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Background & aims: Time-restricted eating (TRE) and low-carbohydrate diet (LCD) can improve multiple
cardiometabolic parameters in patients with metabolic syndrome (MetS), but their effects on psycho-
social health and satiety are unclear. In this study, we aimed to evaluate the effects of TRE, LCD, and their
combination (TRE þ LCD) on quality of life (QoL), sleep, mood, appetite, and metabolic hormones in
patients with MetS.
Methods: This is a secondary analysis of a single-center, 3-month, open-label, randomized clinical trial
investigating the effects of TRE, LCD, and TRE þ LCD on weight and cardiometabolic parameters in in-
dividuals with MetS. This secondary analysis examined QoL, sleep, mood, and appetite using the Rand
36-Item Short Form (SF-36); Pittsburgh Sleep Quality Index (PSQI); Depression, Anxiety, and Stress Scale;
and Eating Behavior Rating Scale, respectively, as well as measured levels of metabolic hormones
including leptin, amylin, glucose-dependent insulinotropic polypeptide, glucagon-like peptide-1 (GLP-1),
pancreatic polypeptide (PP), and peptide YY. Between-group comparisons were conducted via one-way
ANOVAs and post hoc LSD tests for normally distributed variables or Kruskal‒Wallis H tests and the
Nemenyi test for abnormally distributed variables. P < 0.017 was considered significant in multiple
comparisons following Bonferroni adjustment.
Results: A total of 162 participants (mean [SD] age, 41.2 [9.9] years; mean [SD] body mass index, 29.3
[3.4] kg/m2; 102 [63%] men) who started the intervention were analyzed. After 3 months, only the TRE
group decreased GLP-1 levels (�0.9 [IQR, �1.9 to �0.3] pg/mL; P ¼ 0.002), increased PP levels (8.9
[IQR, �7.6 to 71.8] pg/mL; P ¼ 0.011), physical functioning in the SF-36 (5.2 [95% CI, 1.9 to 8.5]; P ¼ 0.001),
social functioning in the SF-36 (9.1 [95% CI, 2.5 to 15.6]; P ¼ 0.005), role-physical in the SF-36 (24.1 [95%
CI, 11.8 to 36.4]; P < 0.001), role-emotional in the SF-36 (22.4 [95% CI, 12.6 to 32.2]; P < 0.001), and sleep
efficiency in the PSQI (0.29 [95% CI, 0.03 to 0.55]; P ¼ 0.021). Compared with changes in LCD, TRE further
increased general health in the SF-36 (9.7 [95% CI, 3.3 to 16.0]; P ¼ 0.006). Relative to the changes of
w-carbohydrate diet; QoL, quality of life; SF-36, Rand 36-Item Short Form; PSQI, Pittsburgh Sleep Quality Index; DASS-
ing Behavior Rating Scale; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; PP,
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TRE þ LCD, TRE significantly increased role-emotional in the SF-36 (19.9 [95% CI 4.9 to 34.8]; P ¼ 0.006).
Changes in sleep quality, mood status, appetite, and metabolic hormones did not differ among three
groups. Greater weight loss was associated with decreased leptin levels (r ¼ 0.538), decreased amylin
levels (r ¼ 0.294), reduced total appetite scores (r ¼ 0.220), and improved general health (r ¼ �0.253) (all
P � 0.01).
Conclusions: TRE, LCD, and TRE þ LCD all could improve psychosocial health and reduce appetite.
Notably, TRE yielded greater benefits in QoL compared with LCD or TRE þ LCD in individuals with MetS.
Trial registration: ClinicalTrials.gov Identifier: NCT04475822.
© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Characterized by abdominal obesity, insulin resistance, hyper-
tension, and hyperlipidemia, metabolic syndrome (MetS) affects
nearly one-quarter of theworld's population, representing a pressing
public health issue [1e3]. Time-restricted eating (TRE) and low-
carbohydrate diet (LCD) have been confirmed as efficient strategies
for weight loss that yield cardiometabolic benefits [4,5]. It is
increasingly recognized that MetS not only predisposes individuals
to type 2 diabetesmellitus (T2DM) and cardiovascular diseases but is
also strongly associated with impaired psychosocial health and dis-
rupted gut-brain axis. The effectiveness of interventions on
perceived psychosocial health and appetite will directly affect pa-
tients' recognition, acceptance, and compliance of the treatment
method, which can accordingly impact MetS management and long-
term prognosis [6]. For this reason, psychosocial health and appetite
may be important outcome measures for MetS management, in
addition to body weight and cardiometabolic parameters.

Psychosocial factors play vital roles in the development of obesity
and MetS. Individuals with MetS have impaired health-related
quality of life (QoL) [7], psychiatric disorders [8], and sleep distur-
bance [9], which can be tested by multiple well-established self-
report questionnaires, such as the Rand 36-Item Short Form (SF-36)
for both physical andmental aspects of QoL [10], the Pittsburgh Sleep
Quality Index (PSQI) for sleep quality [11], and the Depression,
Anxiety, and Stress Scale (DASS-21) for mood status [12].Weight loss
after dietary intervention is strongly associated with improvements
in the physical domains of QoL, while the effects on mental health
remain ambiguous [13,14]. The effects of TRE and LCD on psycho-
social health are controversial in limited previous studies; some
studies observed significant improvements in QoL [15,16], sleep
quality [17,18], and mood status [19,20], whereas others reported no
changes in QoL [21,22], sleep quality [5,23], or mood [24,25].

