (2020).

15. Carlson, O. et al. Impact of reduced meal frequency without caloric restriction
on glucose regulation in healthy, normal-weight middle-aged men and
women. Metabolism 56, 1729–1734 (2007).

16. Parr, E. B., Devlin, B. L., Radford, B. E. & Hawley, J. A. A delayed morning
and earlier evening time-restricted feeding protocol for improving glycemic
control and dietary adherence in men with overweight/obesity: a randomized
controlled trial. Nutrients 12, 505 (2020).

17. Jamshed, H. et al. Early time-restricted feeding improves 24-hour glucose
levels and affects markers of the circadian clock, aging, and autophagy in
humans. Nutrients 11, 1234 (2019).

18. Zeb, F. et al. Effect of time restricted feeding on metabolic risk and circadian
rhythm associated with gut microbiome in healthy males. Br. J. Nutr. https://
doi.org/10.1017/S0007114519003428 (2020).

19. Gabel, K., Hoddy, K. K. & Varady, K. A. Safety of 8-h time restricted feeding
in adults with obesity. Appl. Physiol. Nutr. Metab. 44, 107–109 (2019).

20. Martens, C. R. et al. Short-term time-restricted feeding is safe and feasible in
non-obese healthy midlife and older adults. GeroScience https://doi.org/
10.1007/s11357-020-00156-6 (2020).

21. Cienfuegos, S. et al. Effects of 4- and 6-h time-restricted feeding on weight and
cardiometabolic health: a randomized controlled trial in adults with obesity.
Cell Metab. 32, 1–13 (2020).

22. Madkour, M. I. et al. Ramadan diurnal intermittent fasting modulates SOD2,
TFAM, Nrf2, and sirtuins (SIRT1, SIRT3) gene expressions in subjects with
overweight and obesity. Diabetes Res. Clin. Pract. 155, 107801 (2019).

23. Stote, K. S. et al. A controlled trial of reduced meal frequency without caloric
restriction in healthy, normal-weight, middle-aged adults. Am. J. Clin. Nutr.
85, 981–988 (2007).

24. Hosono, T. et al. Time-restricted feeding regulates circadian rhythm of murine
uterine clock. Curr. Dev. Nutr. 5, nzab064 (2021).

25. Regmi, P. et al. Early or delayed time-restricted feeding prevents metabolic
impact of obesity in mice. J. Endocrinol. 248, 75–86 (2021).

26. Yoshizaki, T. et al. Effects of feeding schedule changes on the circadian phase
of the cardiac autonomic nervous system and serum lipid levels. Eur. J. Appl.
Physiol. 113, 2603–2611 (2013).

27. Matthews, D. R. et al. Homeostasis model assessment: insulin resistance and
β-cell function from fasting plasma glucose and insulin concentrations in
man. Diabetologia 28, 412–419 (1985).

28. Straczkowski, M. et al. Plasma interleukin-8 concentrations are increased in
obese subjects and related to fat mass and tumor necrosis factor-α system. J.
Clin. Endocrinol. Metab. 87, 4602–4606 (2002).

29. Mohammadi, M., Gozashti, M. H., Aghadavood, M., Mehdizadeh, M. R. &
Hayatbakhsh, M. M. Clinical significance of serum IL-6 and TNF-α levels in
patients with metabolic syndrome. Rep. Biochem. Mol. Biol. 6, 74–79 (2017).

30. Apostolakis, S., Vogiatzi, K., Amanatidou, V. & Spandidos, D. A. Interleukin 8
and cardiovascular disease. Cardiovasc. Res. 84, 353–360 (2009).

31. Huttenhower, C. et al. Structure, function and diversity of the healthy human
microbiome. Nature 486, 207–214 (2012).

32. Kato, T. Development of the sleep quality questionnaire in healthy adults. J.
Health Psychol. 19, 977–986 (2014).

33. Healey, G. et al. Validity and reproducibility of a habitual dietary fibre intake
short food frequency questionnaire. Nutrients 8, 3–9 (2016).

