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Timing of unsaturated fat intake improves
insulin sensitivity via the gut microbiota-bile
acid axis: a randomized controlled trial

Chunbo Wei 1, Xiaoqing Xu1, Jia Zhang1, Xuanyang Wang1, Tianshu Han 1,
Yingfeng Zhang1, Sijia Pan1, Zhu Ming1, Ran Li2, Fengge Lou3, Yu Cheng3,
Huan Xu4, Xingyuan Sun5, Guannan Geng6, Yujun Pan7, Qianmin Liu1, Haitao Qi1,
Xuemin Yan1, Keke Dang1, Jiaofeng Zhou1, Changhao Sun 1 & Ying Li 1

The timing of dietary total fat intake influences glucose homeostasis, however,
the impact of unsaturated fat (USFA) intake has yet to be explored. This 12-
week, double-blind, randomized, controlled, 2 × 2 factorial-designed feeding
trial investigated the effects of timing (lunch or dinner) and types of dietary
USFA (high monounsaturated fat or polyunsaturated fat diet) intake on glu-
cose metabolism in seventy prediabetes participants (mean age, 57 years).
Sixty participants with completed fecal samples were included in the final
analysis (n = 15 for each group). Postprandial serum glucose was first primary
outcome, postprandial insulin levels and insulin sensitivity indices were co-
primary outcomes Secondary outcomes were continuous glucose levels,
serum fatty acid profile, gut microbiome (metagenomic sequencing) and fecal
metabolites. Results showed no significant differences in postprandial glucose
between groups. However, USFA intake at lunch (vs. dinner) improved insulin
sensitivity and reduced postprandial insulin and serum free saturated fatty
acid (Ptiming < 0.05, Ptype > 0.05, Pinteraction > 0.05), which was associated with
alterations in gut microbiome and bile acid metabolism, regardless of USFA
type. In summary, these results suggest that advancing timing of USFA intake
improves insulin sensitivity through the gut microbiome and bile acid meta-
bolism. Trial registration: ChiCTR2100045645.

Lifestyle modification, particularly dietary intervention, is the most
effective way to prevent the progression from prediabetes to type 2
diabetes (T2DM)1. Despite the well-recognized benefits of unsaturated
fat (USFA) on insulin sensitivity and glycemic control, controversy
remains regarding which of the two types of USFAs, namely

monounsaturated fat (MUFA) versus polyunsaturated fat (PUFA), pri-
marily contribute to these effects. Some isocaloric feeding trials eval-
uating the impact of dietary macronutrient composition on glucose-
insulin homeostasis have reported that PUFA is superior to MUFA in
reducing fasting glucose, HbA1C and serum lipids2. Conversely,
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another meta-analysis of patients with diabetes indicates that MUFA-
rich diets offer advantages in improving glycemic control over PUFA-
rich diets3. Yet neither the effects of different types of USFAs on gly-
cemic control nor the possible mechanisms for their difference have
been clarified.

Accumulating evidence suggests that the timing of fat intake play
an important role in the progression of insulin resistance and T2DM.
Fat intake could entrain the diurnal oscillation of genes and metabo-
lites involved in glucose and lipid metabolism4. High-fat diets disrupt
the circadian clock in the liver and diurnal fluctuation of gut micro-
biota, leading to obesity and insulin resistance5. While modulating the
timing or daily distribution of fat intake produced metabolic benefits
in both animal and human studies6,7. Epidemiological studies found
that replacing 5% of USFAs consumed at dinner with an equivalent
amount of USFAs at breakfast was associated with lower diabetes
mortality8. In a 7-day trial, Froy and colleagues also found that con-
suming more calories at breakfast compared to dinner resulted in
improved postprandial glucose and insulin sensitivity in participants
with diabetes9. However, whether and how timing of different types of
USFA influence the insulin sensitivity and glycemic control remain
obscure.

The gut microbiota, which can be influenced by dietary fats10, has
been verified to play an important role in the pathomechanism of
T2DM11. Moreover, emerging studies have reported that the gut
microbiota exhibits robust circadian rhythms12–16. However, a cohort
study found that the circadian rhythms of gut microbial composition
and function are disrupted in T2DM17. Recently, a modulatory effect of
the chrononutrition on the gut microbiota has been observed in both
humans and animals. Early calorie loading (before 15:00) enhances gut
microbial richness in healthy volunteers18. Similarly, restricted calorie
intake during the active phase increases the abundance of an obesity-
protective microbiome in rodents19. Remodeling the gut micro-
environment is considered a key intervention in the treatment of
metabolic diseases, such as insulin resistance and T2DM. However, if
the gut microbiome responds differently to the intake timing of the
two types of USFA is not elucidated.

In this work, we performed a 12-week randomized, controlled,
factorial-designed feeding trial in subjects with prediabetes, followed
by metagenomics and metabolomics analyses and fecal transplanta-
tion to mice, to investigate the effect of timing and types of USFA
intake on glucose metabolism, insulin sensitivity, and to elucidate the
potential role of the gutmicrobiome in this process. Herewe show the
timing of USFA intake influences insulin sensitivity, and this is medi-
ated by gutmicrobiome-mediated bile acidmetabolism,while the type
does not.

