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SUMMARY
Overconsumption of carbohydrate-rich food combined with adverse eating patterns contributes to the
increasing incidence of metabolic syndrome (MetS) in China. Therefore, we conducted a randomized trial
to determine the effects of a low-carbohydrate diet (LCD), an 8-h time-restricted eating (TRE) schedule,
and their combination on body weight and abdominal fat area (i.e., primary outcomes) and cardiometabolic
outcomes in participants with MetS. Compared with baseline, all 3-month treatments significantly reduce
body weight and subcutaneous fat area, but only TRE and combination treatment reduce visceral fat area
(VFA), fasting blood glucose, uric acid (UA), and dyslipidemia. Furthermore, compared with changes of
LCD, TRE and combination treatment further decrease body weight and VFA, while only combination treat-
ment yields more benefits on glycemic control, UA, and dyslipidemia. In conclusion, without change of phys-
ical activity, an 8-h TRE with or without LCD can serve as an effective treatment for MetS (ClinicalTrials.gov:
NCT04475822).
INTRODUCTION

Metabolic syndrome (MetS) is characterized by abdominal

obesity, elevated blood pressure, and fasting blood glucose

(FBG) as well as atherogenic dyslipidemia with high triglyceride

(TG) and low high-density lipoprotein cholesterol (HDL-c)

levels,1,2 and it remarkably increases the risk of type 2 diabetes

mellitus (T2DM) and cardiovascular diseases (CVD).3 MetS has

long been highly prevalent in Western countries and has steeply
Cell Rep
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increased in the Chinese population over the past decades as

well. Abdominal obesity is of central importance in the induction

of metabolic dysfunctions including hypertension, hyperglyce-

mia, atherogenic dyslipidemia, and release of proinflammatory

cytokines by adipose tissue. Since 2004, the prevalence of gen-

eral obesity in China has increased 3-fold, and abdominal

obesity has increased by more than 50%; concomitantly, a rapid

increase in the incidences of T2DM and CVD was also

observed.4,5 Since even mild body weight reduction can
orts Medicine 3, 100777, October 18, 2022 ª 2022 The Authors. 1
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ameliorate metabolic dysfunction,6 the first line of therapy for

MetS comprises lifestyle interventions including aggressive die-

tary adjustment to reduce body weight.1,7 Nevertheless, long-

term adherence to lifestyle intervention is always a challenge.

Among dietary interventions, low-carbohydrate diet (LCD)

seemsmore ideal to induce weight loss in overweight individuals

compared with low-fat diet,8,9 as LCD generally exerts more

rapid weight reduction with a greater loss in body fat and main-

tenance of lean mass.9–11 LCD restricts carbohydrate consump-

tion to <26% of energy intake (or <130 g carbohydrate/day) and

does not contain specific carbohydrates, such as starch and

sugar, while containing healthy fats and a moderate protein con-

tent.10,12–14 The lower carbohydrate content of LCD is known to

reduce insulin secretion, which promotes fat oxidation and lipol-

ysis during negative energy balance.10,15 In addition to LCD,

time-restricted eating (TRE) has become increasingly popular

in recent years for inducing clinically significant weight reduction

and ameliorating metabolic disorders.16–21 TRE is defined by

intentionally restricting the times during the day when energy is

consumed, confining the temporal window of food access to a

specified number of hours each day, and fasting (water and

tea without sugar or any artificial sweeteners are permitted) for

the remainder of the day. Importantly, it is not necessary to

monitor caloric intake in any way during the eating window.

Chronic circadian disruption can aggravate the risk for compo-

nents of MetS,22–24 and TRE maintains a robust daily cycle of

eating and fasting to support circadian rhythm.25–28 One of the

most popular regimens of TRE is 8-h TRE (also known as ‘‘the

16:8 diet’’). There are specific regimens of TRE according to

the timing of the eating window,19 including early TRE (eTRE)

that involves eating earlier in the day and late TRE (lTRE) that

skips breakfast. Although both LCD and TRE have been demon-

strated to be metabolically beneficial,16,20,29 whether these 8-h

TREs could exert a rapid weight reduction effect comparable

to that of LCD in adults with MetS has not been assessed yet.

Despite being an underdeveloped and less prosperous part of

the country, the prevalence of abdominal obesity in the Shaanxi

province in Northwestern China is close to the national average

of 31.5%,30 and it can thus be regarded as a representative sam-

ple of China. In this region, regular eating habits include carbohy-

drate-rich staple foods, and an eating pattern of consuming

three meals a day with late dinner and multiple snacks including

a midnight snack is prevalent. In this study, we conducted a

3-month randomized clinical trial (RCT) to determine the effects

of an LCD, TRE, and their combination on body weight, fat mass,

and cardiometabolic outcomes in adults with MetS in Shaanxi,

China. Furthermore, we allowed participants to choose freely be-

tween eTRE and lTRE, to keep their social eating pattern. We hy-

pothesized that TRE effectively improves metabolic disease risk

parameters without restricting carbohydrate consumption and

that combination of TRE with LCD leads to additional metabolic

benefits.

RESULTS

Participants
As illustrated in Figure 1, 290 participants were screened for this

study, and 121 were excluded because they did not meet the in-
2 Cell Reports Medicine 3, 100777, October 18, 2022
clusion criteria, had scheduling conflicts, or declined to partici-

pate. A total of 169 participants were randomized to receive

intervention with LCD (group A; n = 56), TRE (group B; n = 57),

or their combination (group C; n = 56), and after dropout of seven

individuals, 162 individuals finally participated in the study. All

participants met three or more MetS criteria at enrollment, and

a minority (n = 62) of participants were on medication. This trial

started with a 2-week weight stabilization and was followed by

a 3-month intervention. At the end of the 3-month trial, 47 partic-

ipants completed LCD, 44 completed TRE, and 44 completed

their combination intervention. The main reason for dropout

was scheduling conflicts. Table 1 and Table S1 show the base-

line characteristics of the participants (n = 162). In this trial, we

allowed participants to choose freely between two meal-eating

windows for participants: 8 a.m. to 4 p.m. (eTRE) and 12 p.m.

to 8 p.m. (lTRE), and we compared effects of two meal-eating

windows using an exploratory analysis. In the TRE group, 38 par-

ticipants (m/f 23/15) chose eTRE, and 17 participants (m/f 12/5)

chose lTRE. In the combination group, 32 participants (m/f 22/

10) chose eTRE, and 20 participants (m/f 15/5) chose lTRE.

Table S2 shows the baseline characteristics of the eTRE and

lTRE subgroups within the TRE and combination groups. At

baseline, there were no significant differences in primary out-

comes (i.e., body weight and abdominal fat area) or any second-

ary outcomes (i.e., body composition, glycemic control, plasma

lipids, uric acid [UA], and blood pressure) between groups and

subgroups. Table S3 clearly shows that participants receiving

LCD or combination intervention had decreased intake of food

containing high carbohydrates, such as rice, wheat flour, and

pastry. Table S4 and Figure S1 show physical activity and daily

step counts of participants, respectively, and demonstrate that

participants maintained their usual physical activity throughout

the study. Furthermore, participants with or without more than

50% dietary log records during the first 2 weeks of the interven-

tion period showed similar responses to every treatment on pri-

mary outcomes after 3 months of intervention (Table S5).