In addition to impaired psychosocial health, individuals with
MetS exhibit disruption of the hormonal gut-brain connection,
resulting in increased appetite and uncontrollable eating behaviors
[26], which can be assessed by the Eating Behavior Rating Scale
(EBRS). Metabolic hormones consisting of both orexigenic and
anorexigenic hormones are released from the gastrointestinal tract,
pancreas and adipose tissue to regulate food intake behaviors.
Orexigenic hormones such as ghrelin act as hunger signals to in-
crease gut motility, while anorexigenic hormones including oxy-
ntomodulin, peptide YY (PYY), glucagon-like peptide-1 (GLP-1),
glucose-dependent insulinotropic polypeptide (GIP), amylin, lep-
tin and pancreatic polypeptide (PP) act as satiety signals to inhibit
gastric emptying. These hormones have been recognized as the
most important components of the gut-brain hormonal axis [27]
and are linked with adverse mental health outcomes after bariatric
surgery [28]. However, the effects of weight loss induced by TRE or
LCD on subjective appetite and metabolic hormone levels differ
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sharply [29e32], and the underlying mechanisms remain unclear.
Furthermore, limitations existed in several trials that only assessed
subject appetite lacking simultaneous evaluations of objective
appetite biomarkers (metabolic hormones) [33,34].

We previously found that TRE, LCD, and TREþ LCD all resulted in
significant improvements in body weight and cardiometabolic
parameters after 3 months, and TRE with or without LCD exerted
more benefits on body weight, visceral fat area (VFA), uric acid, and
dyslipidemia [35]. In this secondary analysis, we aimed to evaluate
the effects of TRE, LCD, and TRE þ LCD on QoL, sleep, mood, and
appetite (assessed by both self-report questionnaires and meta-
bolic hormones), which are all important outcome measures in the
management of MetS.

2. Method

2.1. Study design

This study is a secondary analysis of a single-center, 3-month,
open-label, randomized clinical trial conducted at the First Affili-
ated Hospital of Xi'an Jiaotong University between October 2020
and January 2021. The detailed protocol and the primary results
have been published previously [35]. This trial was approved by the
Institutional Review Board of the First Affiliated Hospital of Xi'an
Jiaotong University and registered at ClinicalTrials.gov
(NCT04475822). All participants provided written informed
consent.

2.2. Participants

Participants were recruited via emails, flyers, posters, social
media, and website advertisements from July 2020 to September
2020. The inclusion and exclusion criteria were described in detail
previously [35]. Briefly, participants were eligible if they were
diagnosed with MetS [36], aged 18e65 years, and were at a weight
stable period of more than 3 months. Individuals who were preg-
nant, breastfeeding, night shift workers, participating in other
weight management programs, had a history of serious or related
diseases, were using medications known to affect appetite, or had
undergone weight-loss surgery were excluded.

2.3. Interventions

Details on the study procedure were published in the previous
manuscript [35]. Participants were randomized to one of the
following three groups. The TRE group was allowed to eat ad libi-
tum (AL) within an 8-h window from 8 AM to 4 PM (the early TRE
[eTRE] subgroup) or from 12 PM to 8 PM (the late TRE [lTRE] sub-
group). The LCD group consumed a reduced-carbohydrate diet
(carbohydrates <130 g/day or <26% of total energy) without a
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limitation on eating time. The TRE þ LCD group consumed a
carbohydrate-restricted diet within only an 8-h window each day.
Participants in the TRE and TRE þ LCD groups could choose
whether they wanted to be in the eTRE or lTRE subgroups. One-on-
one dietary guidance and questionnaires were provided through an
online medical application (Zhihui Hao Yiyuan). All participants
were instructed not to alter their physical activity or medication
doses until the end of the intervention.

2.4. Measurements and outcomes

Self-report questionnaire data and metabolic hormone levels
were assessed at baseline and 3 months. The complete question-
naires were provided as supplements. QoL was evaluated with SF-
36 [10], which consists of eight subscales encompassing mental
aspects (role limitations due to emotional problems [role-
emotional], vitality, social functioning, and mental health) and
physical aspects (physical functioning, role limitations due to
physical problems [role-physical], bodily pain, and general health).
Scores range from 0 to 100, and higher scores reflect better QoL,
with a mean score of 50 as a normative value for all items.

Participants' sleep quality was evaluated with PSQI [11], a vali-
dated and standardized 19-item questionnaire, including seven
categories that assess different aspects of sleep (all with a score
range of 0e3): subjective sleep quality, sleep latency, sleep dura-
tion, habitual sleep efficiency, sleep disturbances, daytime
dysfunction, and use of sleep medications. Total sleep scores range
from 0 to 21. Lower scores indicate better sleep quality, with a score
>5 suggesting significant sleep difficulties.