Results
Participants
Among 475 participants screened, 172 were identified as potentially
qualified based on their serum glucose levels, and their serum fatty
acids profile weremeasured to evaluate their eligibility for the trial. A
total of 70 eligible participants agreed to participant in this trial, and
were randomly assigned to one of four groups: MUFA-rich diet at
lunch (HM-L), MUFA-rich diet at dinner (HM-D), PUFA-rich diet at
lunch (HP-L), and PUFA-rich diet at dinner (HP-D). Finally, 60 parti-
cipants (mean ± SD: age, 57.2 ± 8.1 years; weight, 67.5 ± 9.3 kg; BMI,
26.4 ± 2.6 kg/m2) with complete gut microbiome data were included
in the final analysis (N = 15 for each group, Supplementary fig. 1).
Baseline characteristics, including demographics, anthropometry,
and biochemical indexes, were well-balanced across the four groups
(Table 1). Habitual daily energy and macronutrient intake were also
comparable among the groups (Supplementary fig. 2A). Additionally,
baseline characteristics were similar between completers and non-
completers (Supplementary Table 1).

Changes in main and secondary outcomes
After a 12-week intervention, both the timing of USFA intake and the
specific type of USFA did not influence postprandial glucose levels,
Area under the curve (AUC) of glucose levels, and AUC of insulin levels
(all På 0.05, Table 2). While USFA-rich diet at lunch (HU-L, USFA-rich
diet at lunch, which included HP-L and HM-L) significantly decreased
postprandial insulin levels (18.00 ± 13.59, 32.54± 17.06, 11.01 ± 5.23 and
34.80± 25.97mIU/mL for HP-L, HP-D, HM-L and HM-D, respectively)
and improved the insulin sensitivity indexes, such as Gutt index
(107.12 ± 29.07, 79.86 ± 14.56, 112.15 ± 15.06 and 86.92 ± 27.68 for HP-L,
HP-D, HM-L and HM-D, respectively) and the Stumvoll index
(0.105 ± 0.013, 0.094 ±0.013, 0.108 ± 0.011 and0.092 ± 0.019 forHP-L,
HP-D, HM-L and HM-D, respectively), compared with USFA-rich diet at
dinner (HU-D, USFA-rich diet at dinner, including HP-D and HM-D)
(Ptiming = <0.001, 0.003 and 0.003, respectively, Fig. 1B & Table 2). No
differencewas found in groups consuming diets rich in different types
of USFA (all Ptype > 0.05, Fig. 2B). Furthermore, the increase in Gutt
index and Stumvoll index from baseline to 12 weeks was also sig-
nificantly greater in theHU-L groups thanHU-Dgroups (Ptiming = 0.005
and Ptiming = 0.020, respectively, Fig. 1C). In termsof diets rich inMUFA
or PUFA, there were no significant effects on insulin levels or insulin
sensitivity (Fig. 1C).

No difference was found in calculated parameters from con-
tinuous glucosemonitor (CGM) at baseline (Supplementary fig. 2B). At
the end of intervention, mean glucose levels fromCGMdata tended to
be lower in HU-L groups than in HU-D groups (Ptiming = 0.089, Fig. 2A).
Moreover, mean amplitude of glycemic excursion (MAGE) and the
AUCof glucose levelsduring sleep tended tobe smaller inHU-L groups
than in HU-D groups, although not significant (Ptiming = 0.125 and
0.072, respectively Fig. 2B). No such tendency was found in groups
consuming diets rich in different types of USFA (Fig. 2B & Supple-
mentary fig. 2C).

Although the serum triglycerides, total cholesterol, HDL-c, LDL-c
did not differ among groups (Table 2), HU-L led to a significant
decrease in serum saturated fatty acid (SFA) percentage, compared
withHU-D (Ptiming < 0.001, Ptype = 0.667, Pinteraction = 0.432, Fig. 2C). HU-
L groups showed decreased levels of myristic acid (C14:0), palmitic
acid (C16:0) and stearic acid (C18:0) compared with HU-D (all
Ptiming < 0.05, Fig. 2C).

Changes in diversity and composition of the gut microbiome
No significant differences in microbial richness (Chao1 index), even-
ness (Shannon index) or taxonomic composition (Bray-Curtis dissim-
ilarity) wereobserved across the four groups at baseline (Fig. 3A). After
the 12-weeks intervention, the HU-L groups exhibited a significant
increase in microbial richness compared to HU-D groups, but no
change in microbial evenness (Fig. 3A). A notable difference in taxo-
nomic composition was observed between groups with different tim-
ing of USFA intake, but not between those with diets rich in MUFA or
PUFA (Fig. 3B).

Touncover taxapotentially associatedwith timingofUSFA intake,
we performed a Multivariate Analysis by Linear Models (MaAsLin2).
After the 12-week intervention, we observed differential abundance
patterns at the family levels, with no differences at baseline. Specifi-
cally, the HU-L groups exhibited a decrease in Lachnospiraceae
(belonging to Firmicutes) and an increase in Prevotellaceae (belonging
to Bacteroidetes) compared to the HU-D groups, after adjusting for
baseline age, sex and BMI (Fig. 3C, D).

Within the Lachnospiraceae family, species such as Enterocloster
bolteae and Ruminococcus gnavus increased in the HU-D groups after
the 12-week intervention compared to baseline. Additionally, Rumi-
nococcus gnavus Enterocloster hominis, Eubacterium rectale, were less
abundant in HU-L groups than in HU-D groups at week 12 (Fig. 3E &
Supplementary fig. 3). In contrast, Species in Prevotellaceae family,
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including Prevotella stercorea, Segatella sinensis and Segatella copri
were more abundant in HU-L groups compared to HU-D groups at
week 12 (Supplementary fig. 3 & Supplementary data file).