LCD, TRE, and their combination reduce body weight in
adults with MetS
As compared with baseline, after 3 months of intervention a sig-

nificant reduction of body weight was observed in all three

groups (Figures 2A and 2B), and only combination treatment

induced a further reduction of body weight at month 3 compared

with month 2 (Figure 2C and Table 2). Moreover, as shown in

Table 2, combination treatment induced a higher reduction in

body weight (�5.0 ± 0.4 kg) compared with either LCD (�2.2

± 0.3 kg, p < 0.001) or TRE alone (�3.4 ± 0.4 kg, p = 0.004),

and a significant difference in body weight reduction was also

observed between LCD and TRE treatment (p = 0.013). Further-

more, both eTRE and lTRE alone or combined with LCD led to a

sustained reduction of body weight as early as after 1 month,

which persisted over 3 months (Table S6).

TRE, LCD, and their combination reduce subcutaneous
fat, while only TRE with and without LCD reduces
abdominal visceral fat
Abdominal fat is a pivotal risk factor and one of the drivers

of the metabolic risk related to overweight and obesity.



Figure 1. Trial profile

A total of 290 individuals were screened, and 77 were excluded because they did not meet one or more inclusion criteria. A total of 169 participants

were randomized into the low-carbohydrate diet (LCD) group (n = 56), the 8-h time-restricted eating (TRE) group (n = 57), or the combination group (n = 56),

and 162 participants received a diet intervention. During the 3 months of intervention, eight participants (LCD group, n = 1; TRE group, n = 6; combination group,

n = 1) discontinued diet intervention due to lack of motivation or inability to stick to the diet. At the end of the 3-month trial, 47 participants (m/f 27/20)

completed the LCD treatment, 44 participants (m/f 31/13) completed the TRE treatment (30 [m/f 20/10] completed early TRE, and 14 [11/

3] completed late TRE), and 44 participants (m/f 31/13) completed the combination treatment (27 [m/f 18/9] completed early TRE, and 17 [13/4] completed late

TRE).
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Waist-to-hip ratio (WHR), an indicator of abdominal obesity, is

more closely correlated to MetS than body mass index

(BMI).31,32 As compared with baseline, all three treatments

induced a significant reduction of waist circumference, hip

circumference, and body fat mass (Figures 2D, 2E, and 2F) af-

ter 3 months of intervention. Nevertheless, only TRE induced a

more prominent reduction of WHR (�0.04 ± 0.01, Figure 2G

and Table 2) compared with LCD (�0.01 ± 0.01, p = 0.023)

and combination (�0.01 ± 0.01, p = 0.033), suggesting that

TRE more effectively alleviates abdominal obesity than LCD.

Both abdominal visceral fat area (VFA) and abdominal subcu-

taneous fat area (SFA) play important but distinct roles in meta-

bolic function. Thus, we further dissected the changes in these

two fat depots using bioelectrical impedance analysis.

Although after 3 months of intervention all three treatments

induced similar reduction of SFA (Figure 2H), VFA was only

decreased by TRE (�13 ± 5 cm2) and combination treatment

(�10 ± 3 cm2, Figure 2I and Table 2). Compared with LCD (6

± 5 cm2), VFA was significantly reduced by both TRE

(p = 0.009) and combination treatment (p = 0.016). Further-

more, as shown in Table S6, eTRE significantly reduced VFA

and SFA, whereas lTRE did not, albeit that the change of VFA

or SFA induced by eTRE and lTRE alone or combined with

LCD did not differ.
TRE with and without LCD improves glycemic control
We next compared the effects of LCD, TRE, and their combina-

tion on glycemic control. In line with findings on abdominal VFA,

TRE with or without LCD, but not LCD alone, significantly

improved FBG and UA (Figures 3A and 3B and Table 2). Only

combination treatment significantly decreased hemoglobin A1c

(HbA1c) (Figure 3C and Table 2). In contrast, compared with

baseline, all three treatments clearly improved fasting insulin

levels (Figure 3D), C-peptide, homeostasis model assessment

of insulin resistance (HOMA-IR), homeostatic model assessment

of insulin sensitivity (HOMA-IS) (Figure 3E), and quantitative insu-

lin-sensitivity check index (QUICKI) (Table 2). Notably, combina-

tion treatment caused more prominent changes on UA (combi-

nation: �51 ± 13 mmol/L, versus LCD: �17 ± 11 mmol/L,

p = 0.039), HOMA-IR (combination: �2.16 [4.82], versus LCD:

�1.15 [2.99], p = 0.049), HOMA-IS (combination: 0.10 [0.20],

versus LCD: 0.03 [0.12], p = 0.042) and QUICKI (combination:

0.02 [0.03], versus LCD: 0.01 [0.02], p = 0.004) compared with

LCD (Figures 3B and 3E and Table 2), indicating that the combi-

nation of LCD and TRE is most effective to combat cardiometa-

bolic risk factors among the three interventions. Furthermore,

we did not observe any significant differences in parameters

related to glucose and insulin metabolism between eTRE and

lTRE, whereas combined with LCD, eTRE displayed a further
Cell Reports Medicine 3, 100777, October 18, 2022 3



Table 1. Baseline characteristics of participants

LCD TRE Both p value

Male/Female (total) 30/25 (55) 35/20 (55) 37/15 (52) 0.204

Age (years) 41.3 ± 1.4 43.0 ± 1.4 39.0 ± 1.2 0.106

Meal-eating window (hours) 10.6 ± 0.3 10.4 ± 0.3 10.7 ± 0.2 0.730

Daily carbohydrate intake (g) 324 ± 21 348 ± 16 361 ± 22 0.405

Weight (kg) 84.3 ± 2.2 84.7 ± 2.0 84.9 ± 1.8 0.979

BMI (kg/m2) 29.3 ± 0.5 29.6 ±.5 29.0 ± 0.5 0.711

Waist circumference (cm) 96.1 ± 1.4 96.8 ± 1.2 94.7 ± 1.0 0.457

Hip circumference (cm) 105.1 ± 1.4 104.5 ± 0.9 103.7 ± 0.9 0.645

Waist-to-hip ratio (WHR) 0.92 ± 0.01 0.93 ± 0.01 0.91 ± 0.01 0.212

Body fat mass (kg) 33.9 ± 1.0 33.2 ± 0.9 32.7 ± 0.9 0.651

Body muscle mass (kg) 31.2 ± 1.0 31.6 ± 1.0 32.0 ± 0.8 0.818

Subcutaneous fat area (SFA, cm2) 277 ± 11 270 ± 9 255 ± 9 0.307

Visceral fat area (VFA, cm2) 92 ± 5 105 ± 5 96 ± 4 0.112

Hemoglobin A1c (HbA1c, %) 5.7 (0.6) 5.6 (0.6) 5.6 (0.8) 0.853

Fasting blood glucose (mmol/L) 5.10 (0.97) 5.05 (0.89) 5.07 (1.08) 0.763

Fasting insulin (mIU/L) 27.4 (24.7) 31.8 (24.8) 28.2 (17.7) 0.459

C-peptide (pg/mL) 1,608.8 ± 104.2 1,660.2 ± 100.1 1,651.7 ± 88.5 0.923

HOMA-IR 6.76 (9.68) 7.38 (5.90) 7.04 (6.67) 0.612

HOMA-IS 0.17 (0.17) 0.17 (0.19) 0.16 (0.12) 0.473

QUICKI 0.30 (0.04) 0.29 (0.03) 0.29 (0.03) 0.253

Uric acid (UA, mmol/L) 380 ± 13 384 ± 13 416 ± 16 0.144

Total cholesterol (mmol/L) 4.72 ± 0.14 4.76 ± 0.13 4.73 ± 0.13 0.978

LDL-c (mmol/L) 2.99 ± 0.13 3.01 ± 0.12 3.03 ± 0.12 0.974

Triglycerides (TG, mmol/L) 1.74 (1.52) 2.10 (1.55) 2.12 (2.56) 0.086

HDL-c (mmol/L) 1.13 ± 0.03 1.10 ± 0.03 1.04 ± 0.03 0.161

TG/HDL-c 1.58 (1.52) 1.84 (1.88) 2.02 (2.87) 0.044

Systolic blood pressure (mmHg) 130 ± 2 136 ± 2 131 ± 2 0.086

Diastolic blood pressure (mmHg) 82 ± 2 87 ± 2 84 ± 2 0.112

LCD, low-carbohydrate diet; TRE, time-restricted eating; Both, combination treatment; BMI, bodymass index; HOMA-IR, homeostasis model assess-