DASS-21 was used to assess the psychiatric symptoms of par-
ticipants, including depression, anxiety, and stress levels. The
DASS-21 is a self-reported 21-item questionnaire with 3 subscales,
each composed of 7 items; items are rated on a scale ranging from
0 to 3 (0 ¼ never, 1 ¼ sometimes, 2 ¼ frequently, and 3 ¼ always)
[12]. Lower DASS-21 scores indicate better mood status, and the
normal rangewas 0e9 for depression, 0e7 for anxiety, and 0e14 for
stress.

Subjective appetite was assessed with EBRS, established by Eli
Lilly and Company to evaluate subjective appetite and eating
behavior. It consists of 9 items: overeating behavior, hunger, in-
dulgence in food, fullness, appetite, the desire for something sweet,
the desire for something greasy, satiety, and unstoppable eating
behaviors. Items are rated on the following scale: 0 ¼ none,
1 ¼ rarely, 2¼ sometimes, 3¼ frequently, and 4¼ very. Lower total
appetite scores indicate lower subjective appetite.

Venous blood samples (5 mL) were collected in anticoagulant
tubes after a whole-night fast (from 8 PM on) before and after the
intervention, and were centrifuged for 20 min at 1500 g and 4 �C to
separate the plasma and stored at�80 �C before assessment. Levels
of metabolic hormones were measured once by immunofluores-
cence assay on a Luminex instrument (EMD Millipore Corporation;
HMHEMAG-34K), including leptin, amylin, GIP, GLP-1, PP, and PYY.

2.5. Statistical analysis

Participants who started an intervention were included in the
intention-to-treat analysis. Missing data were handled by multiple
imputations with the use of theMarkov chain Monte Carlo method.
Data are shown as the mean (95% confidence intervals) unless
otherwise noted. Differences in baseline data among three groups
were detected with chi-square tests for categorical variables, one-
way ANOVAs for normally distributed variables or Kruskal‒Wallis
H tests for abnormally distributed variables. Within-group evalu-
ations of changes in outcome variables were performedwith paired
t tests for normally distributed variables or paired Wilcoxon tests
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for abnormally distributed variables. Between-group comparisons
of changes in outcome variables were conducted via one-way
ANOVAs and post hoc LSD tests for normally distributed variables
or Kruskal‒Wallis H tests and the Nemenyi test for abnormally
distributed variables. Between-subgroup comparisons were per-
formed with independent-sample t tests for normally distributed
variables or Mann‒Whitney U tests for abnormally distributed
variables. Pearson's correlation for normally distributed variables
or Spearman's correlation for abnormally distributed variables was
analyzed in those who completed interventions to assess the cor-
relation between changes in weight and abdominal fat area and
changes in psychosocial outcome variables. A two-tailed P < 0.05
indicated a statistically significant difference, except the a was set
at 0.017 in the multiple comparisons following Bonferroni correc-
tion to reduce type 1 errors. Statistical analysis was performed
using the R version 4.1.3.
3. Results

3.1. Characteristics of participants

Fig. 1 shows the flow of participants throughout the trial. Of the
290 individuals screened, 121 were excluded, and the 169
remaining individuals were randomly assigned to the TRE group
(n ¼ 57), LCD group (n ¼ 56), or TRE þ LCD group (n ¼ 56). In total,
162 participants began the interventions (55 in the TRE group, 55 in
the LCD group, and 52 in the TRE þ LCD group), and 135 partici-
pants ultimately completed the trial (44 in the TRE group, 47 in the
LCD group, and 44 in the TRE þ LCD group). The baseline charac-
teristics were similar among the three intervention arms, except
that the LCD group exhibited higher feelings of appetite and full-
ness (Table 1). At baseline, the majority of aspects of QoL (6/8) were
above 50, except the health transition and general health. Three
aspects of mood status were all within the normal range and the
total sleep score was slightly increased.

Supplementary Table 1 shows the comparison between 135
participants who completed 3-month trials and 27 patients who
dropped out after starting the intervention. Participants who
completed the interventions had better QoL (higher health transi-
tion, role-emotional, and mental health scores), better sleep quality
(lower use of sleep medications scores), and better mood (lower
depression and stress scores) than those who withdrew from the
interventions. Supplementary Table 2 shows the baseline compar-
isons between the eTRE and lTRE subgroups.
3.2. Quality of life

At the three-month follow-up, all three interventions increased
health transition, general health, mental health, and vitality scores
as compared with their corresponding baseline values. Only the
TRE group significantly increased physical functioning (5.2 [95% CI,
1.9 to 8.5]; P ¼ 0.001), social functioning (9.1 [95% CI, 2.5 to 15.6];
P ¼ 0.005), role-physical (24.1 [95% CI, 11.8 to 36.4]; P < 0.001), and
role-emotional (22.4 [95% CI, 12.6 to 32.2]; P < 0.001). Notably, TRE
produced greater improvements in general health than the LCD
group (9.7 [95% CI, 3.3 to 16.0]; P ¼ 0.006) and induced greater
increases in role-emotional scores than TRE þ LCD (19.9 [95% CI 4.9
to 34.8]; P ¼ 0.006) group. Bodily pain was not included in this
analysis due to the missing data (Table 2). Increases in general
health were associated with greater reductions in body weight
(r ¼ �0.253, P ¼ 0.003) and VFA (r ¼ �0.240, P ¼ 0.005)
(Supplementary Fig. 1). The eTRE and lTRE subgroups in the TRE or
TRE þ LCD groups exhibited comparable improvements in QoL
(Supplementary Table 3).