Other changes included an increase in Erysipelatoclostridium
ramosum, a taxa often linked to obesity, infection, and Crohn’s
disease20–22, following the HM-D intervention. This resulted in higher

abundance in the HM-D group compared to the HM-L group by week
12 (Fig. 3E & Supplementary fig. 3). In contrast, species that contribute
to anti-inflammatory effects and intestinal barrier function, such as
Holdemanella biformis23, and Ruminococcus callidus24 were more
abundant in the HU-L groups than in the HU-D groups (Supplementary
fig. 3 & Supplementary data file).

Table 1 | Measurable indicators and biochemical parameters at baseline

HP-L HP-D HM-L HM-D P Value

Age (years) 57.80 ± 10.20 57.60 ± 4.70 54.87 ± 9.48 58.47 ± 7.12 0.464

Female, n (%) 11 (73.3) 11 (73.3) 11 (73.3) 11 (73.3)

Body weight (kg) 67.68 ± 11.30 66.00± 8.35 69.73 ± 10.65 66.48 ± 6.76 0.928

BMI (kg/m2) 25.84 ± 2.35 26.45 ± 2.51 26.83 ± 2.49 26.41 ± 3.17 0.746

Fat mass% 31.41 ± 3.94 32.79 ± 5.60 31.21 ± 5.08 32.22 ± 7.13 0.621

Fasting glucose (mg/dL) 101.82 ± 15.40 101.70 ± 11.43 102.29 ± 15.08 104.64 ± 17.50 0.944

Postprandial glucose (mg/dL) 135.62 ± 10.50 143.84 ± 18.76 143.39 ± 21.69 149.36 ± 25.07 0.092

AUCglucose (mg/dL*h) 307.78 ± 39.19 331.05 ± 45.10 332.05 ± 51.19 331.51 ± 74.57 0.437

HbA1c (%) 6.06 ± 0.27 6.23 ± 0.28 6.19 ± 0.20 6.30 ±0.52 0.432

HbA1c (mmol/mol) 42.72 ± 2.91 44.53 ± 3.07 44.16 ± 2.13 45.29 ± 5.69 0.432

Fasting insulin (mIU/mL) 6.28 ± 2.90 5.84 ± 2.57 6.38 ± 3.47 8.23 ± 4.95 0.283

Postprandial insulin (mIU/mL) 21.04 ± 13.30 35.95 ± 29.58 32.57 ± 19.69 34.94 ± 25.08 0.382

AUCinsulin (mIU/mL*h) 66.02 ± 37.05 65.31 ± 27.03 78.52 ± 54.72 83.11 ± 36.17 0.513

Gutt index 91.74 ± 24.47 79.14 ± 22.40 80.50 ± 22.41 80.05 ± 37.10 0.264

Stumvoll index 0.101 ± 0.011 0.090 ±0.019 0.092 ±0.016 0.091 ± 0.019 0.366

Triglycerides (mmol/L) 1.25 ± 0.46 1.98 ± 3.02 1.26 ± 0.78 1.80 ± 1.31 0.178

Total cholesterol (mmol/L) 5.38 ± 1.34 5.58 ± 1.37 5.24 ± 1.19 5.56 ±0.90 0.814

HDL-c (mmol/L) 1.46 ± 0.29 1.42 ± 0.39 1.43 ± 0.29 1.53 ± 0.23 0.517

LDL-c (mmol/L) 3.28 ± 1.20 3.29 ± 1.31 3.18 ± 1.02 3.26 ±0.63 0.972

Values are presented as mean ± SD. HP-L high polyunsaturated fat diet at lunch, HP-D high polyunsaturated fat diet at dinner, HM-L high monounsaturated fat diet at lunch, HM-D high mono-
unsaturated fat diet at dinner, BMI body mass index, AUCglucose area under the curve of glucose, HbA1c glycated hemoglobin A1c, AUCinsulin area under the curve of insulin, HDL-c high-density
lipoprotein cholesterol,LDL-c low-density lipoprotein cholesterol.Analyseswereperformedusingone-wayANOVA (two-sided) followedbypost hocBonferroni test for normally distributeddata and
Kruskal-Waillis test (two-sided) followed by Dunn’s multiple comparison’s test for non-normally distributed data, χ2 test (two-sided) was for categorical data.

Table 2 | Measurable indicators and biochemical parameters at the end of intervention

HP-L HP-D HM-L HM-D Ptiming Value Ptype Value Pinteraction Value

Body weight (kg) 65.56 ± 10.26 64.90 ± 8.83 66.48 ± 10.60 65.68 ± 5.73 0.811 0.815 0.977

BMI (kg/m2) 25.07 ± 2.45 25.96 ± 2.37 25.59 ± 2.78 26.11 ± 2.96 0.591 0.882 0.789

Fat mass% 31.29 ± 4.42 32.24 ± 5.32 30.72 ± 4.61 33.41 ± 6.89 0.178 0.555 0.536

Fasting glucose (mg/dL) 94.48 ± 9.89 96.13 ± 10.98 92.03 ± 8.07 94.57 ± 13.14 0.517 0.691 0.873

Postprandial glucose
(mg/dL)

127.42 ± 15.85 133.44 ± 17.48 128.35 ± 18.44 131.80 ± 17.55 0.589 0.796 0.774

AUCglu (mg/dL*h) 276.89 ± 26.99 315.65 ± 50.01 299.16 ± 38.24 291.59 ± 46.44 0.618 0.117 0.034

HbA1c (%) 6.05 ± 0.23 6.21 ± 0.22 6.10 ± 0.20 6.23 ± 0.45 0.237 0.820 0.869

HbA1c (mmol/mol) 42.61 ± 2.54 44.31 ± 2.44 43.16 ± 2.23 44.58 ± 4.96 0.235 0.818 0.871

