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Effect of time-restricted eating regimen
on weight loss is mediated by gut microbiome

Chensihan Huang,1,7 Deying Liu,1,7 Shunyu Yang,2 Yan Huang,1 Xueyun Wei,1 Peizhen Zhang,1 Jiayang Lin,1

Bingyan Xu,1 Yating Liu,1 Dan Guo,1 Yafeng Li,3,4,5,* Jin Li,6,* and Huijie Zhang1,7,8,*
SUMMARY

Time-restricted eating (TRE) is a promising obesity management strategy, but weight-loss efficacy varies
among participants, and the underlying mechanism is unclear. The study aimed to investigate the role of
gut microbiota in weight-loss response during long-term TRE intervention. We analyzed data from 51
obese adults in a 12-month TRE program, categorizing them into distinct weight loss groups (DG) and
moderate weight loss groups (MG) based on their TRE responses. Shotgun metagenomic sequencing anal-
ysis revealed a significant increase in species closely associated with weight loss effectiveness and meta-
bolic parameter changes in the DG group. Pathways related to fatty acid biosynthesis, glycogen biosyn-
thesis, and nucleotide metabolism were reduced in the DG group and enhanced in the MG group. Next,
we identified nine specific species at baseline that contributed better responses to TRE intervention and
significant weight loss. Collectively, gut microbiota contributes to responsiveness heterogeneity in TRE
and can predict weight-loss effectiveness.

INTRODUCTION

Obesity is a global epidemic issue that greatly increase the risks of type 2 diabetes mellitus (T2DM), cardiovascular diseases, and certain can-

cers.1 Diet is the most relevant factors associated with the development of obesity, and dietary interventions have been at the forefront of

weight management.2 Time-restricted eating (TRE) regimen, an intermittent-fasting regimen that involves a shorten period of time for eating

within each 24-h period, has been proved as an effective intervention for weight-loss strategy. TRE can significantly reduce body weight, body

fat, and metabolic risk factors in human individuals.3 However, participants often respond differently to the same diet-regimen as weight

changes may vary considerably between individuals.4–6 The underlying mechanisms or potential predictors for the heterogeneity of

weight-loss responsiveness remain unclear.

Diverse evidence suggests that gut microbiota is involved in the development of obesity.7,8 Compositional and functional alterations of

gut microbiota have been identified in individuals with obesity.9 Furthermore, fecal microbiota transplantation from lean donors and specific

gut microbes supplementation, such asAkkermansiamuciniphila, could reduce body weight and obesity-related dysregulatedmetabolic pa-

rameters.10–12 These findings suggest that gut microbiota may contribute to physiological inter-individual variability.

It has been proposed that dietary intervention has a regulatory effect on gut microbiota in both humans and animals.13,14 Previous study

showed that intermittent calorie restriction could ameliorate the development of obesity by modulating the composition of gut microbiota in

mice.15 Consistently, another study found that intermittent fasting significantly decreased overall gut bacterial population and increased gut

bacterial diversity in healthy individuals.16,17 There were limited clinical researches conducted regarding this subject. Some available studies

indicated that TRE was associated with increased levels of Akkermansia muciniphila and Bacteroides fragilis, leading to enhanced diversity of

gut microbes. While some studies revealed a higher presence of Prevotellaceae and Bacteroideaceae families, and Butyricicoccus pullicae-

corum after TRE treatment.18–20 In contrast, few studies reported that no substantial differences in alpha and beta diversity or gut-microbiota

composition were observed between TRE and time-unrestricted intervention.21,22 However, due to the limited sample size and short inter-

vention duration in previous studies, the research findings have been inconsistent, and the relationship between changes in gut microbiota

and long-term TRE interventions still needs to be identified.

Effects of Time-Restricted Eating on Weight loss and Cardiometabolic Risk Factors in Obese Adults (TREATY trial) was designed to

compare a 12-month calorie restriction with or without TRE on weight loss in obese adults. To address the aforementioned questions, we
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analyzed the data of participants in our previously conducted TREATY trial.3 We found reductions in body fat, visceral fat, blood pressure,

glucose levels, and lipid levels in these participants over a 12-month TRE intervention. However, the weight-loss effects of TRE were observed

to vary considerably in various individuals. To assess the potential role of gut microbiota in the effects of weight-loss mediated by TRE, we

performed comprehensive metagenomics analysis in a subset of participants in the TREATY trial. We also analyzed baseline microbial signa-

tures to evaluate its predictive effects for the heterogeneity of weight-loss responsiveness.
RESULTS

Study overview and heterogeneous weight loss effect of TRE intervention

Our cohort was comprised fifty-one participants completing the 12-month TRE intervention and providing fecal samples at both base-

line and 12-month (Figure S1A). The relative changes of body weight at 12 months in participants receiving TRE intervention ranged

from �33.9% to 6.7% (Figure S1B). We further classified these participants into moderate weight loss group (MG, n = 27) and distinct

weight loss group (DG, n = 21) based on the degree of weight loss (Figure 1A). There were no significant differences in baseline char-

acteristics between the MG and DG groups (Table 1). During the whole 12 months intervention, dietary compliance, energy intake

calculated from daily dietary logs and physical activity level were comparable between the MG and DG groups (Figures 1B–1D).