Fig. 1. Flow diagram of study procedures. Abbreviations: TRE, time-restricted eating; LCD, low-carbohydrate diet; eTRE, early time-restricted eating; lTRE, late time-restricted eating.
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3.3. Sleep quality

After 3 months, only TRE led to a significant increase in habitual
sleep efficiency (0.29 [95% CI, 0.03 to 0.55]; P ¼ 0.021). Daytime
dysfunction was decreased in both the TRE (�0.49 [95% CI, �0.70
to�0.28], P < 0.001) and TREþ LCD (�0.31 [95% CI,�0.50 to�0.11],
P ¼ 0.005) groups. There were no significant differences in other
subscales of the sleep quality (Table 2). In the TRE group, lTRE
improved habitual sleep efficiency to a greater extent than eTRE
(0.69 [95% CI, 0.15 to 1.22]; P ¼ 0.022). No significant difference in
other domains of PSQI was observed between eTRE and lTRE
(Supplementary Table 3).

3.4. Mood status

In the three aspects of mood, as compared with baseline, only
the stress level was decreased in the TRE (�2.2 [95% CI, �3.5
to�0.7], P¼ 0.003) and LCD (�2.9 [95% CI,�4.4 to�1.3], P < 0.001)
groups after 3 months. There were no significant differences in
changes in depression, anxiety or stress scores among the three
2319
interventions (Table 2) as well as between eTRE and lTRE subgroups
in TRE or TRE þ LCD groups (Supplementary Table 3).

3.5. Subjective appetite

Relative to baseline, all three interventions led to a significant
reduction in overeating behavior and total appetite scores. Both
the LCD and TRE þ LCD groups decreased feelings of hunger, in-
dulgence in food and fullness, and only the LCD group decreased
feelings of appetite (�0.5 [95% CI, �0.8 to �0.2]; P ¼ 0.004), the
desire for something sweet (�0.3 [95% CI, �0.5 to �0.0];
P ¼ 0.028) and the desire for something greasy (�0.4 [95% CI, �0.6
to �0.1]; P ¼ 0.005). Satiety remained unchanged in all three
groups. There were no significant differences in changes in
appetite among the three groups (Table 3). Reductions in total
appetite scores were positively correlated with weight loss
(r ¼ 0.220, P ¼ 0.010; Supplementary Fig. 1). No significant dif-
ferences in subjective appetite were observed between the eTRE
and lTRE subgroups in either the TRE or TRE þ LCD groups
(Supplementary Table 3).



Table 1
Baseline characteristics of the participants.

Mean (SD)a p value

TRE LCD TRE þ LCD

Age, y 43.0 (10.4) 41.3 (10.2) 39.0 (8.6) 0.106
Sex, No. (%) 0.204
Male 35 (64) 30 (55) 37 (71)
Female 20 (36) 25 (45) 15 (29)

Weight, kg 84.7 (14.6) 84.3 (16.4) 84.9 (13.2) 0.979
Body mass index, kg/m2 29.6 (3.4) 29.3 (3.5) 29.0 (3.5) 0.711
Eating window, hours 10.6 (2.1) 10.4 (2.4) 10.7 (1.5) 0.730
Daily carbohydrate intake, g 324 (154) 348 (120) 361 (158) 0.405
Quality of Life (SF-36)b