ment insulin resistance; HOMA-IS, homeostatic model assessment of insulin sensitivity; QUICKI, quantitative insulin-sensitivity check index; LDL-c,

low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol. All data are presented as themean ± standard error of themean (SEM)

for normal distribution or median (interquartile range) for abnormal distribution. Differences between treatment arms (LCD, TRE, and both) were tested

by one-way ANOVA or Kruskal-Wallis H test.
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improvement of HOMA-IS (Table S6). As shown in Figures S2A

and S2B, HOMA-IS and UA were significantly correlated with

VFA but not with SFA.

TRE with and without LCD, but not LCD alone, improves
dyslipidemia
LCD did not cause any significant differences in plasma levels of

TG, HDL-c, or the ratio between TG and HDL-c (TG/HDL-c ratio)

after 3 months of intervention (Figures 3F, 3G, and 3H and Ta-

ble 2). In marked contrast, TRE with and without LCD signifi-

cantly reduced TG level and TG/HDL-c ratio, and the change in

TG and TG/HDL-c ratio was significantly different between

LCD and combination treatment (TG: �0.15 [1.20] mmol/L

versus �0.51 [2.01] mmol/L, p = 0.011; TG/HDL-c: �0.02

[1.20] versus �0.59 [2.13], p = 0.003). While TRE did not

affect low-density lipoprotein cholesterol (LDL-c) levels, LCD

with and without TRE even significantly increased LDL-c levels

(Table 2). Moreover, we did not find any significant difference
4 Cell Reports Medicine 3, 100777, October 18, 2022
between eTRE and lTRE in the improvements of dyslipidemia

(Table S6). In line with the prominent contribution of VFA to -

glycemic control, TG/HDL-c ratio was only significantly

correlated with VFA, not SFA (Figure S2C). Taken together,

while LCD adversely affects LDL-c, TRE improves the lipoprotein

profile.

TRE with and without LCD, but not LCD alone, reduces
diastolic blood pressure
Although none of the treatments had benefits on systolic blood

pressure (SBP) (Figure 3I), diastolic blood pressure (DBP) was

significantly reduced by combination treatment, but not by

LCD and TRE alone (Figure 3J) after 3 months of intervention.

Compared with changes of each group, no significant differ-

ence in DBP was observed among three treatments (Table 2).

When combined with LCD, eTRE significantly reduced DBP,

whereas lTRE did not (Table S3), albeit that eTRE did not

induce a significantly different effect on DBP compared with



Figure 2. Body weight and body composition change

(A and B) Body weight change (A), relative body weight change (B) for the low-carbohydrate diet (LCD), 8-h time-restricted eating (TRE), and combination

treatment (Both) groups during the 3-month intervention period.

(C–I) Mean decrease in (C) body weight after 1, 2, and 3 months among three groups. Change in (D) waist circumstance, (E) hip circumstance, (F) body fat mass,

(G) waist-to-hip ratio (WHR), (H) subcutaneous fat area (SFA), (I) visceral fat area (VFA) among three groups after 3 months of the intervention.

For (A) and (D)–(I), analyses were conducted using all participants (intention-to-treat) using a linear mixed model with randomized dietary intervention as factor to

correct for the correlations of repeated measurements on changes in body weight and using a multiple imputation approach for other missing data. Each black

data point represents an individual participant (LCD, n = 55; TRE, n = 55; Both, n = 52). Change from baseline is presented as mean ± standard error of the mean

(SEM). #p < 0.05, ##p < 0.01, ###p < 0.001: pairwise comparisons of change scores between the groups (e.g., TRE versus LCD, TRE versus Both, LCD versus Both)

were evaluated by t test or Mann-Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001: significant differences shown at x axis compared with baseline (paired t test or

paired Wilcoxon test). For (B), each column represents relative body weight change for each participant. For (C), change from baseline is presented as mean ±

SEM, ap < 0.05, bp < 0.001: significant differences compared with 1 month before (paired t test).
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lTRE. Both SBP and DBP strongly correlated to VFA but not

SFA (Figure S2D).
Adverse events
No serious adverse events were observed. Approximately five

adverse events were regarded as probably associated with the

diet interventions, including constipation, dizziness, insomnia,

dry mouth, and alopecia. The occurrence rate of adverse events

was not significantly different among the three groups (Table 3).

Independent of the diet intervention, two participants reported

the exacerbation of lumbar disc herniation and lithangiuria

requiring surgery during the 3-month intervention, which caused

withdrawal from the trial.
Feasibility and acceptability
We also analyzed acceptability and feasibility of the interven-

tions. As shown in Table 2, participants’ self-reported

compliance with their meal-eating window during the 8-h TRE

intervention was on average 65.9 ± 3.0 days out of the 3-month

intervention period, which was significantly more to adherence

to LCD (55.5 ± 3.5 days; p = 0.024). In addition, adherence to

eTRE was substantially less (61.4 ± 4.0 days) compared with

lTRE (74.9 ± 2.7 days; p = 0.031, Table S6). Nonetheless, at the

end of our study, 46 out of 47 participants (98%) in the LCDgroup

and 43 out of 44 participants (98%) in the TRE group who

completed the intervention period reported to be willing to

continue. In contrast, only 36 out of 44 participants (82%) in the

combination group reported to be willing to continue with the
intervention, which was significantly lower compared with LCD

(p = 0.010) and TRE (p = 0.014).

DISCUSSION

To our knowledge, this is the first clinical trial that directly

compared the efficacy of weight loss and improvement of meta-

bolic parameters of an LCD, 8-h TRE, and their combination in

adults with MetS. We showed that although all three treatments

significantly reduce body weight accompanied by a reduction

in SFA, TRE yielded more benefits on abdominal visceral obesity

and cardiometabolic outcomes and caused higher adherence to

intervention compared with LCD. Moreover, both meal-eating

windows of TRE (i.e., eTRE and lTRE) showed comparable bene-

ficial effects on body weight, abdominal visceral fat, glucose

metabolism, lipoprotein profile and blood pressure, as well as

adherence. In addition, we observed that VFA, but not SFA,

significantly correlatedwith several cardiometabolic parameters,

including HOMA-IS, UA, the TG/HDL-c ratio, SBP, and DBP.