34. Thomas, D. D., Corkey, B. E., Istfan, N. W. & Apovian, C. M.
Hyperinsulinemia: an early indicator of metabolic dysfunction. J. Endocr. Soc.
3, 1727–1747 (2019).

35. Lowe, D. A. et al. Effects of time-restricted eating on weight loss and other
metabolic parameters in women and men with overweight and obesity: the
TREAT randomized clinical trial. JAMA Intern. Med. 94143, 1–9 (2020).

36. Karras, S. N. et al. Effects of orthodox religious fasting versus combined
energy and time restricted eating on body weight, lipid concentrations and
glycaemic profile. Int. J. Food Sci. Nutr. 72, 82–92 (2021).

37. Gregor, M. F. & Hotamisligil, G. S. Inflammatory mechanisms in obesity.
Annu. Rev. Immunol. 29, 415–445 (2011).

38. Moro, T. et al. Effects of eight weeks of time-restricted feeding (16/8) on basal
metabolism, maximal strength, body composition, inflammation, and
cardiovascular risk factors in resistance-trained males. J. Transl. Med. 14, 1–10
(2016).

39. Marchesini, G., Moscatiello, S., Di Domizio, S. & Forlani, G. Obesity-
associated liver disease. J. Clin. Endocrinol. Metab. 93, 74–80 (2008).

40. Briseño-Bass, P., Chávez-Pérez, R. & López-Zendejas, M. Prevalence of
hepatic steatosis and its relation to liver function tests and lipid profile in
patients at medical check-up. Rev. Gastroenterol. Mex. 84, 290–295 (2019).

41. Sherman, H. et al. Timed high-fat diet resets circadian metabolism and
prevents obesity. FASEB J. 26, 3493–3502 (2012).

42. Sherman, H. et al. Long-term restricted feeding alters circadian expression and
reduces the level of inflammatory and disease markers. J. Cell. Mol. Med. 15,
2745–2759 (2011).

43. Damiola, F. et al. Restricted feeding uncouples circadian oscillators in
peripheral tissues from the central pacemaker in the suprachiasmatic nucleus.
Genes Dev. 14, 2950–2961 (2000).

44. Hara, R. et al. Restricted feeding entrains liver clock without participation of
the suprachiasmatic nucleus. Genes Cells 6, 269–278 (2001).

45. Satoh, Y., Kawai, H., Kudo, N., Kawashima, Y. & Mitsumoto, A. Time-
restricted feeding entrains daily rhythms of energy metabolism in mice. Am. J.
Physiol. 290, 1276–1283 (2006).

46. Stokkan, K. A., Yamazaki, S., Tei, H., Sakaki, Y. & Menaker, M. Entrainment
of the circadian clock in the liver by feeding. Science 291, 490–493 (2001).

47. Mindikoglu, A. L., Opekun, A. R., Gagan, S. K. & Devaraj, S. Impact of time-
restricted feeding and dawn-to-sunset fasting on circadian rhythm, obesity,
metabolic syndrome, and nonalcoholic fatty liver disease. Gastroenterol. Res.
Pract. 2017, 3932491 (2017).

48. Adawi, M. et al. The impact of intermittent fasting (Ramadan Fasting) on
psoriatic arthritis disease activity, enthesitis, and dactylitis: a multicentre
study. Nutrients 11, 601 (2019).

49. Maioli, T. U. et al. High sugar and butter (HSB) diet induces obesity and
metabolic syndrome with decrease in regulatory T cells in adipose tissue of
mice. Inflamm. Res. 65, 169–178 (2016).

50. Xu, H. Obesity and metabolic inflammation. Drug Discov. Today Dis. Mech.
10, 1–5 (2013).

51. Wang, B. et al. Regulatory effects of resveratrol on glucose metabolism and
T-lymphocyte subsets in the development of high-fat diet-induced obesity in
C57BL/6 mice. Food Funct. 5, 1452–1463 (2014).