The participants in DG group demonstrated more decrease of body weight, BMI, waist circumference, and body fat than that in

MG group (Figures 1E–1J). Meanwhile, participants in DG group showed more reduction in blood pressure, fasting glucose level,

and insulin resistance than that in MG group (Figures 1K–1N). In contrast to a significant decrease of lipid profiles in DG group, no

obvious change was observed in MG groups (Figures 1O and 1P). Given that the perturbation of gut microbiota homeostasis is closely

associated with the improvement of metabolic parameters in humans, we next explored whether it was involved in the heterogeneous

weight-loss effects of TRE in our trial.
Microbial composition is a determining factor of distinct weight loss efficacy under TRE intervention

We assessed the structure of gut microbiota in our cohort via shotgunmetagenomic sequencing. No significant differences in alpha diversity,

including richness, Shannon, and Simpson index, or beta diversity between themicrobiome before and after TRE intervention were observed,

suggesting TRE treatment may not lead to dramatic alterations in the overall structure of gut microbiome (Figures S2A–S2C, and S3). The

overall composition and abundance of the bacterial community at the phylum level in each group were comparable between several visits

during the 12-month TRE intervention (Figure S2D).

To explore whether the gutmicrobiota composition was different in patients with different efficacy in TRE intervention, we investigated the

microbiome signatures in the MG and DG groups. The community diversity estimated by the Shannon index, Simpson index, and richness

index were significantly higher in DG group then MG group at baseline, however, no difference between the two groups was observed at

3 months, 6 months, or 12 months assessment (Figures 2A–2C). We found that beta diversity was generally comparable between the MG

and DG groups at baseline or after 12-month intervention (Figure 2D). The relative abundance of the bacterial community at the phylum level

and the Firmicutes/Bacteroidetes ratio in each group were not significantly different at baseline or after a 12-month TRE intervention

(Figures 2E and S4). At genus level, the abundance of Clostridiales_noname, Clostridium, and Ruminococcaceae_noname was found selec-

tively increased in DG group after 12-month TRE intervention. Coprobacillus andMegamonaswere found selectively decreased in DG group

after 12-month TRE intervention. Meanwhile, MG group was characterized by the selectively increased abundances of Citrobacter, Entero-

bacter, Holdemania, Faecalibacterium, and Burkholderiales_noname genus (Figure 2F). Notably, abundances of seven species, including

Ruminococcaceae_bacterium_D16, Parabacteroides_goldsteinii, Lachnospiraceae_bacterium_1_1_57FAA, Clostridium_leptum, Clostridiu-

m_asparagiforme, Clostridiales_bacterium_1_7_47FAA, and Bacteroides_intestinalis, were significantly increased after 12-month TRE inter-

vention in DG group. While abundances of another seven species were decreased in DG group:Megamonas_unclassified,Megamonas_hy-

permegale, Enterobacter_cloacae, Dorea_unclassified, Coprobacillus_unclassified, and Bacteroides_eggerthii. Meanwhile, we observed 14

significantly altered species caused by TRE intervention inMGgroup, including 2 species with decreased amount (Pseudomonas_mendocina

and Klebsiella_pneumoniae) and 12 species with increased abundances (Megasphaera_unclassified, Lachnospiraceae_bacterium_5_1_63-

FAA, Holdemania_filiformis, Faecalibacterium_prausnitzii, Eubacterium_ventriosum, Escherichia_unclassified, Enterobacter_cloacae, Collin-

sella_aerofaciens, Clostridium_asparagiforme, Citrobacter_unclassified, Citrobacter_freundii, Burkholderiales_bacterium_1_1_47) (Fig-

ure 2G). To illustrate the importance of the species alterations for weight loss efficacy during TRE, we constructed a random forest

classifier model that could identify DG group fromMG group based on all 149 species. The importance of the species alterations was ranked

according to their contribution to the classifier model (Figure 2H). Among 25 significantly altered species, six species including Ruminococ-

caceae_bacterium_D16, Lachnospiraceae_bacterium_5_1_63FAA, Coprobacillus_unclassified, Bacteroides_intestinalis, Collinsella_aerofa-

ciens, Clostridium_leptum, were ranked within the top 30 species in the classifier model (Figure 2H).

Moreover, the network interaction complexity of gut microbiota, assessed by co-abundance analysis, was decreased in both MG and DG

groups with TRE intervention for 12 months. However, the DG group exhibited stronger and broader network interaction complexity than the

MG group, suggesting an enhanced community interaction in participants with effective weight loss during the 12-month TRE intervention

(Figure 3). Collectively, these findings indicate that other than the difference in composition and diversity, microbial differences in structure

and complexity could partially explain the inconsistent outcomes of TRE.
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Figure 1. Variation in the metabolic parameters change during a 12-month trial period

(A) Schematic diagram of the study design.