In this study, we have followed the ADA recommendation on

the LCD, restricting subjects’ carbohydrate intake to <130

g/day and demonstrated a slight but significant reduction in

body weight (�2.2 kg; �2.7%) in adults with MetS over the

course of 3 months without apparent adverse effects. Similarly,

a previous clinical trial showed that LCD treatment of T2DM pa-

tients, i.e., 130 g/day carbohydrates without other specific re-

strictions, caused 1.6 kg body weight loss over 6 months29 A

12-week randomized study also showed that LCD (<100 g

carbohydrates/day) reduced body weight in type 1 diabetes
Cell Reports Medicine 3, 100777, October 18, 2022 5



Table 2. Change in body composition and metabolic risk factors after 3 months intervention among participants

LCD

p value

TRE

p value

Both

p value

p value for pairwise comparison

N = 55 N = 55 N = 52

LCD vs.

TRE

LCD vs.

Both

TRE vs.

Both

Days of adherence (days) – 55.5 ± 3.5 – 65.9 ± 3.0 – 57.7 ± 3.1 – 0.024 0.631 0.059

Willingness to continue the

diet (n/total, %)

– 46/47 (98) – 43/44 (98) – 36/44 (82) – 0.962 0.010 0.014

Meal-eating window (hours) Follow-up 10.0 ± 0.3 – 6.5 ± 0.3 – 6.8 ± 0.3 – – – –

O �0.6 ± 0.3 0.075 �3.9 ± 0.4 < 0.001 �3.9 ± 0.4 < 0.001 < 0.001 < 0.001 0.992

Daily carbohydrate intake (g) Follow-up 149 ± 12 – 327 ± 15 – 140 ± 11 – – – –

O �175 ± 22 < 0.001 �21 ± 14 0.137 �221 ± 20 < 0.001 < 0.001 0.125 < 0.001

Weight a (kg) 1 M Follow-up 83.0 ± 2.2 – 82.6 ± 2.1 – 82.1 ± 1.8 – – – –

1 MO �1.7 ± 0.3 < 0.001 �2.4 ± 0.4 < 0.001 �2.6 ± 0.4 < 0.001 0.116 0.082 0.768

2 M Follow-up 82.2 ± 2.2 – 81.4 ± 2.0 – 80.5 ± 1.8 – – – –

2 MO �2.5 ± 0.3 < 0.001 �3.7 ± 0.4 < 0.001 �4.2 ± 0.4 < 0.001 0.015 0.002 0.347

3 M Follow-up 82.3 ± 2.4 – 81.2 ± 2.2 – 80.2 ± 1.8 – – – –

3 MO �2.2 ± 0.3 0.213 �3.4 ± 0.4 0.323 �5.0 ± 0.4 0.028 0.013 <0.001 0.004

BMI (kg/m2) Follow-up 28.3 ± 0.4 – 28.1 ± 0.4 – 27.2 ± 0.4 – – – –

O �0.9 ± 0.2 < 0.001 �1.4 ± 0.3 < 0.001 �1.8 ± 0.2 < 0.001 0.098 0.003 0.280

Waist circumference (cm) Follow-up 93.6 ± 1.6 – 92.7 ± 1.5 – 91.4 ± 1.4 – – – –

O �2.4 ± 1.1 0.035 �4.2 ± 1.0 < 0.001 �3.3 ± 1.2 0.008 0.248 0.603 0.563

Hip circumference (cm) Follow-up 102.3 ± 0.9 – 103.0 ± 0.9 – 100.9 ± 1.0 – – – –

O �2.7 ± 0.8 0.001 �1.5 ± 0.7 0.046 �2.8 ± 0.9 0.002 0.263 0.945 0.267

Waist-to-hip ratio (WHR) Follow-up 0.91 ± 0.01 – 0.90 ± 0.01 – 0.90 ± 0.01 – – – –

O �0.01 ± 0.01 0.421 �0.04 ± 0.01 < 0.001 �0.01 ± 0.01 0.493 0.023 0.994 0.033

Body fat mass (kg) Follow-up 31.9 ± 0.9 – 31.9 ± 0.9 – 29.8 ± 0.9 – – – –

O �2.0 ± 0.4 < 0.001 �1.3 ± 0.6 0.028 �3.0 ± 0.5 < 0.001 0.301 0.103 0.041

Body muscle mass (kg) Follow-up 31.3 ± 1.0 – 31.1 ± 0.9 – 31.5 ± 0.8 – – – –

O 0.1 ± 0.2 0.524 �0.5 ± 0.3 0.046 �0.5 ± 0.2 0.064 0.048 0.064 0.893

Subcutaneous fat area

(SFA, cm2)

Follow-up 253 ± 12 – 245 ± 10 – 231 ± 10 – – – –

O �23 ± 5 < 0.001 �24 ± 8 0.003 �24 ± 8 0.006 0.927 0.988 0.949

Visceral fat area (VFA, cm2) Follow-up 98 ± 6 – 92 ± 5 – 86 ± 4 – – – –

O 6 ± 5 0.277 �13 ± 5 0.008 �10 ± 3 0.006 0.009 0.016 0.548

Hemoglobin A1c (HbA1c, %) Follow-up 5.7 (0.6) – 5.6 (0.6) – 5.6 (0.7) – – – –

O 0.0 (0.3) 0.404 0.0 (0.3) 0.385 �0.1 (0.4) 0.021 0.928 0.126 0.157

Fasting blood glucose

(mmol/L)

Follow-up 5.22 (1.11) – 4.76 (1.01) – 5.01 (1.23) – – – –

O 0.07 (0.81) 0.820 �0.18 (0.65) 0.024 �0.21 (0.96) 0.048 0.102 0.113 0.739

Fasting insulin (mIU/L) Follow-up 23.7 (19.4) – 26.5 (20.3) – 18.2 (20.8) – – – –

O �3.1 (10.4) < 0.001 �3.3 (12.7) < 0.001 �5.5 (14.4) < 0.001 0.394 0.319 0.781

(Continued on next page)
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Table 2. Continued

LCD

p value

TRE

p value

Both

p value

p value for pairwise comparison

N = 55 N = 55 N = 52

LCD vs.

TRE

LCD vs.

Both

TRE vs.

Both

C-peptide (pg/mL) Follow-up 1,424.1 ± 85.2 – 1,416.3 ± 80.3 – 1,332.7 ± 71.0 – – – –

O �184.6 ± 47.6 < 0.001 �243.9 ± 66.0 0.001 �319.1 ± 67.8 < 0.001 0.468 0.104 0.429

HOMA-IR Follow-up 4.64 (4.70) – 5.73 (4.39) – 4.17 (4.41) – – – –

O �1.15 (2.99) < 0.001 �1.04 (4.53) < 0.001 �2.16 (4.82) < 0.001 0.427 0.049 0.258

HOMA-IS Follow-up 0.23 (0.29) – 0.22 (0.42) – 0.29 (0.21) – – – –

O 0.03 (0.12) < 0.001 0.04 (0.25) < 0.001 0.10 (0.20) < 0.001 0.421 0.042 0.245

QUICKI Follow-up 0.31 (0.04) – 0.30 (0.04) – 0.31 (0.04) – – – –

O 0.01 (0.02) 0.001 0.01 (0.03) < 0.001 0.02 (0.03) < 0.001 0.144 0.004 0.157

Uric acid (UA, mmol/L) Follow-up 363 ± 14 – 345 ± 12 – 364 ± 12 – – – –

O �17 ± 11 0.125 �40 ± 9 0.001 �51 ± 13 < 0.001 0.146 0.039 0.259

Total cholesterol (mmol/L) Follow-up 4.91 ± 0.15 – 4.79 ± 0.14 – 4.87 ± 0.15 – – – –