Health transition 44.1 (23.1) 42.3 (23.5) 47.6 (19.3) 0.334
General health 49.3 (20.0) 52.2 (22.4) 49.6 (18.8) 0.723
Mental health 66.3 (19.8) 66.1 (22.8) 64.7 (19.4) 0.803
Vitality 65.7 (18.5) 64.9 (19.9) 63.0 (17.7) 0.778
Physical functioning 86.0 (11.8) 86.6 (11.3) 87.2 (12.3) 0.714
Social functioning 79.4 (22.2) 83.2 (19.2) 83.1 (19.6) 0.576
Role-physical 66.4 (44.4) 77.3 (35.4) 79.3 (33.8) 0.426
Role-emotional 57.6 (43.7) 70.9 (39.6) 73.1 (39.1) 0.086
Sleep (PSQI)
Subjective sleep quality 1.05 (0.71) 1.09 (0.82) 1.06 (0.83) 0.919
Sleep latency 1.04 (0.96) 1.11 (0.79) 1.13 (1.07) 0.800
Sleep duration 0.91 (0.48) 1.02 (0.56) 1.00 (0.63) 0.570
Habitual sleep efficiency 0.33 (0.72) 0.55 (0.86) 0.38 (0.75) 0.221
Sleep disturbance 1.27 (0.59) 1.36 (0.56) 1.42 (0.61) 0.268
Use of sleep medications 0.09 (0.40) 0.05 (0.30) 0.06 (0.42) 0.641
Daytime dysfunction 1.89 (0.79) 1.85 (0.85) 1.73 (0.69) 0.607
Total sleep scores 6.58 (3.02) 7.04 (3.08) 6.79 (3.07) 0.760
Mood (DASS-21)
Depression 6.7 (7.8) 6.5 (7.9) 6.5 (8.5) 0.917
Anxiety 6.5 (6.8) 6.0 (4.9) 6.3 (5.9) 0.966
Stress 10.7 (9.0) 9.4 (7.3) 8.5 (8.1) 0.413
Subjective Appetite (EBRS)
Overeating 1.9 (0.8) 2.2 (0.7) 2.0 (0.8) 0.096
Total appetite scores 16.4 (5.6) 18.3 (4.4) 16.5 (4.8) 0.074
Hunger 1.9 (0.8) 2.0 (0.8) 2.0 (0.8) 0.574
Indulge in food 1.6 (1.1) 1.8 (0.9) 1.4 (0.9) 0.085
Fullness 1.7 (0.9) 2.2 (1.0) 2.0 (0.9) 0.041
Appetite 3.0 (0.8) 3.3 (0.7) 2.9 (0.8) 0.042
Desire to sweet 1.6 (1.2) 1.8 (1.0) 1.5 (1.3) 0.340
Desire to greasy 1.4 (1.0) 1.7 (0.9) 1.5 (1.0) 0.182
Satiety 2.3 (0.8) 2.3 (0.6) 2.2 (0.7) 0.914
Unstoppable eating behaviors 0.9 (1.0) 1.0 (1.1) 1.0 (0.9) 0.691
Metabolic Hormones
Leptin, Median (IQR), pg/mL 4384.0 (4010.0) 4863.0 (4582.0) 4515.5 (4101.5) 0.395
Amylin, Median (IQR), pg/mL 15.6 (14.4) 16.9 (23.2) 12.5 (20.4) 0.604
GIP, Median (IQR), pg/mL 79.4 (65.9) 74.0 (47.7) 81.3 (41.7) 0.979
GLP-1, Median (IQR), pg/mL 5.4 (7.0) 6.8 (10.8) 6.2 (6.6) 0.095
PP, Median (IQR), pg/mL 46.6 (45.0) 54.0 (65.1) 53.9 (61.3) 0.830
Peptide YY, pg/mL 19.0 (29.3) 21.9 (43.6) 9.5 (11.5) 0.477

Abbreviations: TRE, time-restricted eating; LCD, low-carbohydrate diet; SF-36, Rand 36-Item Short Form; PSQI, Pittsburgh Sleep Quality Index; DASS-21, The Depression
Anxiety Stress Scale; EBRS, Eating Behavior Rating Scale; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide-1; PP, pancreatic polypeptide; SD,
standard deviation; IQR, interquartile range.

a Unless otherwise indicated, data are expressed asmean (SD). Differences in baseline data among three groups were detected with chi-square tests for categorical variables,
one-way ANOVAs for normally distributed variables or Kruskal‒Wallis H tests for abnormally distributed variables. Significant p values were italic.

b Means the bodily pain aspect of quality of life is not reported due to missing data.
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3.6. Metabolic hormones

After the 3-month intervention, all three groups reduced leptin
and amylin levels, and did not change GIP levels. Only the TRE
group decreased GLP-1 levels (�0.9 [IQR, �1.9 to �0.3] pg/mL;
P ¼ 0.002) and increased PP levels (8.9 [IQR, �7.6 to 71.8] pg/mL;
P ¼ 0.011). No significant differences were observed in changes in
metabolic hormones among the three interventions (Table 3).
Correlation analysis revealed that reductions in leptin and amylin
levels were positively related to weight loss (r ¼ 0.538, P < 0.001;
r ¼ 0.294, P ¼ 0.001, respectively). Decreases in amylin levels were
also associated with reductions in the VFA (r ¼ 0.258, P ¼ 0.003)
and insulin levels (r ¼ 0.560, P < 0.001) (Supplementary Fig. 1).
2320
Both the eTRE and lTRE subgroups of either the TRE or TRE þ LCD
group led to comparable improvements in metabolic hormones
(Supplementary Table 3).

4. Discussion

In this secondary analysis, we found that 3-month interventions
of TRE, LCD, and TRE þ LCD all improved QoL, appetite, and
metabolic hormones, as compared with LCD with or without TRE,
TRE significantly increased role-emotional and general health
scores. Greater weight loss was associated with greater increases in
general health scores and greater reductions in amylin, leptin, and
total appetite scores. To our knowledge, this is the first study to



Table 2
Effects of diets on quality of life, sleep, and mood.

Participant group, mean change from baseline (95% CI)a Between-group comparisonb

TRE (n ¼ 55) LCD (n ¼ 55) TRE þ LCD (n ¼ 52) P value TRE vs. LCD TRE vs.
TRE þ LCD