Fasting insulin (mIU/mL) 6.39 ± 2.94 6.87 ± 2.75 6.92 ± 3.47 7.87 ± 4.23 0.447 0.422 0.787

Postprandial insulin
(mIU/mL)

18.00± 13.59 32.54 ± 17.06 11.01 ± 5.23 34.80 ± 25.97 <0.001* 0.719 0.301

AUCins (mIU/mL*h) 64.19 ± 46.50 71.46 ± 38.14 60.02 ± 34. 26 74.18 ± 50.25 0.369 0.862 0.756

Gutt index 107.12 ± 29.07 79.86 ± 14.56 112.15 ± 15.06 86.92 ± 27.68 0.003* 0.397 0.863

Stumvoll index 0.105 ±0.013 0.094 ±0.013 0.108 ±0.011 0.092 ±0.019 0.003* 0.690 0.457

Triglycerides (mmol/L) 1.42 ± 0.60 1.56 ±0.88 1.43 ± 0.85 1.54 ± 0.70 0.711 0.934 0.924

Total cholesterol (mmol/L) 5.18 ± 1.27 5.43 ± 1.31 5.03 ±0.85 5.01 ± 0.72 0.966 0.292 0.638

HDL-c (mmol/L) 1.44 ± 0.25 1.46 ±0.41 1.48 ± 0.36 1.42 ± 0.30 0.632 0.747 0.634

LDL-c (mmol/L) 3.15 ± 1.13 3.34 ± 1.09 3.02 ±0.62 2.96 ±0.63 0.862 0.249 0.599

Values are presented as mean ± SD. HP-L high polyunsaturated fat diet at lunch, HP-D high polyunsaturated fat diet at dinner, HM-L high monounsaturated fat diet at lunch, HM-D high mono-
unsaturated fat diet at dinner, BMI body mass index, AUCglucose area under the curve of glucose, HbA1c glycated hemoglobin A1c, AUCinsulin area under the curve of insulin, HDL-c high-density
lipoprotein cholesterol, LDL-c low-density lipoprotein cholesterol. Analysis was done using three-way repeated measures ANOVA (two-sided) followed by post hoc Bonferroni test. *P <0.05.

Article https://doi.org/10.1038/s41467-025-58937-6

Nature Communications |         (2025) 16:4211 3

www.nature.com/naturecommunications


Although the overall taxonomic composition remained largely
similar between the HM-L and HP-L groups, significant species turn-
overwasobserved in response to types ofUSFA intake. Specifically, the
12-week HP-L intervention led to a decrease in species that ameliorate
obesity and diabetes, such as Bifidobacterium longum25 and Blautia
wexlerae26 (Supplementary fig. 3). In contrast, the 12-week HM-L

intervention increased species with beneficial effects on insulin resis-
tance, such as Alistipes indistinctus27 (Supplementary data file).

After adjusting for multiple comparisons, ten species within the
Lachnospiraceae and Prevotellaceae family were identified affected by
intake timing of USFA with FDR <0.20. Among the differentially
abundant species,Ruminococcus gnavuswasalso increased in theHP-D

Article https://doi.org/10.1038/s41467-025-58937-6

Nature Communications |         (2025) 16:4211 4

www.nature.com/naturecommunications


groups after the 12-week intervention (FDR =0.087). No species
affected by type of USFA passed the FDR correction. Furthermore, we
analyzed results that combined groups with higher MUFA or PUFA
consumption at the samemealtime since the effect of type of USFA on
glycemic control and gut microbiome in this study was relatively
minor. Ruminococcus gnavus was also identified as a key species
(FDR =0.027, Supplementary fig. 4 & Supplementary data file).

We subsequently aimed to enhance our understand of the
bacterial-phenotype associations by conducting a spearman correla-
tion analysis of all significant bacterial species with clinical pheno-
types, with adjustment for age, sex and BMI. Our findings revealed
several species within Lachnospiraceae family exhibited negative cor-
relations with glycemic control parameters. Specifically, Enterocloster
bolteae was negatively correlated with Stumvoll index and positively
correlated with serum C14:0, C16:0 and C18:0 concentrations. Rumi-
nococcus gnavus was negatively correlated with both Gutt index and
Stumvoll index, while positively correlating with postprandial glucose
levels. Additionally, Eubacterium rectale was found to positively cor-
related with fasting glucose levels and serum C14:0 concentrations. In
contrast, Prevotella stercorea, a member of the Prevotellaceae family,
was negatively correlated with postprandial insulin levels (Fig. 3F).

Furthermore, Bacteroides fragilis, amember of theBacteroidaceae
family, was observed to increase in the HP-D group by week 12 com-
pared to baseline. This species, known to decrease following metfor-
min treatment28, showed a positive association with fasting glucose
levels. Additionally, the Clostridiaceae family, reported to play an
important role in insulin resistance associated with statin use29, was
presented by two species in this study: Clostridium sp.AF32-12BH,
Clostridium sp.AF20-17LB. Both species decreased in theHP-Dgroupby
week 12 compared to baseline and exhibited positive correlations with
the Gutt index.