(B–D) Average (B) energy intake, (C) diet compliance, and (D) physical activity level during the 12-month intervention. Compliance to prescribed diets was

calculated as adherent/intervention days.

(E–P) The change of (E) body weight (E), (F) waist circumference, (G) body fat mass, (H) abdominal subcutaneous fat area, (I) abdominal visceral fat area, (J) liver fat,

(K) systolic blood pressure, (L) diastolic blood pressure, (M) HOMA-IR, (N) fasting glucose level, (O) LDL-C, and (P) triglyceride after 12-month TRE intervention.

Data were shown as mean G standard error. *, p < 0.05; **, p < 0.01; ns, not significant using the PROC MIXED procedure controlling for the baseline

measurements.
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Table 1. Characteristic of the participants at baseline

Variables MG (N = 29) DG (N = 22) p value p valuea

Age, years 33.2 (8.5) 31.8 (8.4) 0.57 0.61

Male, n (%) 17 (58.6) 9 (40.9) 0.21

Weight, kg 88.2 (9.2) 84.5 (9.0) 0.15 0.42

BMI, kg/m2 31.5 (2.5) 31.1 (2.2) 0.55 0.67

Waist circumference, cm 98.6 (6.3) 97.9 (8.1) 0.72 0.68

Total caloric intake, kcal/day 2060 (397.5) 2030.8 (290.7) 0.77 0.91

Daily eating window, hr: min 10:20 (1:16) 10:26 (1:28) 0.81 0.85

Body fat mass, kg 32.5 (4.7) 32.5 (6.1) 1.00 0.78

Body fat, % 37.3 (4.5) 38.9 (6.2) 0.28 0.84

Abdominal fat area, cm2

Visceral 129.9 (101.3–161.0) 103.8 (82.8–135.9) 0.093 0.16

Subcutaneous 305.6 (263.0–346.6) 319.0 (264.5–386.3) 0.26 0.43

Liver fat, dB/m 313.9 (37.0) 301.2 (32.2) 0.21 0.22

Blood pressure, mmHg

Systolic 127.7 (10.6) 122.8 (13.0) 0.14 0.36

Diastolic 75.8 (8.1) 71.0 (11.1) 0.079 0.21

Glucose, mg/dL 5.1 (0.5) 4.9 (0.5) 0.15 0.17

Glycated hemoglobin, % 5.3 (0.4) 5.1 (0.3) 0.14 0.16

Cholesterol, mmol/L 5.3 (1.0) 4.8 (0.7) 0.077 0.17

HDL-C, mmol/L 1.1 (0.2) 1.2 (0.2) 0.12 0.23

LDL-C, mmol/L 3.6 (0.9) 3.2 (0.7) 0.096 0.19

Triglycerides, mmol/L 1.70 (1.14–2.15) 1.23 (0.78–1.77) 0.10 0.24

Physical activity, METs*hour/week 11.6 (8.8–21.2) 15.4 (11.0–24.0) 0.26 0.20

Data were mean (standard deviation) or median (interquartile range).

MG, moderate weight loss group; DG, distinct weight loss group; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipo-

protein cholesterol; METs, metabolic equivalents.
aAdjusted for age and sex.
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Associations of taxonomic alterations with changes in clinical parameters induced by TRE intervention

We next conducted correlation analysis to investigate whether the compositional changes in microbiota betweenMG and DGwere associated

with improvements in clinical parameters.We found that alterations of Lachnospiraceae_bacterium_1_1_57FAA, Bacteropdes_intestinails,Clos-

tridium_leptum, and Ruminococcaceae_bacterium_D16 were significantly associated with the changes of the body composition parameters,

including whole body weight, BMI, waist circumference, body fat rate, and abdominal fat area. The change of Parabacteroides_goldsteinii

was correlated with the change of serum cholesterol level (Figure 4). Taken together, the previous findings imply that distinct changes of these

species may underline the difference in the effects of weight loss in participants receiving a standard TRE intervention.

TRE promotes divergent functional shifts in gut microbiome between MG group and DG group

To further understand how the changes of gut microbiota betweenMG andDGmodulate host metabolism, we annotatedmicrobial genes to

Kyoto Encyclopedia of Genes and Genomes (KEGG) orthology (KOs). Principal coordinate analysis (PCoA) of Bray-Curtis dissimilarity showed

that the distribution patterns of KOs were not significantly different between the MG and DG groups at baseline or a 12-month TRE interven-

tion (Figure 5A). We then applied Wilcoxon rank-sum test (p < 0.001) to identify the differential KOs before and after 12-month TRE interven-

tion. A total of 57 differential KOs were identified in the DG group, with 56 KOs decreased and 1 KO increased (Figure S5). Meanwhile, 17

increased KOs and 1 decreased KO were identified in the MG group. We further analyzed and compared the altered KOs of the two groups

through the statistics of KEGG pathway abundances. In the MG group, 18 pathways were found to be significantly increased, such as ‘‘glycol-

ysis/gluconeogenesis’’, ‘‘citrate cycle (TCA cycle)’’, ‘‘pyruvatemetabolism’’, etc. In DG group, we found 53 pathways, including ‘‘citrate cycle’’,

‘‘pentose phosphate pathway’’, ‘‘starch and sucrose metabolism’’, ‘‘fatty acid biosynthesis’’, ‘‘lysine biosynthesis’’, ‘‘histidine metabolism’’,

etc., were significantly decreased (Figure 5B).