LCD vs.
TRE þ LCD

Quality of life (SF-36)c

Health transition 20.0 (12.9e27.1)*** 18.6 (10.3e27.0)*** 20.7 (14.1e27.2)*** 0.924 0.792 0.898 0.698
General health 18.4 (14.2e22.6)*** 8.7 (3.9e13.6)** 13.1 (7.2e18.9)*** 0.023 0.006 0.134 0.220
Mental health 4.9 (0.1e9.8)* 5.8 (1.8e9.9)** 5.1 (0.7e9.4)* 0.955 0.779 0.967 0.814
Vitality 6.4 (1.9e10.8)** 4.7 (0.7e8.7)* 6.8 (1.8e11.8)** 0.783 0.601 0.884 0.509
Physical functioning 5.2 (1.9e8.5)** 0.7 (�1.7 to 3.2) 0.4 (�2.9 to 3.7) 0.046 0.038 0.028 0.874
Social functioning 9.1 (2.5e15.6)** 3.0 (�1.6 to 7.7) 4.5 (�1.4 to 10.3) 0.291 0.132 0.259 0.720
Role-physical 24.1 (11.8e36.4)*** 8.6 (�0.6 to 17.9) 7.2 (�2.5 to 16.9) 0.044 0.037 0.025 0.849
Role-emotional 22.4 (12.6e32.2)*** 6.7 (�2.1 to 15.4) 2.6 (�9.0 to 14.2) 0.014 0.026 0.006 0.566
Sleep (PSQI)
Subjective sleep quality 0.11 (�0.05 to 0.27) �0.09 (�0.28 to 0.10) �0.06 (�0.24 to 0.13) 0.237 0.113 0.192 0.794
Sleep latency �0.11 (�0.36 to 0.14) �0.04 (�0.24 to 0.17) �0.04 (�0.27 to 0.19) 0.875 0.649 0.663 0.990
Sleep duration 0.09 (�0.08 to 0.26) 0.04 (�0.15 to 0.22) 0.13 (�0.06 to 0.33) 0.747 0.668 0.735 0.447
Habitual sleep efficiency 0.29 (0.03e0.55)* 0.11 (�0.17 to 0.39) 0.15 (�0.08 to 0.39) 0.585 0.320 0.460 0.809
Sleep disturbances �0.07 (�0.23 to 0.08) �0.09 (�0.22 to 0.04) �0.13 (�0.27 to 0.00) 0.817 0.854 0.536 0.662
Use of sleep medications �0.02 (�0.10 to 0.06) �0.04 (�0.09 to 0.01) 0.00 (0.00e0.00) 0.666 0.648 0.653 0.368
Daytime dysfunction �0.49 (�0.70 to �0.28)*** �0.18 (�0.39 to 0.03) �0.31 (�0.50 to �0.11)** 0.102 0.034 0.212 0.391
Total sleep scores �0.20 (�0.93 to 0.53) �0.31 (�1.07 to 0.45) �0.19 (�0.75 to 0.36) 0.965 0.822 0.988 0.812
Mood (DASS-21)
Depression �0.8 (�2.5 to 1.0) �0.5 (�2.0 to 0.9) �0.2 (�2.0 to 1.6) 0.902 0.826 0.813 0.651
Anxiety �0.3 (�1.7 to 1.0) �0.5 (�1.7 to 0.7) �0.8 (�2.3 to 0.6) 0.857 0.845 0.721 0.583
Stress �2.2 (�3.5 to �0.7)** �2.9 (�4.4 to �1.3)*** �0.9 (�2.6 to 0.8) 0.191 0.480 0.071 0.265

Abbreviations: CI, confidence interval; TRE, time-restricted eating; LCD, low-carbohydrate diet; SF-36, Rand 36-Item Short Form; PSQI, Pittsburgh Sleep Quality Index; DASS-
21, The Depression Anxiety Stress Scale.

a Within-group evaluations of changes in outcome variables were performed with paired t tests for normally distributed variables or paired Wilcoxon tests for abnormally
distributed variables. *p < 0.05, **p < 0.01, ***p < 0.001: significant differences compared with baseline (paired t test).

b Between-group comparisons were conducted using one-way ANOVAs and post hoc LSD tests for normally distributed variables or Kruskal‒Wallis H tests and the Nemenyi
test for abnormally distributed variables. P < 0.05 were italic and P < 0.017 were bolded.

c Means the bodily pain aspect of quality of life is not reported due to missing data.

Table 3
Effects of diets on subjective appetite and metabolic hormones.

Participant group, mean change from baseline (95% CI)a Between-group comparisonb

TRE (n ¼ 55) LCD (n ¼ 55) TRE þ LCD (n ¼ 52) P value TRE vs. LCD TRE vs.
TRE þ LCD

LCD vs.
TRE þ LCD

Subjective Appetite (EBRS)
Overeating �0.5 (�0.8 to �0.2)** �0.7 (�1.0 to �0.5)*** �0.6 (�0.8 to �0.3)*** 0.520 0.264 0.736 0.445
Total appetite scores �1.9 (�3.3 to �0.5)** �3.5 (�4.7 to �2.2)*** �2.8 (�4.0 to �1.6)*** 0.220 0.084 0.325 0.466
Hunger �0.1 (�0.3 to 0.2) �0.4 (�0.6 to �0.1)** �0.3 (�0.6 to �0.0)* 0.247 0.107 0.238 0.680
Indulge in food �0.3 (�0.6 to 0.1) �0.5 (�0.7 to �0.2)** �0.3 (�0.6 to �0.0)* 0.570 0.321 0.868 0.417
Fullness �0.3 (�0.7 to 0.0) �0.6 (�0.9 to �0.3)*** �0.7 (�1.0 to �0.4)*** 0.160 0.226 0.059 0.484
Appetite �0.2 (�0.4 to 0.1) �0.5 (�0.8 to �0.2)** �0.0 (�0.3 to 0.3) 0.064 0.113 0.464 0.022
Desire to sweet �0.1 (�0.5 to 0.2) �0.3 (�0.5 to �0.0)* �0.2 (�0.5 to 0.1) 0.808 0.535 0.894 0.632
Desire to greasy �0.1 (�0.4 to 0.1) �0.4 (�0.6 to �0.1)** �0.2 (�0.5 to 0.1) 0.434 0.202 0.649 0.421
Satiety �0.3 (�0.6 to 0.0) �0.1 (�0.3 to 0.1) �0.1 (�0.4 to 0.2) 0.510 0.287 0.357 0.898
Unstoppable