Changes in gut microbiome functional pathways
To determine whether shifts in microbial composition translated into
functional capacity, we profiled functional features of the gut micro-
biomeutilizing theMetaCyc database.We compared the abundanceof
MetaCycmetabolicpathways after log transformation and adjusted for
age, sex and BMI using -MaAsLin2. A total of 129 MetaCyc metabolic
pathways involved in fatty acid and lipids degradation, carbohydrates
biosynthesis, amino acids biosynthesis, secondary metabolites bio-
synthesis and degradation were differentially represented between
HU-L andHU-Dgroups (119 pathways for HP-L vsHP-D and 11 pathways
for HM-L vs HM-D). Pathways associated with carbohydrate metabo-
lism, known to be enriched in diabetes30, were less abundant in theHU-
L groups compared to the HU-D groups. For instance, we noted a
reduced abundance of glycogen biosynthesis I (from ADP-D-Glucose,
GLYCOGENSYNTH-PWY), 1,5-anhydrofructose degradation (PWY-
6992), D-galactose degradation I (Leloir pathway, PWY-6317), pentose
phosphate pathway (non-oxidative branch I, NONOXIPENT-PWY) in
the HU-L groups (Supplementary data file).

Additionally, functional pathways associated with the biosynth-
esis of saturated fatty acids, which may potentially contribute to
insulin resistance, were less abundant in the HU-L groups than in the
HU-D groups. These pathways include the superpathway of fatty acid
biosynthesis initiation (E.coli, FASYN-INITIAL-PWY), fatty acid salvage

(PWY-7094), CDP-diacylglycerol biosynthesis I (PWY-5667), CDP-
diacylglycerol biosynthesis II (PWY0-1319). Furthermore, functions
related to the production of lipopolysaccharides (LPS)31, namely GDP-
D-glycero-alpha-D-manno-heptose biosynthesis (PWY-6478) and
superpathway of (Kdo)2-lipid A biosynthesis (KDO-NAGLIPASYN-
PWY), were also downregulated in the HU-L groups compared to the
HU-D groups (Supplementary data file).

We then examined the correlation between microbial functional
pathways and clinical phenotypes to evaluate the role of these func-
tions in glycemic control. As anticipated, Glycogen biosynthesis I
(from ADP-D-Glucose, GLYCOGENSYNTH-PWY), D-galactose degrada-
tion I (Leloir pathway, PWY-6317), pentose phosphate pathway (non-
oxidative branch I, NONOXIPENT-PWY) exhibited positive correlations
with postprandial glucose andpostprandial insulin levels, andnegative
associationswithGutt index and Stumvoll index (Fig. 4A). Additionally,
CDP-diacylglycerol biosynthesis I (PWY-5667), CDP-diacylglycerol
biosynthesis II (PWY0-1319) were positively associated with post-
prandial insulin levels and serum SFA concentrations, and negatively
associated with Gutt index (Fig. 4A). Furthermore, the abundance of
Enterocloster bolteae, Ruminococcus gnavus, Bacteroides fragilis, Erysi-
pelatoclostridium ramosum showed positive associations with these
pathways, whereas Clostridium sp.AF32-12BH displayed negative asso-
ciations (Fig. 4B).

Intake timing and type of USFA alters fecal metabolites
For further insight into the effects of the timing and type of USFA
intake on the metabolism of the human host and the commensal
intestinal microbiome, we performed a targeted metabolomics ana-
lysis of fecal samples collected before and after the intervention. A
total of 546 fecal metabolites were measured. The timing of USFA
intake exhibited distinct influences on the overall metabolite changes
(Fig. 5A). Concurrently, the type of dietary USFA intake significantly
affected the changes in the overall metabolite profiles (Fig. 5A).

At the individual metabolite level, the timing of MUFA intake
(bothHM-LandHM-D) altered67metabolites (P <0.05, FDR >0.20) by
week 12 compared to baseline. Similarly, the timing of PUFA intake
(both HP-L and HP-D) affected 109 metabolites (of which 79 metabo-
lites were P < 0.05, FDR <0.20) by week 12 compared to baseline.
Furthermore, we identified 21 metabolites in the MUFA groups and 54
metabolites in the PUFA groups that were influenced by the timing of
intake at the end of the intervention (P <0.05, FDR >0.20), despite
showing no differences at baseline (P > 0.05, FDR >0.20). These
metabolites encompass amino acid and its derivatives, organic acid
and its derivatives, and bile acids (Supplementary data file). In terms of
the type of USFA intake, 14metabolites differed between theHM-L and
HP-L group. Beneficial metabolites such as 2-Aminoisobutyric Acid,
2-Aminooctanoic acid and Indole-3-glyoxylic acidweremore abundant
in HM-L group than in HP-L group (FDR >0.20, Supplementary
data file).

Spearman correlation analyses revealed multiple significant cor-
relations between the identified metabolites and clinical parameters.
Bile acids (BA), including glycochenodeoxycholic acid and taurocholic
acid, Lysophosphatidylcholine (LPC), including 1-Myristoyl-sn-glycero-
3-phosphocholine and 1-Palmitoyl-sn-glycero-3-phosphocholine, were
positively correlated with postprandial insulin levels and negatively

Fig. 1 | Study design and changes in glycemic control. A Overall trial design
(created in BioRender. Xu, X. (2025) https://BioRender.com/s17o93p). B Dynamic
changes of postprandial glucose level, postprandial insulin level, Gutt index,
Stumvoll index of each group at baseline and 4, 8, 12 weeks after intervention. Data
are presented as mean ± SD. P values using three-way repeated measures ANOVA
(two-sided) followed by post hoc Bonferroni test were displayed. The exact Ptiming

value for the postprandial insulin levels was 0.000361. P values were colored red if
significant. Number of participants: n = 15 for each group. C Changes of post-
prandial glucose level, postprandial insulin level, Gutt index, Stumvoll index at