A Spearman correlation analysis was performed between differential KOs and changes in clinical parameters (Figure S6). Nearly half of the

differential KOs, such as K06896 (maltose 60-phosphate phosphatase), K01496 (phosphoribosyl-AMP cyclohydrolase), K16148(alpha-maltose-

1-phosphate synthase), K11263(acetyl-CoA/propionyl-CoA carboxylase), K00886 (polyphosphate glucokinase), etc., were found to be
4 iScience 27, 110202, July 19, 2024



Figure 2. Gut microbial characteristics in moderate and distinct weight loss groups during a 12-month trial period

(A–C) Boxplots of the alpha-diversity index including (A) Shannon, (B) Simpson, and (C) richness index between the moderate weight loss group (MG) group and

distinct weight loss group (DG) group at 0, 3, 6, or 12months of TRE intervention. In the boxplot, the cross indicates themean, the horizontal bar indicatesmedian;

the top and bottom borders of the box mark the first and third quartiles; the error bars indicate the 5th and 95th percentiles, and the dots indicate the individuals

whose values were outside the 5th or 95th percentiles.

(D) Principal coordinate analysis (PCoA) of beta-diversity based on Bray-Curtis distance between the MG and DG groups. The boxplot of samples discrete

distribution on the principal component (PC)1 and PC2 axis were also shown.

(E) The overall composition and relative abundance of the bacterial community in each group at the phylum level.

(F and G) The relative abundance of bacterium significantly altered by a 12-month TRE intervention (p < 0.05 by Wilcoxon signed-rank test) at the (F) genus and

(G) species level in MG and DG groups at 0, 3, 6, or 12 months.

(H) The importance of the species alterations ranked according to their contribution to the distinguishing of MG and DG groups in the classifier model built by

Random Forest.
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Figure 3. Co-abundance network before and after dietary intervention

The cooccurrence networks in (A) MG group and (B) DG group at 0, 6, and 12 months of TRE intervention reflect network interaction complexity. All nodes were

colored at the phylum level (isolated nodes were excluded), and edges were estimated by Spearman’s rank correlation coefficient (abs[r] > 0.6, p < 0.05). The

node size represented the average relative abundance of each species.
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positively correlated with the changes of body weight and body composition parameters like fat mass, body fat, abdominal fat area, and liver

fat. Meanwhile, another KOs like K00616 (transaldolase), K07173 (S-ribosylhomocysteine lyase), K05823 (N-acetyldiaminopimelate deacety-

lase), etc. were found to be negatively correlated with the changes of lipid profiles including triglyceride (TG), total cholesterol (TC), and

low-density lipoprotein cholesterol (LDL-C). Only a few KO alterations were correlated with the changes of glucometabolic index (fasting

glucose, OGTT-2h glucose, HOMA-IR, and HbA1c) and blood pressure.

Spearman correlation analysis was also performed to explore the association between KO changes and the gutmicrobiota alterations (Fig-

ure 5C). Among the 21 species alterations significantly correlated with the changes of KO abundances, Ruminococaceae_bacterium_D16,

Parabacteroides_goldsteinii, Megasmonas_hypermegale, and Klebsiella_pneumoniae, showed the strongest associations (Figure 5C). Spe-

cifically, Ruminococcaceae_bacterium_D16 with increased abundance in DG group, was found to be negatively associated with K11263

(acetyl-CoA/propionyl-CoA carboxylase) and K16148 (alpha-maltose-1-phosphate synthase). Parabacteroides_goldsteinii, another bacte-

rium with increased abundance in DG group, was found to be negatively correlated to K00886 (polyphosphate glucokinase), K016148

(alpha-maltose-1-phosphate synthase), K00616 (transaldolase), K11263 (acetyl-CoA/propionyl-CoA carboxylase), and K07173 (S-ribosylho-

mocysteine lyase).Megamonas_unclassified, decreased abundance in DGgroup, was found to be positively associated with K06896 (maltose

60-phosphate phosphatase). Bacteroides_intestinali with increased abundance in DG group was found to be negatively associated with

K05823 (N-acetyldiaminopimelate deacetylase). Meanwhile, Klebsiella_pneumoniae with decreased abundance in MG group, was found

to be positively correlated with K00886 (polyphosphate glucokinase) and K01496 (phosphoribosyl-AMP cyclohydrolase). K11381 (2-oxoisoval-

erate dehydrogenase E1 component), the only increased KO in DG group, was positively correlated with Clostridium_leptum, whose abun-

dance was increased in DG group. These findings suggest that the underlying mechanisms of the gut microbiome influencing weight loss

efficacy of TRE intervention might be driven by specific bacterial species involved in different metabolic pathways.