eating behaviors
�0.0 (�0.3 to 0.3) �0.1 (�0.4 to 0.1) �0.4 (�0.7 to �0.1)** 0.141 0.512 0.052 0.191

Metabolic Hormones
Leptin, Median (IQR),

pg/mL
�1567.0 (�3263.0 to �86.0)*** �705.0 (�2141.0 to 65.0)*** �1200.0 (�3458.6 to 369.0)*** 0.514 0.498 0.939 0.719

Amylin, Median (IQR),
pg/mL

�3.7 (�6.7 to 0.0)*** �2.4 (�11.0 to 0.0)*** �3.1 (�12.2 to 0.3)** 0.930 0.994 0.928 0.962

GIP, Median (IQR),
pg/mL

5.0 (�19.0 to 23.3) �0.4 (�15.7 to 12.6) �11.0 (�40.1 to 13.1) 0.298 0.894 0.282 0.531

GLP-1, Median (IQR),
pg/mL

�0.9 (�1.9 to �0.3)** �0.3 (�2.7 to 1.3) �0.7 (�3.3 to 1.2) 0.939 0.935 0.993 0.971

PP, Median (IQR), pg/mL 8.9 (�7.6 to 71.8)* 3.7 (�23.4 to 32.7) �1.2 (�26.1 to 21.8) 0.120 0.283 0.122 0.887
Peptide YY, pg/mL 1.1 (�5.0 to 7.1) 0.1 (�7.2 to 7.4) 9.6 (3.7e15.6)* 0.028 0.996 0.058 0.047

Abbreviations: CI, confidence interval; TRE, time-restricted eating; LCD, low-carbohydrate diet; EBRS, Eating Behavior Rating Scale. GIP, glucose-dependent insulinotropic
polypeptide; GLP-1, glucagon-like peptide-1; PP, pancreatic polypeptide; IQR, interquartile range.

a Within-group evaluations of changes in outcome variables were performed with paired t tests for normally distributed variables or paired Wilcoxon tests for abnormally
distributed variables. *p < 0.05, **p < 0.01, ***p < 0.001: significant differences compared with baseline (paired t test or paired Wilcoxon test).

b Between-group comparisons were conducted using one-way ANOVAs and post hoc LSD tests for normally distributed variables or Kruskal‒Wallis H tests and the Nemenyi
test for abnormally distributed variables, P < 0.05 were italic.
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explore the effects of TRE, LCD, and their combination on psycho-
social health and appetite in patients with MetS.

We observed that 3-month TRE significantly improved all do-
mains of QoL, especially role-emotional and general health relative
to either LCD or TRE þ LCD. Our findings are in agreement with
previous studies showing that TRE improved several domains of
QoL [16,37], while to date no study has shown all domains of QoL
were improved after TRE. We also first revealed the greater
improvement of TRE in role-emotional and general health levels in
the field of dietary intervention. Inconsistent with our findings,
other TRE interventions with shorter duration failed to significantly
improve domains of QoL [21,38]. Guldbrand et al. found that
physical functioning was improved after 12 months (but not after 6
months) on an LCD (20% energy from carbohydrates) in patients
with T2DM [39], which suggests that the moderate intervention
period and carbohydrate restriction may account for our findings of
few improvements in QoL in the LCD group; further studies are
warranted to investigate the effects of LCDwith longer intervention
period and varying degrees of daily carb intake.

Available studies assessing the effects of dietary interventions
on sleep and mood are limited. In this study, we showed TRE
significantly improved sleep efficiency and daytime dysfunction
after 3 months, which may be attributed to the benefits of TRE on
the circadian rhythm [40]. The failure to find a change in other
domains of sleep quality in the TRE group is consistent with pre-
vious studies in individuals with MetS [5], T2DM [38], and obesity
[41]. Overall, the 3-month intervention of 8h TRE could ameliorate
several aspects of sleep quality to some extent in individuals with
MetS. In contrast, we did not find significant changes in mood in all
three groups compared with baseline, despite the reduction in
stress in the TRE and LCD groups, whichmight be due to the limited
variability of the normal baseline data and moderate intervention
duration. The failure to find changes in depression and anxiety is
consistent with previous studies in overweight or obese individuals
with or without T2DM after TRE [25,38] or LCD [42,43], but
inconsistent with one other study that showed depression was
significantly improved in adults with obesity after 14-week eTRE
combined with energy restriction (ER) than only ER [19]. We
speculated that selection bias may influence the results because
individuals with psychiatric disorders are less likely to participate
in intensive weight-loss interventions.