week 12 from baseline. Data are shown as box-and whisker plots, centre line, box
boundaries, lower and upperwhisker represent themedian, quartile,minimumand
maximum range respectively. P values using two-way ANOVA (two-sided) followed
by post hoc Bonferroni test were displayed. Number of participants: n = 15 for each
group. MUFA:monounsaturated fatty acid; PUFA: polyunsaturated fatty acid; HP-L:
high polyunsaturated fat diet at lunch; HP-D: high polyunsaturated fat diet at din-
ner; HM-L: high monounsaturated fat diet at lunch; HM-D: high monounsaturated
fat diet at dinner. TE: total energy.
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Fig. 2 | Daily glucose profile and serum fatty acid profile. A Twenty-four-hour
temporal profile of glucose levels measured by continuous glucose monitoring
after a 12-week intervention. The solid lines represent the median glucose, the
shaded area is the 25%-75% interval, and the lightly shaded area is the 5%-95%
interval.BCalculated24hglucosemetrics of each group at the endof the trial. Data
are shown as box-and whisker plots, centre line, box boundaries, lower and upper
whisker represent the median, quartile, minimum and maximum range respec-
tively. P values using two-way ANOVAwas displayed. HP-L: n = 14, HP-D: n = 13, HM-
L: n = 14 for AUC_sleep, n = 15 for the other parameters, HM-D: n = 13 for AUC_sleep,

n = 14 for theother parameters.C Serum free fatty acid (FFA)profile andproportion
of different type of FFAs at baseline and after a 12-week intervention.Mixedmodels
(two-sided)with post hocBonferroni correctionwasused. *Ptiming <0.05.HP-L: high
polyunsaturated fat diet at lunch; HP-D: high polyunsaturated fat diet at dinner;
HM-L: high monounsaturated fat diet at lunch; HM-D: high monounsaturated fat
diet at dinner; SD: standard deviation; eHbA1C: estimated glycated hemoglobin
A1c;MAGE:mean amplitudeof glycemic excursion; AUC: area under the curve; SFA:
saturated fatty acid; MUFA: monounsaturated fatty acid; PUFA: polyunsaturated
fatty acid.
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correlated with insulin sensitivity indices, such as the Gutt index and
Stumvoll index (Fig. 5B). The amino acid beta-alanine, and the organic
acid 2-hydroxyisovaleric acid showed similar correlations. Indo-
leacrylic acid, an antioxidant organic acid derived from tryptophan
degradation, was negatively correlatedwith postprandial insulin levels
and positively correlated with insulin sensitivity indices (Fig. 5B).
Amino acids and its derivates (tyrosine, L-Homocitrulline) was

negatively correlated with postprandial glucose levels and the organic
acid Potassium Phenyl Sulfate was negatively correlated with fasting
glucose levels, while indolelactic acid, 4-methoxyphenylacetic acid
were positively correlated with postprandial glucose levels (Fig. 5B).

Additionally, several metabolites were significantly correlated
with insulin resistance risk factors, including BMI and body fat per-
centage. Specifically, 7-ketodeoxycholic acid, chenodeoxycholic acid,
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cholic acid glycohyocholic acid, glycohyodeoxycholic acid, tauro-
cholic acid, L-palmitoylcarnitine, and choline were positively corre-
lated with BMI, whereas isoallolithocholic acid, isolithocholic acid
were negatively correlated with BMI (Fig. 5B). Taurolithocholic acid
was also found to be correlated with body fat percentage (Fig. 5B).

The differential species identified in this study (such as Enter-
ocloster bolteae, Ruminococcus gnavus, and Bacteroides fragilis) are
associatedwithbile acid (BA)metabolism.Consequently, we examined
the changes in bile acids following timing of USFA intake, common
changes included a decreased in taurolithocholic acid in the HU-L
groups and an increased in 7-ketodeoxycholic acid in the HU-D groups
at week 12 compared to baseline (Fig. 5C), and 7-ketodeoxycholic acid
significantly increased in HP-D group after the 12-week intervention
(FDR =0.16). Additionally, specific changes related to the type of USFA
intakewereobserved. For instance, chenodeoxycholic acid, lithocholic
acid, and 7-ketolithocholic acid increased with the 12-week HP-D
intervention (FDR =0.06, 0.21 and 0.19, respectively), while glyco-
cholic acid increased in the HM-L group, and 3β-deoxycholic acid
increased in the HM-D group by week 12 compared to baseline (both
FDR >0.20, Fig. 5C). Furthermore, analyses after combination revealed
that 9 of aforementioned BAs including taurolithocholic acid and
7-ketodeoxycholic acid were affected by intake timing of USFA
(FDR <0.20, Supplementary fig. 4). Spearman correlations were con-
ducted to link differential metabolites and differential microbial spe-
cies, revealing several significant correlations between bacterial
species and bile acid abundance. Notably, taurolithocholic acid and
7-ketodeoxycholic acid were positively correlated with Ruminococcus
gnavus and negatively correlated with Eubacteriaceae bacter-
ium (Fig. 5D).

The ratio of secondary BA to primary BA serves as an indicator of
gut microbiome activity. HU-L exhibited a trend towards increasing
this ratio (Ptiming = 0.062, Ptype = 0.529, Pinteraction = 0.161) compared
with HU-D (Fig. 5E). Moreover, HU-L significantly elevated the ratio of
lithocholic acid (LCA) to chenodeoxycholic acid (CDCA) (LCA/CDCA,
Ptiming = 0.019, Ptype = 0.640, Pinteraction = 0.237), and also tended to
increase the ratio of cholic acid (CA) to CDCA (CA/CDCA,
Ptiming = 0.057, Ptype = 0.507, Pinteraction = 0.743) and glycocholic acid
(GLCA) to CDCA (GLCA/CDCA, Ptiming = 0.067, Ptype = 0.532,
Pinteraction = 0.374) comparedwithHU-D. It is worth noting that types of
dietary USFA did not have an impact on BA ratios (Fig. 5E).