O 0.19 ± 0.12 0.112 0.03 ± 0.17 0.866 0.14 ± 0.13 0.289 0.432 0.777 0.603

LDL-c (mmol/L) Follow-up 3.27 ± 0.14 – 3.14 ± 0.14 – 3.33 ± 0.15 – – – –

O 0.28 ± 0.13 0.042 0.13 ± 0.14 0.343 0.30 ± 0.13 0.026 0.447 0.929 0.389

Triglycerides (TG, mmol/L) Follow-up 1.30 (0.94) – 1.60 (1.64) – 1.40 (1.59) – – – –

O �0.15 (1.20) 0.052 �0.30 (1.36) 0.006 �0.51 (2.01) < 0.001 0.363 0.011 0.160

HDL-c (mmol/L) Follow-up 1.16 ± 0.03 – 1.13 ± 0.03 – 1.13 ± 0.03 – – – –

O 0.03 ± 0.03 0.288 0.02 ± 0.03 0.442 0.09 ± 0.02 < 0.001 0.869 0.136 0.109

TG/HDL-c Follow-up 1.20 (1.20) – 1.49 (1.54) – 1.30 (1.33) – – – –

O �0.02 (1.20) 0.244 �0.30 (1.59) 0.024 �0.59 (2.13) < 0.001 0.265 0.003 0.094

Systolic blood pressure (mmHg) Follow-up 130 ± 3 – 137 ± 2 – 131 ± 2 – – – –

O 1 ± 2 0.770 1 ± 2 0.635 1 ± 2 0.719 0.923 0.979 0.914

Diastolic blood pressure (mmHg) Follow-up 81 ± 2 – 85 ± 2 – 80 ± 2 – – – –

O �1 ± 1 0.313 �2 ± 1 0.144 �5 ± 2 0.005 0.823 0.140 0.178

LCD, low-carbohydrate diet; TRE, time-restricted eating; Both, combination treatment; BMI, body mass index; HOMA-IR, homeostasis model assessment insulin resistance; HOMA-IS, homeo-

static model assessment of insulin sensitivity; QUICKI, quantitative insulin-sensitivity check index; LDL-c, low-density lipoprotein cholesterol; HDL-c, high-density lipoprotein cholesterol. All data

were presented as mean ± standard error of the mean (SEM) for normally distributed variables or the median (interquartile range) for abnormal distribution. Change scores from baseline were

represented by ‘‘D’’ in the table. Analyses were conducted using all participants (intention-to-treat), using a linear mixed model with randomized dietary intervention as factor to correct for the

correlations of repeated measurements on changes in body weight, and using a multiple imputation approach for other missing data. After 3 months of intervention, pairwise comparisons of

change scores between the groups (e.g., TRE vs. LCD, TRE vs. Both, LCD vs. Both) were evaluated by t test or Mann-Whitney U test. For weight a: significant differences compared with 1 month

before (paired t test); for other parameters: significant differences compared with baseline (paired t test or paired Wilcoxon test).
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Figure 3. Change in metabolic factors among three groups

(A–J) Change in (A) fasting blood glucose (FBG), (B) uric acid, (C) hemoglobin A1c (HbA1c), (D) fasting insulin, (E) homeostasis model assessment-IS (HOMA-IS),

(F) triglycerides (TG), (G) high-density lipoprotein cholesterol (HDL-c), (H) triglycerides/high-density lipoprotein cholesterol (TG/HDL-c), (I) systolic blood pressure

(SBP), and (J) diastolic blood pressure (DBP) among the low-carbohydrate diet (LCD), 8-h time-restricted eating (TRE), and combination treatment (Both) groups

after 3months of the intervention. Analyses were conducted using all participants (intention-to-treat), using amultiple imputation approach for other missing data.

Each black data point represents an individual participant (LCD, n = 55; TRE, n = 55; Both, n = 52). Change from baseline is presented asmean ± standard error of

the mean (SEM) for normally distributed variables or the median (interquartile range) for abnormal distribution. #p < 0.05, ##p < 0.01, ###p < 0.001: pairwise

comparisons of change scores between the groups (e.g., TRE versus LCD, TRE versus Both, LCD versus Both) were evaluated by t test or Mann-Whitney U test.

*p < 0.05, **p < 0.01, ***p < 0.001: significant differences shown at x axis compared with baseline (paired t test or paired Wilcoxon test).
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subjects by 2.0 kg.33 In addition, the beneficial effects of very-

low-carbohydrate ketogenic diets (VLCKD; < 50 g carbohy-

drates/day)34 on body weight reduction have been as-

sessed.9,33,35,36 Samaha et al.9 showed that severely obese

subjects with MetS significantly lost body weight (�5.8 kg) after

6 months on a VLCKD (<30 g carbohydrates/day). Another

1-year clinical trial showed that a VLCKD (<40 g carbohy-

drates/day) intervention resulted in significant weight loss

(�3.5 kg) in obese individuals without T2DM or CVD.36 Howev-

er, the efficacy and safety of VLCKD and adherence during

long-term intervention are still under debate.37 Besides, we

found participants from Northwestern China showed a 10.6-h

baseline meal-eating window, which was calculated by partic-

ipants’ self-report of average three meal times on 2-week

recall. This baseline meal-eating window is comparable with

the finding from a recent 1-year RCT study in Southern China,38

which was 10.4-h baseline eating window that was calculated

by daily dietary log, food photograph, and eating time. We

further demonstrated that an 8-h TRE significantly reduces

body weight in adults with MetS (�4.0%), independent of

timing of TRE. Several previous clinical trials have evaluated

the weight-reduction efficiency of TRE in individuals with

MetS.16,39,40 Wilkinson et al.16 found that a 10-h TRE led to

an approximately 3% weight reduction and improvements in

cardiovascular risk parameters in individuals with MetS. A

recent trial showed that 8-h TRE decreased body weight of

obese individuals by 2.6% after 3 months39 Nonetheless, in

our study only the combination of LCD and TRE produced clin-
8 Cell Reports Medicine 3, 100777, October 18, 2022
ically significant weight loss,41 i.e., a reduction of 5.8% from

baseline over 3 months.

Our results showed that LCD decreased SFA without affecting

VFA, while TRE and the combination treatment decreased SFA

as well as VFA. Accumulating evidence indicates that visceral

fat is crucially associated with many aspects of MetS, including

hypertension, dyslipidemia, glucose intolerance, and insulin

resistance, and it is more closely linked to inflammatory and

oxidative stress biomarkers than subcutaneous fat.42–44 Our re-

sults suggest that compared with LCD, TRE might yield more

benefits on cardiometabolic outcomes in adults with MetS.