Notably, the differential KOs, mostly enzymes, were enriched in carbon metabolism and amino acid metabolism (Figure 5D). The

decreased genes in the DG group involved in glycolysis (K00886), glycogen biosynthesis (K06896), pentose phosphate pathway (K00616), cit-

rate cycle (K01902), and fatty acid biosynthesis (K11263). Furthermore, altered genes in DGgroupwere also found to participate in amino acid

metabolism. The decreased of K07173 involving in the cysteine biosynthesis from methionine, K01496 involving in the histidine biosynthesis

from pentose phosphate pathway metabolites, K05823 encoding enzymes responsible for lysine biosynthesis from aspartate, were signifi-

cantly decreased in DG group. While K11381, a gene participating in the catabolism of branched-chain amino acids including valine, leucine,

and isoleucine, was selectively increased in DG group. Taken together, these data demonstrate that differential capacity for carbon meta-

bolism and amino acid metabolism shaped by TRE intervention might contribute to the difference in the weight loss efficacy of TRE

intervention.
Prediction of host responses to TRE intervention using baseline microbiota

Considering the differential alterations betweenMGandDGat taxonomic and functional levels after TRE intervention, we next exploredwhether

differencesofgutmicrobiomeatbaselinecouldpredict theeffectsofweight lossduringTRE.To this end, a randomforest integrating thebaseline

microbial abundancewasapplied.Amongthe30most informative speciescontributing to this classifier (Figure6A), only ninebacterialbiomarkers

showed a significant difference in relative abundance at baseline (p < 0.05, Figures 6B–6J). The nine discriminatory species, including Escheri-

chia_unclassified, Lachnospiraceae_bacterium_5_1_63FAA, Megamonas_hypermegale, Megamonas_unclassified, Subdoligranulum_

unclassified, Veillonella_unclassified, Bacteroidales_bacterium_ph8, Collinsella_aerofaciens, and Ruminococcus_lactaris, were enriched in

DG group versus MG group at baseline. The relative abundance of microbial species at baseline was significantly correlated with the change

of metabolic parameters after a 12-month TRE (Figure S7). Then the nine microbial species factors were assessed in the univariate and multi-

variate predictive linear regression models. The predictive linear regression model based on the relative abundance of single species could

achieve an area under the curve (AUC) value ranging from 0.64 to 0.77 (Figure S8). While the predictive linear regression model based on

the combination of the nine species could achieve an AUC of 0.83 with a confidence interval (CI) of 0.71–0.94 between MG and DG groups

to predictive the outcome of weight loss efficacy (Figure 6K). We then constructed predictive models for body weight change based on the

combination of nine discriminatory species and the predicted value and measured weight change had Spearman’s R of 0.77 (p < 0.001, Fig-

ure 6L). These data suggested that the relative abundance of gut microbiota at baseline can be a powerful predictor of weight loss outcome

after TRE intervention.
DISCUSSION

In this study, we assessed the role of gut microbiota in the heterogeneity of weight-loss effect during a 12-month TRE intervention. Based on

the shotgunmetagenomic data, the results demonstrated significant alterations in the composition and functions of gut microbiota between

MG and DG.More importantly, our predictionmodel revealed that the baseline gut microbiota profiles can predict the individual weight loss

outcomes before TRE interventions.
iScience 27, 110202, July 19, 2024 7



Figure 4. Associations between alterations of microbial species and changes of clinical indices

Heatmap of the Spearman’s correlation coefficients between changes in different clinical indices and taxonomic alterations caused by a 12-month TRE

intervention after adjustment for baseline measurements. *p < 0.05, and **p < 0.01. Only species significantly altered by a 12-month TRE intervention

(p < 0.05 by Wilcoxon signed-rank test) and with significant correlations (at least one p value <0.05) with changes of clinical indices were shown.
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TRE refers to time-restricted food consumption for a period of counted hours and allows daily fasting duration greater than 12 h, irrespec-

tive of altering the quality and quantity of nutrients.23 In fact, the host’s circadian and eating behavior might influence the community com-

positions and metabolic functions of gut microbiome.24 Human studies show that TRE enhances the richness of gut microbes and increases

abundances of many specific species correlated with weight control.17,18 In the present study, we failed to find the changes of diversity of gut

microbiota in post-TRE compared to pre-TRE. However, weight change was extremely different between individuals in our study. These par-

ticipants were divided into MG and DG based on their weight loss during TRE. We proposed that gut microbiota might influence the indi-

vidual’s responses to TRE intervention. Therefore, we further analyzed the compositions and functions in both MG and DG.