Effect of fecalmicrobial transplantation on glucose homeostasis
in mice
Finally, we conducted a fecal microbial transplantation (FMT) to
examine the causal relationship between differentially shaped micro-
biome and changes in insulin sensitivity and serum fatty acids by
timing of USFA intake. After a 4-week FMT, mice colonized with
microbiomes from donors in the HP-L and HM-L groups displayed
significantly improved blood glucose tolerance compared to those
receiving microbiomes from the HP-D and HM-D groups respectively
(all P < 0.05, Fig. 6B). Furthermore, mice receiving microbiomes from
the HP-L and HM-L groups also showed decreased levels of serum

saturated fatty acids (C14:0, C16:0 and C18:0, Fig. 6E). However, no
significant differences in blood glucose tolerance or serum fatty acid
levels were observed between recipients of the HP-L and HM-L groups
(AUCOGTT P =0.885, På 0.05 for serum fatty acids, Fig. 6B, E). There
were no significant differences in body weight or the amounts of
perinephric, peritesticular and omental fat among the four groups
(Fig. 6C, D).

Disscussion
This study demonstrates that the timing of dietary USFA intake sig-
nificantly influenced insulin sensitivity and serum fatty acid profile in
individuals with prediabetes. And alterations in the gut microbiome
and fecal metabolites exhibited a correlation with improvements in
clinical phenotypes. Subsequent FMT experiments in mice confirmed
that these beneficial shifts can be transferred to the host by con-
structing a similar gut micro-environment. However, diets rich in
MUFA or PUFA did not exhibit significant differences in these
outcomes.

The metabolic benefits of increasing dietary USFA intake for
maintaining glucose homeostasis have been widely accepted. How-
ever, the glucose-regulating effects between the two types of dietary
USFA (MUFA and PUFA) remain controversial. In this isocaloric feeding
trial, where all food ingredients were consistent, participants were
administrateddiets rich in eitherMUFAor PUFA, delivered through the
use of designed cooking oils. The fatty acid ratios (SFA: MUFA: PUFA)
was 13%: 58%: 29%) for the MUFA-rich oil and 16%: 26%:58% for the
PUFA-rich oils respectively. This trial simulated the effects of different
types of dietary USFA intake on glycemic control. After a 12-week
intervention, no difference in glycemic control was observed between
diets rich in MUFA or PUFA. This finding underscores the importance
of considering not only the type of USFA, but also exploring novel
dietary strategies for the prevention and treatment of diabetes.

Recent studies indicates that the timing of food intake affects
glucose and lipidmetabolism, with early calorie loading (before 15:00)
shown to improve glycemic control32,33. However, for individuals with
diabetes, current guidelines recommending increased USFA intake do
not specify the optimal timing. In this study, we attempt to investigate
the suitable timing for dietary USFA intake. The fat distribution for
lunch and dinner was: 42% and 24% for HP-L, 28% and 37% for HP-D,
42% and 25% for HM-L, and 29% and 35% for HM-D, with approximately
80% of total fat intake coming from USFA. Our findings align with
previous studies, demonstrating that early dietary USFA intake sig-
nificantly enhances insulin sensitivity and improves serum fatty acid
profile in participants with prediabetes.

The gut microbiome has long been regarded as the ‘sensitive
additional organ’ in response to dietary factors, which also play
important role in the etiology of diabetes34,35. To further explore how
early dietary USFA intake improves insulin sensitivity, we investigated
the impact of dietary USFA intake timing on the gut microbiome. In
this study, HU-L increased richness of microbial community, which is
associated with a healthier gut microbiome36. Our analysis suggested
that the timing of dietary USFA intake, rather than the type, may play a

Fig. 3 | Compositional changes of gut microbiome. A Comparison of alpha
diversity (Chao1 and Shannon indexes) at baseline and week 12 based on species
levels. Data are shown as box-and whisker plots, centre line, box boundaries, lower
whisker, upper whisker and light-colored circles represent the median, quartile,
minimum range, maximum range and outliers respectively. Number of partici-
pants: n = 15 for each group. B PCoA based on bray-curtis dissimilarity showed
different taxonomic compositions after 12-week intervention, and no significance
was showed at baseline. P value was measured by PERMANOVA (two-sided) with
999 permutation tests, followed by Benjamini-Hochberg correction. P values were
colored red if significant. C Barplots showed the percentage of the composition of
fecal microbiome at the family level in each group. D Abundant of Prevotellaceae
family and Lachnospiraceae family after the 12-week intervention (no difference at

baseline). Data are shown as box-and whisker plots, centre line, box boundaries,
lower and upper whisker represent the median, quartile, minimum and maximum
range respectively. Analysis was done using MaAsLin2 (two-sided) followed by
Benjamini-Hochberg correction.*P <0.05. Number of participants: n = 15 for each
group. E Abundance of significant species that were significantly correlated with
clinical phenotypes. F Partial Spearman correlations of glucose- and lipid-related
characteristics with significant species with baseline age, sex and body mass index
adjusted. *P <0.05. HP-L: high polyunsaturated fat diet at lunch; HP-D: high poly-
unsaturated fatdiet atdinner;HM-L: highmonounsaturated fat diet at lunch;HM-D:
high monounsaturated fat diet at dinner. Source data are provided as a Source
Data file.
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Fig. 4 | Timing of unsaturated fatty acid intake altered gut microbiota func-
tional profile. A Partial Spearman correlations (two-sided) between gutmicrobiota
energymetabolismandclinical phenotypeswith baseline age, sex andBMI adjusted
and Benjamini-Hochberg correction. *P <0.05, **P <0.01, ***P <0.001. HDL-c: high-
density lipoprotein cholesterol; LDL-c: low-density lipoprotein cholesterol; TCHO:
total cholesterol; TG: triglyceride; SFA: saturated fatty acid; BMI: body mass index;