52. Feuerer, M. et al. Lean, but not obese, fat is enriched for a unique population
of regulatory T cells that affect metabolic parameters. Nat. Med. 15, 930–939
(2009).

53. Winer, S. et al. Normalization of obesity-associated insulin resistance through
immunotherapy. Nat. Med. 15, 921–929 (2009).

54. Cignarella, F. et al. Intermittent fasting confers protection in CNS autoimmunity
by altering the gut microbiota. Cell Metab. 27, 1222–1235 (2018).

55. Le Chatelier, E. et al. Richness of human gut microbiome correlates with
metabolic markers. Nature 500, 541–546 (2013).

56. Lucas, R. et al. A critical evaluation of ecological indices for the comparative
analysis of microbial communities based on molecular datasets. FEMS
Microbiol. Ecol. 93, fiw209 (2017).

57. Kaneko, K. et al. Obesity alters circadian expressions of molecular clock genes
in the brainstem. Brain Res. 1263, 58–68 (2009).

58. Engin, A. Circadian rhythms in diet-induced obesity. Obes. Lipotoxicity 960,
19–52 (2017).

59. Szewczyk-Golec, K., Woźniak, A. & Reiter, R. J. Inter-relationships of the
chronobiotic, melatonin, with leptin and adiponectin: Implications for obesity.
J. Pineal Res. 59, 277–291 (2015).

60. Maeda, N., Funahashi, T. & Shimomura, I. Cardiovascular-metabolic impact
of adiponectin and aquaporin. Endocr. J. 60, 251–259 (2013).

61. Chowdhury, E. A. et al. The causal role of breakfast in energy balance and
health: a randomized controlled trial in obese adults. Am. J. Clin. Nutr. 103,
747–756 (2016).

62. Gavrila, A. et al. Diurnal and ultradian dynamics of serum adiponectin in
healthy men: comparison with leptin, circulating soluble leptin receptor, and
cortisol patterns. J. Clin. Endocrinol. Metab. 88, 2838–2843 (2003).

63. Chowdhury, E. A., Richardson, J. D., Tsintzas, K., Thompson, D. & Betts, J. A.
Effect of extended morning fasting upon ad libitum lunch intake and
associated metabolic and hormonal responses in obese adults. Int. J. Obes. 40,
305–311 (2016).

64. Bray, M. S. et al. Time-of-day-dependent dietary fat consumption influences
multiple cardiometabolic syndrome parameters in mice. Int. J. Obes. 34,
1589–1598 (2010).

65. Oliver, P. et al. Resistin as a putative modulator of insulin action in the daily
feeding/fasting rhythm. Pflug. Arch. Eur. J. Physiol. 452, 260–267 (2006).

66. Alam, I. et al. Recurrent circadian fasting (RCF) improves blood pressure,
biomarkers of cardiometabolic risk and regulates inflammation in men. J.
Transl. Med. 17, 1–29 (2019).

67. Yasumoto, Y. et al. Short-term feeding at the wrong time is sufficient to
desynchronize peripheral clocks and induce obesity with hyperphagia,
physical inactivity and metabolic disorders in mice. Metabolism 65, 714–727
(2016).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-28662-5 ARTICLE

NATURE COMMUNICATIONS |         (2022) 13:1003 | https://doi.org/10.1038/s41467-022-28662-5 | www.nature.com/naturecommunications 9

https://doi.org/10.1017/S0007114519003428
https://doi.org/10.1017/S0007114519003428
https://doi.org/10.1007/s11357-020-00156-6
https://doi.org/10.1007/s11357-020-00156-6
www.nature.com/naturecommunications
www.nature.com/naturecommunications


68. Gualillo, O., Lago, F., Gómez-Reino, J., Casanueva, F. F. & Dieguez, C.
Ghrelin, a widespread hormone: insights into molecular and cellular
regulation of its expression and mechanism of action. FEBS Lett. 552, 105–109
(2003).