In our study, in line with the significant reductions of body weight in DG, the alterations of gut microbiota from baseline to 12-month in

DG were different from that in MG. The species Bacteroides intestinalis, Parabacteroides goldsteinii, Lachnospiraceae bacterium_1_1_

57FAA, Ruminococcaceae bacterium_D16, and Clostridium leptum enriched in DG were positively associated with the reduction of

body weight and obesity-related disorders.25–28 Previous study demonstrated that Ramadan-associated intermittent fasting was especially

associated with an upregulation of Ruminococcaceae and butyric acid—producing Lachnospiraceae in a manner that correlates to

improvement in human physiologic surrogate markers such as BMI.29 Lachnospiraceae and Clostridium leptum were the major bacterial

species which could produce butyrate in the human intestine.30 The microbiota-generated butyric acid, a highly bioactive compound, is

known to promote metabolic benefits through the modulation of gut-brain neural circuits.31 The alteration of microbiome may provide an

explanation for at least some of the different weight change among participants with intermittent fasting. Meanwhile, higher abundance of

Dorea_ unclassified, Bacteroides eggerthii, Coprobacillus_ unclassified, and Megamonas hypermegale, which were decreased in DG, were

reported to be correlated with the development of obesity and T2DM.32–34 In contrast to the beneficial change of microbial composition in

DG, Coprobacillus_ unclassified, and Escherichia_ unclassified that increased in MG positively correlated with obesity and T2DM develop-

ment. Proteobacteria phylum enriched in MG was associated with most metabolic diseases, such as obesity.35,36 Previous study indicates

that Proteobacteria can affect the production of metabolites as these bacteria contain enzymes necessary for the breakdown of

galactosides.37

To inferring how different gut microbes modulate the responses to weight-loss during TRE, we found that gut microbes in DG and

MG groups exhibited a clear segregation of functional variations and divergent pathway enrichment. Pathways involved in fatty acid

biosynthesis, glycogen biosynthesis, and nucleotide metabolism were preferentially decreased in DG and enhanced in MG. Glycogen

is a predominant carbohydrate reserve in various organisms, which provides energy for different life activities. Glucose and fatty acid

metabolism plays a crucial role in energy metabolism, which provides the energy required for life processes, such as growth and devel-

opment.38 However, great rates of glycogen and fatty acids synthesis are exhibited in obesity and plasma free fatty acids might cause

the hepatic glycogen content that is associated with obesity and insulin resistance.39 Similar with the study of high-fat diet fed mice,40 we

observed that the serum lipids levels were significantly decreased in TRE-DG and the expressions of genes involved in the bioenergetic

pathway were reversed in DG after TRE intervention. Furthermore, the role of amino acids metabolism is emerged to be involved in the

development of obesity and its related metabolic disorders. Blood amino acid concentrations of some essential amino acids and their

derivatives, in particular branch chain amino acids (BCAA), sulfur amino acids, tyrosine, and phenylalanine, are associated with obesity

and insulin resistance.41 Increased plasma concentration of histidine was also observed in cohort of obese T2DM women.42,43 Of note,

we found the histidine synthesis was increased in MG but decreased in DG. Meanwhile, gene related to cysteine biosynthesis was
8 iScience 27, 110202, July 19, 2024



Figure 5. Functional shifts of gut microbiota in moderate and distinct weight loss groups

(A) Principal coordinates analysis (PCoA) plot based on the Bray-Curtis distance in KEGG orthology(KO). The boxplot of samples discrete distribution on the

principal component (PC)1 and PC2 axis in KOs were also shown.

(B) Significantly altered pathways (p < 0.05) induced by TRE intervention in MG and DG, respectively. The tree demonstrates a functional hierarchy in the KEGG

pathway maps. Red and blue indicate increased and decreased relative abundance, respectively. The size of outer nodes reflected themagnitude of the change.

(C) Heatmap of the Spearman’s correlation coefficients between the differential KOs and taxonomic alterations caused by TRE intervention. *p < 0.05, and

**p < 0.01.

(D) Altered KOs involved in carbon metabolism and amino acids metabolism.
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decreased in DG, and did not change in MG, consisting with previous findings that increased cysteine availability may promote the

development of obesity.44,45

Due to the inconsistently responsiveness to the sameweight loss strategy, many studies previously reported that the individual’smetabolic

response to diets depended partly on baseline gut microbiome structures.46–48 High abundance of Blautia wexlerae and Bacteroides dorei at
iScience 27, 110202, July 19, 2024 9



Figure 6. Baseline microbial composition contributing to the classifier of moderate and distinct weight loss groups

(A) The importance of the species ranked according to their contribution to the predictive model built by Random Forest. (B–J) The relative abundance of

(B) Bacteroidales_bacterium_ph8, (C) Collinsella_aerofaciens, (D) Escherichia_unclassified, (E) Lachnospiraceae_bacterium_5_1_63FAA, (F) Megamonas_

hypermegale, (G) Megamonas_unclassified, (H) Ruminococcus_lactaris, (I) Subdoligranulum_unclassified, and (J) Veillonella_unclassified at baseline.

*, p < 0.05 by Wilcoxon rank-sum test.

(K) The receiver operating characteristic (ROC) curves and area under curve (AUC) of the nine-species-based algorithm for the discrimination between moderate

and distinct weight loss efficacy.