Indeed, in our study, LCD intervention did not significantly

decrease FBG levels but prominently reduced insulin levels

and ameliorated insulin sensitivity, which are consistent with pre-

vious trials,9,45 suggesting that LCD is more effective in lowering

blood insulin levels and improving insulin sensitivity than in

lowering blood glucose levels. This is likely explained by the

fact that most studies were conducted with relatively healthy

or overweight individuals but not individuals with T2DM, and

not all participants in these studies had elevated FBG levels. In

contrast, in our study, TRE intervention improved insulin levels

as well as blood glucose levels, and furthermore, the combina-

tion of LCD and TRE significantly reduced fasting glucose, insu-

lin, and HbA1c levels in MetS patients. In addition, compared

with baseline, TRE with and without LCD reduced UA levels,

while compared with changes among treatments, combination

treatment caused more prominent reduction on UA. High UA is

a strong and independent predictor of MetS and is associated



Table 3. Adverse effects among participants

LCD TRE Both p value

N = 55 N = 55 N = 52

Adverse effects

(number, n%)

– – – 0.232

Constipation 0 (0.0) 1 (1.8) 3 (5.8) –

Dizziness 0 (0.0) 1 (1.8) 2 (5.8) –

Insomnia 3 (5.5) 0 (0.0) 1 (1.9) –

Dry mouth 1 (1.8) 0 (0.0) 1 (1.9) –

Alopecia 0 (0.0) 0 (0.0) 1 (1.9) –

LCD, low-carbohydrate diet; TRE, time-restricted eating; Both, combina-

tion treatment. Differences between treatment arms (LCD, TRE, and

Both) were tested by Chi-square test.
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with impaired fasting glucose and insulin resistance.46–48 A

recent 6-h TRE trial in overweight individuals with prediabetes

revealed an improvement in insulin sensitivity and b cell respon-

siveness but no reduction in FBG.19 Fasting might improve

glycemic control as a result of metabolic switch from liver-

derived glucose to adipose cell-derived ketones, occurring

when switching from a fed to a fasted state, and it might induce

ketoplasia, decrease fat accumulation, and increase insulin

sensitivity.20,49,50 However, further studies need to be performed

in participants with elevated FBG, prediabetes, or T2DM to bet-

ter define the effects of LCD versus TRE on glucose regulation.

Whether TRE with or without LCD has independent effects on

visceral fat and metabolic outcomes or is simply an epiphenom-

enon of greater weight loss could not be addressed in this study.

It is noted that a previous RCT indicated that TRE that induced

mild body weight reduction (�3%) without changing visceral

fat mass was accompanied with improvements of insulin resis-

tance and oxidative stress,17 while another study showed that

although there were no effects on body weight reduction, TRE

could still improve those cardiometabolic parameters in predia-

betic men.19

The effects of LCD and TRE on dyslipidemia are highly variable

between studies.19,39,51–55 We observed that LCD alone and

combined with TRE adversely increased LDL-c after 3-month

intervention, which is consistent with several studies showing

that LCD increases cholesterol levels within the large LDL sub-

fractions.56,57 In this study, while TRE treatment did not impact

HDL-c, TRE and combination treatment, but not LCD, signifi-

cantly reduced plasma TG levels. In fact, TRE was generally

reported not to affect HDL-c, although one study reported a mi-

nor improvement.58 Yet, the effects of TRE on TG levels are still

controversial. For instance, some TRE studies demonstrated a

reduction in TG,51,53 whereas others showed no significant ef-

fects.19,39,51,52 In addition, we observed that TRE and combina-

tion treatment reduced the TG/HDL-c ratio, which could be

partly due to reduced VFA by these treatments, but not by

LCD alone. Indeed, VFA but not SFA strongly correlates with

the TG/HDL-c ratio (Figure S2C). The TG/HDL-c ratio is a well-

known predictor for CVD. A reduced TG/HDL-c ratio may be

attributed to decreased cholesteryl ester transfer protein

(CETP) activity, as CETP mediates the net transfer of CE from

HDL to TG-rich lipoproteins in exchange for TG. Previous studies
have demonstrated that weight loss induced by a very low calo-

rie diet was correlated with reduced CETP concentration,59 and

CETP inhibition was associated with the improvement of visceral

fat.60 Therefore, TRE, with or without restricted carbohydrate

consumption, could significantly improve visceral obesity and

reduce TG level and TG/HDL-c ratio, as well as decrease

CETP concentration.

In addition, only combination intervention significantly

decreased blood pressure in our study. Generally, moderate

(5%–10%) weight loss caused by interventions is expected to

lead to larger reductions in SBP of 5 mmHg and DBP of

3 mmHg than that of mild (0–5%) weight loss over 6–12 months

as shown in a systematic review and meta-analysis.61 We

observed that the mean reduction in DBP (5 mmHg) by combi-

nation intervention that produced a moderate weight loss of

5.8% was apparently higher and not accompanied by a reduc-

tion in SBP. It should be noted though that our study was not

properly powered to observe a significant change in blood

pressure, and larger studies are obviously needed to further

address the effects of LCD and TRE on blood pressure in

MetS patients.

In this study, eTRE shows greater effects on reducing

abdominal fat area (both SFA and VFA) than lTRE, while

eTRE and lTRE showed comparable benefits on body weight,

glycemic control, dyslipidemia, and blood pressure. Neverthe-

less, participants were not randomly assigned to eTRE or

lTRE, and sample sizes were relatively small, so the compari-

son of eTRE and lTRE was exploratory. Previous studies

showed that both eTRE19 and lTRE17 improved multiple indica-

tors of cardiovascular health. Sutton et al.19 conducted a

5-week study comparing eTRE (6-h eating window before

3:00 p.m.) with a control condition (conventional 12-h eating

window) and found better glycemic control and improvement

of blood pressure by eTRE without significant body weight

changes. Furthermore, Cienfuegos et al.17 found that both 4-

and 6-h lTRE caused mild body weight reduction (�3%) over

2 months when compared with the control. However, several

studies on lTRE demonstrated conflicting results regarding

body weight.62,63 Moreover, the thermic effect of food, insulin

sensitivity, and b cell function is better in early morning than

night64–66 because the body is optimized to ingesting food in

early morning.64–67 Thus, an 8 a.m. to 4 p.m. eating window

may be applied as a more effective intervention to improve in-

sulin sensitivity. Besides, lipids were also affected by meal

timing, which might be due to an increase of fat oxidation in

eTRE.68 However, for participants who find it easier to skip

breakfast than dinner, the latter being a more social meal in

most cultures, a 12 p.m. to 8 p.m. eating window is an alterna-

tive. Thus, it is important to consider participants’ individual

schedule and personal preference and allow them to choose

the suitable TRE eating window in order to increase efficacy

and adherence.

Conclusions
In conclusion, comparedwith baseline, all three treatments after a

3-month intervention reduce body weight and SFA, as well as

some cardiometabolic outcomes, including fasting insulin,

C-peptide, and insulin sensitivity index, but only TRE, with and
Cell Reports Medicine 3, 100777, October 18, 2022 9
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without LCD, significantly reduces abdominal visceral fat, FBG,

UA, TG, and TG/HDL-c ratio. More importantly, compared with

changes of LCD,TREand combination treatment further decrease

body weight and VFA. Taken together, without changing physical

activity, TREwith andwithout LCDsignificantly improvesglycemic

control, atherogenic dyslipidemia, and UA, thus largely improves

metabolic disease risk, with TRE being superior over LCD with

respect to reducing body weight and abdominal visceral obesity.

Therefore, we anticipate that an 8-h TRE without and with LCD

can serve as an effective intervention for MetS.

Limitations of the study
First, as is the case for all self-reported dietary intake data

and because the daily dietary log was not compulsory, we cannot

verify that the data reported by participants represent a complete

record of their diet and asking participants to report adherence is

subject to recall bias. In addition, the meal-eating window was

calculated by participants’ self-report of average meal times on

2-week recall without accounting for caloric consumption outside

of threemealsaday, so thismethoddidnotaccount for day-to-day

variation of caloric consumption, and participants’ true eatingwin-

dow is likely being underestimated. Second, except for the combi-

nation treatment, both the LCDand TRE treatments did not induce

clinically significant weight reduction over 3 months. Longer-term

trials are necessary to investigatewhether LCDandTRE treatment

alone can indeed produce 5% weight loss and lasting benefits to

overall health. Third, thecomparisonofeTREand lTREwasexplor-

atory as participants were not randomly assigned to eTRE or lTRE

and sample sizes were relatively small. Moreover, there were

significantly more adherent days in the TRE group compared

with LCD, and the absence of a control group is another limitation

of this study. Last, only Chinese people living in the Shaanxi prov-

incewere enrolled in this study, whichwarrants future validation of

our findings in other race or ethnic groups.
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24. Puttonen, S., Härmä, M., and Hublin, C. (2010). Shift work and cardiovas-

cular disease - pathways from circadian stress to morbidity. Scand. J.