69. Wehrens, S. M. T. et al. Meal timing regulates the human circadian system.
Curr. Biol. 27, 1768–1775 (2017).

70. Manoogian, E. N. C. & Panda, S. Circadian rhythms, time-restricted feeding,
and healthy aging. Ageing Res. Rev. 39, 59–67 (2017).

71. Jordan, S. et al. Dietary intake regulates the circulating inflammatory
monocyte pool. Cell 178, 1102–1114 (2019).

72. Yang, Y. X., Wang, G. & Pan, X. China Food Composition (Peking University
Medical Press, 2009).

73. Masella, A. P., Bartram, A. K., Truszkowski, J. M., Brown, D. G. & Neufeld, J.
D. PANDAseq: paired-end assembler for illumina sequences. BMC Bioinform.
13, 31 (2012).

74. Edgar, R. C. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460–2461 (2010).

75. Langille, M. G. I. et al. Predictive functional profiling of microbial
communities using 16S rRNA marker gene sequences. Nat. Biotechnol. 31,
814–821 (2013).

76. Segata, N. et al. Metagenomic biomarker discovery and explanation. Genome
Biol. 12, R60 (2011).

77. Zhou, Z. W. et al. Serum fetuin-A levels in obese and non-obese subjects with
and without type 2 diabetes mellitus. Clin. Chim. Acta 476, 98–102 (2018).

78. Refinetti, R., Cornélissen, G. & Halberg, F. Procedures for numerical analysis
of circadian rhythms. Biol. Rhythm Res. 38, 275–325 (2007).

Acknowledgements
This work was supported by grants from the CAMS Innovation Fund for Medical Sci-
ences (CIFMS) (No.2016-I2M-1-001) (Y.M. and H.Y.). The study sponsors played no
role in study design, conduct, data acquisition, analysis, manuscript preparation or the
decision to submit the manuscript for publication. We thank Mark Cleasby, PhD from
Liwen Bianji (Edanz) (www.liwenbianji.cn) for editing the language of a draft of this
manuscript.

Author contributions
Y.M. and H.Y. oversaw the design, regulatory compliance, execution, and data analyses in
this study. Y.M., H.Y., and Z.X. designed the study. Z.X., Y.S., Y.Y., D.H., H.Zhang, Z.H.,

H.Zhao, and H.Y. recruited participants, collected data, and monitored participants
compliance. All the authors contributed to data analyses. Z.X., Y.S., Y.M., and H.Y. wrote
the manuscript. All the authors contributed to the composition and revision of the
manuscript and gave final approval to its content.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-022-28662-5.

Correspondence and requests for materials should be addressed to Huayu Yang or Yilei
Mao.

Peer review information Nature Communications thanks Heather Allore, Marta
Garaulet and the other anonymous reviewer(s) for their contribution to the peer review
this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-022-28662-5

10 NATURE COMMUNICATIONS |         (2022) 13:1003 | https://doi.org/10.1038/s41467-022-28662-5 | www.nature.com/naturecommunications

http://www.liwenbianji.cn
https://doi.org/10.1038/s41467-022-28662-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Randomized controlled trial for time-restricted eating in healthy volunteers without obesity
	Results
	Participants
	Energy intake
	Insulin resistance and fasting glucose
	Body mass and composition
	Blood pressure and lipid concentrations
	Inflammatory markers, liver enzymes, and immune cells
	Gut microbiota
	Sleep quality and appetite
	Daily rhythms of plasma adipokine concentrations and PBMC clock gene expression

	Discussion
	Methods
	Study design
	Study participants
	Diets and compliance
	Randomization procedure
	Inclusion and exclusion criteria
	Anthropometric measurements
	Blood sampling and storage
	Flow cytometric analysis
	Fecal sample collection and storage
	Biochemical measurements
	Real-time quantitative PCR
	Subjective sleep quality and eating habits
	Analysis of the microbiota
	Statistical analysis

	Reporting summary
	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