(L) Comparison of the association strength between the true and predicted body weight change based on the nine species.
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baseline were regarded as important predictors for weight loss in calorie restriction intervention.46 The baseline Prevotella-to-Bacteroides

(P/B) ratio was validated to be an important biomarker associated with dietary weight loss.49 Recently, higher relative abundance of Bacter-

oidaceae Bacteroides at baseline was proposed to contribute to superior weight loss after low-carbohydrate diet intervention.47 However,
10 iScience 27, 110202, July 19, 2024
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data from the study of low-energy diet suggested that baseline microbiota was not predictive of changes in clinical measures related to

glucose metabolism.50 In our study, we found that gut microbe profiles were different between participants in MG and DG at baseline,

and we built a predictive linear regression model to predict weight loss efficacy according to the baseline microbial signatures. The differ-

ential microbial species between MG and DG at baseline were the contributors to the prediction model that achieved an AUC value of

0.83 to predict the outcome of weight loss efficacy. Among these, baseline abundance of unclassified Escherichia,Megamonas hypermegale,

and unclassified Megamonas were present negatively correlated with body weight, body fat, and waist circumference change. Some studies

have also proved that an obvious increase inMegamonas abundancewas observed in the gutmicrobial profile in obesity,51,52 and somemem-

bers of Megamonas can produce acetic and propionic acids, which have been discovered to be substrates for the formation of lipogenesis

and cholesterol in rodents.53 Especially, theMegamonas species had positive relationships with K01838 and K06896, which contribute to the

pathways responsible for the biosynthesis of glycogen.

This study illustrated that gut microbiota might contribute to different individual responsiveness during a TRE intervention. After a

12-month intervention, the changes of gut microbial composition were different between DG andMG.Of note, we found baseline gut micro-

biota signatures might be a strong predictor to evaluate individualized weight-loss efficacy before TRE intervention. In the future, gut micro-

biota may help to guide the clinical application of TRE intervention to develop personalized weight loss strategies.
Limitations of the study

The strengths of this study were relatively long duration of TRE intervention and the high percentage diet adherence of participants. This

study also has some limitations. Firstly, some samples missed data of the information about stool collection timing, we cannot exclude

the possibility that natural temporal fluctuation of the gut microbiota. Secondly, a relatively small sample size of this study due to some par-

ticipants did not provide stool samples or exhausted samples. The findings should be further validated in a larger cohort in the future. Thirdly,

although alterations of gut microbiota in DG were observed after TRE intervention, further animal study is needed to validate the beneficial

effects of these bacteria based on our findings. Fourthly, metabolomics profiling should be performed to explore themechanisms of how gut

microbes modulating the responses of weight-loss during TRE.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

QIAamp DNA stool mini kits Qiagen N/A

Illumina HiSeq 4000 platform Illumina N/A

Deposited data

The datasets and metadata related to this study have

been deposited in the NCBI Sequence Read Archive

This paper BioProject number PRJNA988962

Software and algorithms

R package R CRAN https://www.r-project.org/

SAS (Version 9.4) SAS Viya https://www.sas.com/
RESOURCE AVAILABILITY

Lead contact

Further information should be directed to and will be fulfilled by the lead contact, Huijie Zhang (huijiezhang2005@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All sample data of metagenome sequencing data have been deposited in BioProject database. Accession numbers are listed in the key re-

sources table. They are publicly available as of the date of publication. This paper does not report original code. Any additional information

required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study population and ethics approval

TREATY trial was a randomized clinical trial that assessed the effects of 8-h time-restricted eating (TRE) with calorie restriction as compared

with daily calorie restriction alone on weight loss among obese patients.3 In this study, 69 obese participants assigned to TRE intervention

were required to eat only between 8:00 a.m. to 4:00 p.m. for 12 months. These were aged 18–75 years, body mass index (BMI) between

28 and 45 kg/m2, and predominantly Asian. Subjects were excluded if pregnant, smoking, or with acute or chronic viral hepatitis, dysregulated

thyroid functions, malignant tumors, diabetes, severe liver dysfunction, and chronic kidney disease, subjects have serious cardiovascular or

cerebrovascular disease within 6 months before randomization, or severe gastrointestinal diseases, gastrointestinal surgery within the past

12 months before randomization were also excluded. Finally, 51 participants who had provided stool were included in this analysis. The trial

was registered at ClinicalTrial.gov (NCT03745612) and overseen by a steering committee. The protocol was approved by the institutional re-

view board at Nanfang Hospital of Southern Medical University. All the participants provided written informed consent.