Work. Environ. Health 36, 96–108.

25. Panda, S. (2016). Circadian physiology of metabolism. Science 354, 1008–

1015.

26. Longo, V.D., and Panda, S. (2016). Fasting, circadian rhythms, and time-

restricted feeding in healthy lifespan. Cell Metabol. 23, 1048–1059.
27. Hou, T., Su, W., Duncan, M.J., Olga, V.A., Guo, Z., and Gong, M.C. (2021).

Time-restricted feeding protects the blood pressure circadian rhythm in

diabetic mice. Proc. Natl. Acad. Sci. USA 118.

28. Ulgherait, M.,Midoun, A.M., Park, S.J., Gatto, J.A., Tener, S.J., Siewert, J.,

Klickstein, N., Canman, J.C., Ja,W.W., and Shirasu-Hiza,M. (2021). Circa-

dian autophagy drives iTRF-mediated longevity. Nature 598, 353–358.

29. Sato, J., Kanazawa, A., Makita, S., Hatae, C., Komiya, K., Shimizu, T.,

Ikeda, F., Tamura, Y., Ogihara, T., Mita, T., et al. (2017). A randomized

controlled trial of 130 g/day low-carbohydrate diet in type 2 diabetes

with poor glycemic control. Clin. Nutr. 36, 992–1000.

30. Zhang, X., Zhang, M., Zhao, Z., Huang, Z., Deng, Q., Li, Y., Pan, A., Li, C.,

Chen, Z., Zhou, M., et al. (2020). Geographic variation in prevalence of

adult obesity in China: results from the 2013-2014 national chronic disease

and risk factor surveillance. Ann. Intern. Med. 172, 291–293.

31. Yusuf, S., Hawken, S., Ounpuu, S., Bautista, L., Franzosi, M.G., Commer-

ford, P., Lang, C.C., Rumboldt, Z., Onen, C.L., Lisheng, L., et al. (2005).

Obesity and the risk of myocardial infarction in 27, 000 participants from

52 countries: a case-control study. Lancet (London, England) 366,

1640–1649.

32. See, R., Abdullah, S.M., McGuire, D.K., Khera, A., Patel, M.J., Lindsey,

J.B., Grundy, S.M., and de Lemos, J.A. (2007). The association of differing

measures of overweight and obesity with prevalent atherosclerosis: the

Dallas Heart Study. J. Am. Coll. Cardiol. 50, 752–759.

33. Schmidt, S., Christensen, M.B., Serifovski, N., Damm-Frydenberg, C., Jen-

sen, J.E.B., Fløyel, T., Størling, J., Ranjan, A., and Nørgaard, K. (2019). Low

versus high carbohydrate diet in type 1 diabetes: a 12-week randomized

open-label crossover study. Diabetes Obes. Metabol. 21, 1680–1688.

34. Abbasi, J. (2018). Interest in the ketogenic diet grows for weight loss and

type 2 diabetes. JAMA 319, 215–217.

35. Foster, G.D., Wyatt, H.R., Hill, J.O., McGuckin, B.G., Brill, C., Mohammed,

B.S., Szapary, P.O., Rader, D.J., Edman, J.S., and Klein, S. (2003). A ran-

domized trial of a low-carbohydrate diet for obesity. N. Engl. J. Med. 348,

2082–2090.

36. Bazzano, L.A., Hu, T., Reynolds, K., Yao, L., Bunol, C., Liu, Y., Chen, C.S.,

Klag, M.J., Whelton, P.K., and He, J. (2014). Effects of low-carbohydrate

and low-fat diets: a randomized trial. Ann. Intern. Med. 161, 309–318.

37. Goldenberg, J.Z., Day, A., Brinkworth, G.D., Sato, J., Yamada, S., Jöns-
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Materials availability
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Data and code availability
d All data reported in this paper will be shared by the lead contact upon reasonable request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

reasonable request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study design
Weperformed a randomized, open-label, single-center, clinical trial to evaluate the efficacy of weight loss and improvement of meta-

bolic parameters of an LCD, TRE, and their combination, in adults with MetS. Participants were recruited from Xi’an between July

2020 and September 2020, and the trial was conducted from September 2020 to January 2021. This study was conducted with

approval from the Institutional Review Board at the First Affiliated Hospital of Xi’an Jiaotong University, Shaanxi, China. This trial

was registered as ClinicalTrials.gov, number NCT04475822.

Participants
Participants were recruited via emails, flyers, social media, and website advertisements and were diagnosed with metabolic syn-

drome.2 All participants provided written informed consent.

Inclusion criteria

(1) Diagnosed with metabolic syndrome (i.e., more than 3 abnormal findings out of 5):
a. Waist circumference R90 cm (men) or R80 cm (women).

b. Elevated TG (use of medications for elevated TG is an alternate indicator) R 150 mg/dL (1.7 mmol/L).

c. Reduced HDL-c (use of medications for reduced HDL-c is an alternate indicator) < 40 mg/dL (1.0 mmol/L) in males <50 mg/

dL (1.3 mmol/L) in females.

d. Elevated blood pressure (use of hypoglycemic medications is an alternate indicator). SBPR130 and/or DBPR85 mmHg.

e. Elevated FBG (used of hypoglycemic medications is an alternate indicator) R 100 mg/dL (5.6 mmol/L).

(2) Age from 18 to 65 years.

(3) Stable weight (change %10% current body weight) for 3 months prior to the study.

(4) If participants were on hypoglycemic medications, hypotensive medications, lipid-lowering medications and cardiovascular

medications, dose adjustment was not permitted during the 3-month intervention.
Cell Reports Medicine 3, 100777, October 18, 2022 e1
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Exclusion criteria

1) Pregnant or breast-feeding.

2) Night shift workers.

3) History of major diseases or related diseases, such as inflammatory disease, rheumatologic disease, adrenal disease, malig-

nancy, type 1 diabetes, cirrhosis, chronic kidney disease, acquired immunodeficiency syndrome, eating disorder, uncontrolled

psychiatric disorder and major adverse cardiovascular event.

4) Current participate in other weight-management program, current on a prescribed diet for special disease or current on any

drugs that effect appetite.

5) History of weight-loss surgery.

METHOD DETAILS

Randomisation and masking
Participants were randomized in a 1:1:1 ratio to an LCD group, TRE group, or combination group (before all baseline measurements).

Block randomization was performed by a computer-generated random number list prepared by an investigator without clinical

involvement in this trial. After obtaining the patient’s consent, the research nurse telephoned a clinician who was independent of

the recruitment process for allocation consignment.