We observed that multiple domains of subjective appetite
scores were decreased in both the LCD and TRE þ LCD groups,
partly owing to the reduced daily intake of carbohydrates, which
were previously reported to be positively associated with feelings
of hunger [44]. It should be noted that the appetite score measured
by the questionnaire had limited reliability owing to its subjectivity,
thus the objective biomarkers of appetite (levels of metabolic
hormones) were assessed in the present study.

Consistent with other TRE [45] or LCD [42] studies, we observed
that all three groups decreased leptin and amylin levels after 3
months, the positive correlation between changes in leptin and
amylin levels and weight loss could partially explain this phe-
nomenon (Supplementary Fig. 1A and B). As adiposity signals,
leptin and amylin may increase in obese individuals. Leptin resis-
tance, which co-existed with elevated leptin levels [46], could be
improved once the leptin levels decrease to restore hypothalamic
leptin sensitivity and enhance insulin sensitivity [47]. Common in
patients with obesity and prediabetes, hyperamylinemia is tightly
associated with glucose and lipid metabolic abnormalities [48],
contributing to cardiac myocyte injury and neurological deficits
[49,50]. Co-secreted with insulin in pancreatic b cells, amylin was
decreased after all three interventions seemingly with changes in
insulin [35], in line with the positive correlation between changes
in amylin and reductions in insulin (Supplementary Fig. 1H).
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In this study, PP levels increased only in TRE group relative to
baseline, inconsistent with one other study reporting increased
fasting PP levels after 12-week LCD [51]. In humans, intravenous
infusion of PP could decrease appetite and food intake for 24 h [52],
thus, we speculate that TRE could inhibit longer-time appetite by
increasing PP levels. However, studies investigating the effects of
TRE on PP levels were sparse, further trials are needed to confirm
our findings. Interestingly, in line with findings from other TRE
studies [29,32,53], we showed GLP-1 levels were decreased after 3
months of TRE, which may be attributed to the prominent reduc-
tion in leptin which stimulates GLP-1 secretion [54]. Moreover, we
observed that TRE þ LCD significantly increased PYY levels, while
TRE and LCD did not. Yet, the effects of TRE on PYY levels are still
unclear. One study found increased PYY concentration in the eve-
ning [29], while others showed no significant changes [32] or
decreased fasting PYY [55]. However, the intervention durations
were relatively short and varied among studies investigating the
effects of TRE on PYY, warranting further studies to investigate the
longer-term effects of TRE and LCD on metabolic hormones.

In this study, the eTRE and lTRE interventions led to comparable
improvements in QoL, sleep, mood, and appetite, except for a
greater increase in habitual sleep efficiency in lTRE of TRE.
Consistent with our results, Xie et al. reported no significant dif-
ferences in changes in sleep quality, subjective appetite, and leptin
levels among eTRE (eating between 6 AM and 3 PM), lTRE (eating
between 11 AM and 8 PM), and control groups of healthy adults
without obesity after 5 weeks [56]. Similarly, a 7-day randomized
crossover trial showed no significant differences in changes in
amylin, GLP-1, GIP, and PYY levels between the eTRE (eating from 8
AM to 5 PM) and lTRE groups (eating from 12 PM to 9 PM) [32].
Further randomized trials to compare the effects of eTRE and lTRE
on psychosocial health and appetite are needed.

4.1. Strengths and limitations

The key strengths of this trial include its use of well-established
questionnaires to assess psychosocial health, a combination of sub-
jective and objective measures of appetite (i.e. questionnaire scores
and metabolic hormone levels, respectively), and the data obtained
from a randomized clinical trial. However, there are some limita-
tions. First, metabolic hormone levels were assessed only in the
fasting state, lacking levels after consuming a test meal to explore
postprandial responses. Further studies should measure both pre-
and postprandial levels of metabolic hormones. Moreover, to
enhance adherence, the eTRE and lTRE interventions were not
randomly assigned, as participants selected subgroups on their own,
which impaired the reliability of the analytical results. Nonetheless,
the subgroup analysis is still meaningful as it represents a pre-
liminary exploration of the effects of eTRE and lTRE interventions on
psychosocial health and appetite in MetS patients. Further large-
scale studies that randomly assign participants to eTRE or lTRE
groups are needed. Additionally, the absence of bodily pain from SF-
36 limits the integrity of the data. To date, the reported effects of TRE
and LCD on bodily pain varied among studies; some found
improvement [39,57], while some did not [15,16]. Further studies are
needed to verify the effects of TRE and LCD on bodily pain.

5. Conclusion

We conclude that TRE, LCD, and TRE þ LCD all improved QoL,
appetite, and metabolic hormone levels. Compared with LCD or
TRE þ LCD, TRE led to greater increases in role emotional and
general health scores. Our results emphasize the importance of
paying attention to perceived psychosocial health and appetite and
monitoring these variables during the management of MetS. Our
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findings also suggest that TRE is superior to LCD or TRE þ LCD in
managingMetS regarding its greater benefits on QoL, whichmay be
attributed in part to its type of restriction, but the proper time
window needs more studies to confirm. Further long-term studies
are needed to confirm and compare the effects of TRE and LCD on
psychosocial health in individuals with MetS or other metabolic
disorders.
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