METHOD DETAILS

Diet

During the 12 months of the trial, the men were instructed to follow a diet of 1500–1800 kcal/day and the women to follow a diet of

1200–1500 kcal/day. According to the dietary guidelines of Chinese residents, the diet included 40–55% of calories from carbohydrates,

15–20% of calories from protein, and 20–30% of calories from fat. Participants received dietary counseling conducted by trained health

coaches for the whole duration of the trial. Participants kept a dietary log, photographed the food they ate, and noted the time at which

they ate via a custom mobile study application (app). Two researchers assessed participants’ mealtimes and their dietary intake on the basis

of the nutrient content shown on the Chinese Food Composition Table. Participants received follow-up telephone calls or an App message

twice per week, and met with the health coach individually every 2 weeks to assess their adherence to the program and to achieve person-

alized energy targets for weight loss in the first 6 months. During the last 6-month intervention, participants were instructed to maintain their

diet regimens and write their dietary log and record food picture andmealtime three times per week, and received follow-up telephone calls

or an App message once per week and met with the health coach monthly. All participants were instructed to maintain their usual daily
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physical activity throughout the trial. Compliance to the dietary intervention was defined according to the number of days that a participant

met the requirements of the assigned diet. Participants in the TRE group were required both to eat within the prescribed time period and to

meet the daily caloric-intake goal.

Anthropometric and clinical measurements

Anthropometric characteristics including body weight, height, circumference index, and blood pressure were measured by trained investi-

gators according to standard operation procedures. Body composition was assessed by whole-body dual radiography system (Lunar

iDXA, GEHealthcare). Abdominal fat areas (total, visceral and subcutaneous) were obtained bymeans of computed tomography (Revolution,

GE Healthcare) at the level of the fourth and fifth lumbar vertebrae. Liver fats were evaluated by transient elastography (FibroScan 502 Touch,

Echosens). Blood samples were taken for the determination of metabolic risk factors as follows: serum lipid profiles including high-density

lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), triglyceride, and total cholesterol; glucometabolic index

including serum glucose and insulin, glycated hemoglobin and glucose 120 min after administration of a glucose product. Insulin resistance

index was calculated using homeostatic model assessment for insulin resistance (HOMA–IR), defined as fasting insulin (mU/mL) 3 fasting

glucose (mmol/L)/22.5.

Responsiveness of weight loss over 12 months

According to the guideline for the management of obesity in adults, a goal of approximately 5%–10% of initial weight was recommended to

reduce cardiovascular risk factors, larger weight losses produce greater benefits.2 Two groups were defined based on relative weight changes

in 12 months: the moderate weight loss group (MG, weight loss <10%) and the distinct weight loss group (DG, weight loss R10%).

Fecal DNA extraction and sequencing

The fecal samples were frozen immediately at�80�C or briefly stored by participants in�20�C freezers before being transported to the study

center within 12 h on ice, then stored at �80�C until processing. Microbial DNA extraction of fecal samples was performed according to the

instructions of the QIAamp DNA stool mini kits (Qiagen, Germany). All samples were sequenced on the Illumina HiSeq 4000 platform

(Illumina, San Diego, California, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Metagenomics analysis

The metagenomics data were analyzed using R software. R package ‘vegan’ was used to calculate the alpha diversity (Shannon index, Simp-

son index and richness index). Beta diversity was computed on Bray-Curtis distance and estimated in two-dimensional space in the R pack-

ages ‘vegan’ and ‘ggplot2’. Two-tailed Wilcoxon rank-sum tests or Wilcoxon signed-rank tests were used for unpaired and paired samples

respectively and adjusted by Benjamini-Hochberg correction when multiple comparisons were applied. Multivariate analysis ADONIS test

was performed using R vegan package for 999 permutations. The co-abundance network analysis was conducted at the species level for sam-

ples before and after 6-month, 12-month TRE intervention respectively. All nodes were colored at the phylum level (isolated nodes were

excluded), and edges were estimated by Spearman’s rank correlation coefficient (abs[r] > 0.6, p < 0.05). To estimate the importance of

each taxon, random forest analysis was incorporated to probe key signature microbiota by the R package ‘RandomForest’. Spearman’s cor-

relation analysis was performed to investigated the relationship between the abundance changes of significantly alteredgutmicrobial species

and changes in clinical indices. The functional annotation to Kyoto Encyclopedia of Genes and Genomes (KEGG) Orthology (KO) was

performed through the combinatorial use of DIAMOND and KOBAS 2.0 annotate program. Bray-Curtis dissimilarity was used to evaluate

functional diversity between samples. Pathway abundances were estimated by summing up the abundances of all genes present in the cor-

responding pathways (KEGG accessed in January 2023). Differentially altered KEGG pathways were identified using Wilcoxon signed rank

test. All p values were two-tailed, and p < 0.05 was regarded to be statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001.

Other statistical analysis

Clinical data were analyzed using SAS software. Participants’ baseline characteristics were presented as meanG SD or median (interquartile

range). The group comparison of baseline measurements was conducted with the general linear model for continuous variables and the chi-

square test for categorical variables. Point estimates and standard errors of the changes from baseline were obtained and tested for differ-

ences between groups using the PROC MIXED procedure controlling for the baseline measurements in SAS statistical software, version 9.4

(SAS Institute). We use themixed-effects model with an autoregressive correlation matrix to correct for the correlations of repeatedmeasure-

ments. Data were presented as least-squares means with 95% confidence intervals for continuous variables. All p values were two-tailed, and

p < 0.05 was regarded to be statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001.

ADDITIONAL RESOURCES

The trial was registered at ClinicalTrial.gov (NCT03745612).
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