Procedures
Before the intervention started, all participants were requested to maintain their usual diet and physical activity habits for weight sta-

bilization in 2-week. During the 3-month intervention period, the LCD group was instructed to eat a low-carbohydrate diet (carbohy-

drates <130 g/day or <26% total energy, according to the ADA definition of 130 g/day as recommendedminimum); a suggested food

andmenu list (Table S7) is provided in the supplemental information. The 8 h TRE groupwas instructed to consume all calories from 8

AM to 4 PM each day and fast from 4 PM to 8 AM, or to consume all calories from 12 PM to 8 PM each day and fast from 8 PM to 12

PM (16 h fast). During the 8 h meal eating windows, they could eat ad libitum without any restriction on the quantities and types of

food, and the fasting guide is provided in the supplemental information. Likewise, the combination group was instructed to eat a LCD

in the same 8 hmeal eating windows as the TRE group. Furthermore, participants were not requested to calculate their caloric intake

in 8 h meal eating window. In 16 h fasting window, participants were recommended to drink plenty of water and zero calorie bever-

ages without artificial sweeteners, such as sparkling water and black tea.

The study was conducted with the internet hospital application (App) of the First Affiliated Hospital of Xi’an Jiaotong University,

named ‘‘Zhihui Hao Yiyuan’’, which was a new approach to provide health services, outpatient service in particular, through the

internet technology. Participants could contact clinicians at any time and any place though online communication and received

diet guides and questionnaires through the App. All the participants were encouraged to write in a daily dietary log and note the

time at which they ate with the use of the App, yet this was not compulsory. Clinicians checked participants’ daily dietary log every

day, and provided diet guidance in adjusting schemes for compliance based on participants’ dietary interventions through the App.

Raw data in Chinese version is available from the lead contact upon reasonable request. All participants were asked to maintain their

usual physical activity throughout the study, which was evaluated by International Physical Activity Questionnaire (IPAQ) before and

after 3-month intervention. All participants received our own custom-made sport bracelet, recording daily step counts that was con-

nected with our App, and were encouraged to wear it during the 3-month intervention period.

Compliance with the dietary intervention was assessed for all participants every other week through a Food Frequency Question-

naire (FFQ), including days of adherence, meal eating window, and the amount, type and frequency of food intake (a blank copy of

FFQ can be found as Data S1 in supplemental information). Compliance with diet was evaluated by the same dietician every other

week. ‘‘Daily carbohydrate intake’’ was estimated by the same dietician, according to a previously defined method providing quan-

titative information on macronutrient composition of the diet consumed. ‘‘Meal eating window’’ was calculated by participants self-

report on 2-week recall by FFQ. ‘‘Days of adherence’’ was assessed by participants self-reporting being compliant with their diet

intervention during the 3-month intervention period. ‘‘Willingness to continue the diet’’ was evaluated by asking those who completed

the intervention their willingness at the end of 3-month intervention.

Outcomes
The primary outcome of the study was changes in body weight and abdominal fat area. Secondary outcomes were changes in body

composition, glycemic control, plasma lipids, UA and blood pressure.

Bodyweight was assessed every month at the research center with the participants without shoes and in light clothing using a digital

scale (OMRONMEDICAL Beijing Co., Ltd. HNH-318) to the nearest 0.1 kg. Height was assessed during the screening visit using a wall-

mounted stadiometer (OMRON MEDICAL Beijing Co., Ltd. HNH-318) to the nearest 0.1 cm. Abdominal fat area (VFA and SFA) was

measured at baseline and after 3 months using bioelectrical impedance analysis (OMRON MEDICAL Beijing Co., Ltd. DUALSCAN,

HDS-2000) to thenearest 1cm2.Thisapproachhasbeenproved toproduce reliablemeasurements that correlatewellwithdataobtained

from computed tomography (CT).69 Body composition (body fat mass and body muscle mass) was measured at baseline and month 3

using the direct segmental multifrequency bioelectrical impedance analysis method DSM-BIA (InBody H20) to the nearest 0.1 kg.
e2 Cell Reports Medicine 3, 100777, October 18, 2022
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All blood collection was performed at the physical examination center of the First Affiliated Hospital of Xi’an Jiaotong University,

after fasting overnight (i.e., from 20:00 on) at baseline and at month 3, between 7:40 and 9:00 am. Blood was centrifuged for 20min at

1500 g and 4�C to separate plasma, then stored at �80�C until analysis. HbA1c was measured on an automatic HbA1c analyzer

(TOSOH BIOSCIENCE, Inc.; HLC-723G8) to the nearest 0.1%. FBG, UA, total cholesterol, TG, HDL-c, and LDL-c were measured

on an automatic biochemistry analyzer (HITACHI, Inc.; LAbOSPECT, 008AS) using standard reagents to the nearest 0.01 mmol/L,

1 mmol/L, 0.01 mmol/L, 0.01 mmol/L, 0.01 mmol/L and 0.01 mmol/L, respectively.

Fasting insulin and C-peptide weremeasured by immunoassay with fluorescent detection on a Luminex instrument (EMDMillipore

Corporation; HMHEMAG-34K) to the nearest 0.1 pg/mL. Insulin resistance and insulin sensitivity were calculated using the homeo-

stasis model assessment method by applying the following formula: [HOMA-IR = fasting insulin (mIU/L) 3 fasting glucose (mg/dL)/

405], [HOMA-IS = 1/HOMA-IR]. QUICKI = 1/[log (fasting insulin level, in microunits per milliliter) + log (fasting glucose level, in milli-

grams per deciliter)].70 Blood pressure wasmeasured in triplicate using a digital automatic blood pressure (Omron HBP-9020, Kyoto,

Japan) to the nearest 1 mmHg.

Adverse effects (constipation, dizziness, insomnia, dry mouth and alopecia) were assessed by a telephone interview at baseline

and every other week during the 3-month intervention.

Statistical analysis
This study was powered to detect the primary outcome of percentage reduction in body weight. We estimated that the LCD-treated

group (A) would lose 5% body weight and that the group treated with combination diet (C) would lose 10% of body weight after

3 months. The proposed reduction in body weight were determined on the basis of preliminary data obtained from dietary interven-

tion studies.17,58,71,72 We calculated that 78 participants (26 per group) would provide with greater than 80% power to detect a sig-

nificant difference of 5% in body weight between the A and C groups at a significance level of 0.05 using a 2-tailed independent-sam-

ples t test. We estimated that dropout rate was 20%. Therefore, we decided to recruit 165 participants (55 per group) to increase our

statistical power because our dropout rate might be higher than expected.

Statistical analyses were performed using R version 4.1.3. A two-tailed p value of less than 0.05 was considered statistically sig-

nificant. Tests for normality were conducted. All data are presented as the mean ± SEM for normally distributed variables or median

(interquartile range, IQR) for abnormally distributed variables. At baseline, differences between treatment arms (LCD, TRE and com-

bination) were tested by one-way ANOVA or Kruskal-Wallis H test. Analyses were conducted in the intention-to-treat population, us-

ing a linear mixedmodel with randomized dietary intervention as a factor to correct for the correlations of repeated measurements on

changes in body weight, and handled other missing data by multiple imputations with the use of the Markov chain Monte Carlo

method. Change scores are represented by ‘‘D’’ in the results text. At month 3, pairwise comparisons of change scores from baseline

between the groups (e.g., TRE vs. LCD, TRE vs. Combi, LCD vs. Combi) were evaluated by t test or Mann-Whitney U test. The sig-

nificant difference between baseline and 3-month follow-up was measured by paired T test or Wilcoxon test in each group. Pearson

and Spearman correlations were performed to assess the relationship between abdominal fat area and other metabolic risk factors.

The trial protocol can be found as Data S2 in supplemental information.
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