AUCglucose: area under the curve of glucose; AUCinsulin: area under the curve of
insulin. B Partial Spearman correlations (two-sided) between gut microbial energy
metabolism and significant species with baseline age, sex and BMI adjusted and
Benjamini-Hochberg correction. *P <0.05, **P <0.01, ***P <0.001, #FDR<0.20.
Source data are provided as a Source Data file.
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role in shaping the structure and function of the gut microbial com-
munity. At the family level, we observed elevated levels of Lachnos-
piraceae in the HU-D groups, which are known to be involved in the
conversion of secondary bile acids. Previous studies have reported
that Lachnospiraceae is enriched in patients with diabetes37, and its
increased abundance has been positively correlated with hyperglyce-
mia, hyperlipidemia andectopic fat accumulation in animal studies38,39.

Here, we also observed species within Lachnospiraceae (such as
Ruminococcus gnavus and Enterocloster bolteae) were elevated after
the HU-D intervention compared to baseline (Fig. 3E). These species
have been previously linked to obesity40, diabetes41 and prediabetes42

and in our study, they were negatively correlated with insulin sensi-
tivity indices (Gutt and Stumvoll index) in this study. Additionally, we
observed thatHU-L increased Prevotellaceae compared toHU-D after a
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12-week intervention. Prevotellaceae is known to improve glycemic
control through the production of short-chain fatty acids43. In sum-
mary, our findings indicate that the composition and function of gut
microbiome may be influenced by dietary USFA intake timing, and
these changes could potentially be associated with insulin sensitivity.

Fecal metabolites play a key role in regulating host glucose and
lipid metabolism. Consistent with bile acid metabolism potential of
key species identified in this study, participants in the HU-L groups
showed a decrease in taurolithocholic acid, whereas those in the HU-D
groups exhibited an increase in 7-ketodeoxycholic acid after the 12-
week intervention compared to baseline (Fig. 5C). Intestinal BA levels
have been previously linked to obesity-related diseases, such as dia-
betes and dyslipidemia44. Additionally, elevated levels of fecal taur-
olithocholic acid have been associatedwith cholestasis, inflammation45

and hepatic fat accumulation46 in other studies. Based on these
observations, we hypothesize that dietary USFA intake at dinnermight
contribute to increased lipid absorption and inflammatory responses,
which could potentially impaire insulin sensitivity.

Primary bile acids are converted to secondary bile acids in the
intestine and the ratio of these bile acids is critical for glucose and lipid
metabolism. 7-ketodeoxycholic acid is an intermediate in the bio-
transformation of primary to secondary bile acid. Its accumulation
indicates a decreased efficiency in this biotransformation process. In
this study, the increased ratio of secondary to primary BAs in the HU-L
groups could suggest a higher efficiency in BA transformation by the
gut microbiome with early unsaturated fat intake. Additionally, the
higher ratio of LCA/CDCA in HU-L groups might indicate an increased
transformation from CDCA to LCA, which has been previously repor-
ted to enhance TGR5 activity47, and could potentially improve glucose
metabolism. Taken together, these findings raise the possibility that a
higher dietary USFA intake at lunch might enhance the conversion
efficiency of bile acid and yield metabolic benefits.

Furthermore, we performed a 4-week FMT experiment to further
validate the causal relationship between the microbiome shaped by
timing of USFA intake and changes in glucose homeostasis. As antici-
pated, after the FMT, mice receiving microbiomes from donors in the
HP-L and HM-L groups (aforementioned feeding trial groups) dis-
played significantly improved blood glucose tolerance compared to
those receiving microbiomes from the HP-D and HM-D groups (all
P <0.05, Fig. 6B). Serum fatty acid analysis revealed a decrease in
saturated fatty acids (C14:0, C16:0 and C18:0) in mice colonized with
microbiomes fromHP-L and HM-L groups, aligning with the outcomes
of our feeding trial. Collectively, these results substantiate the
hypothesis that favorable changes in glycemic control are transfer-
rable by replicating a similar gut microenvironment.

To our knowledge, this is the first factorial-designed feeding trial
to dissect the relationship between the timing of dietary USFA intake,
glycemic homeostasis and the gutmicrobiome. A notable strength lies
in our focus on prediabetic individuals who are not taking hypogly-
cemic agents, as many studies have demonstrated that hypoglycemic
agents can significantly modulate the gut microbiome48. Additionally,

in this feeding trial, we use cooking oils rich in MUFA or PUFA and
maintained consistent food ingredients across all groups, thereby
simulating the types of dietary USFA intake in real-life condition.
However, there are still several limitations in our study. Firstly, the
sample size is relatively small, and duration of our intervention is
relatively short. The sample size calculation and power were based on
postprandial glucose changes, whereas other co-primary outcomes
were not considered. However, the type I error was controlled (α/4) in
their analysis. These limitations may result in our study being parti-
cularly underpowered for secondary analyses; therefore, these results
should be interpreted with caution as exploratory. Although the
sample size is comparable to that of another well controlled feeding
trial32, this does not mitigate the limitations imposed by a smaller
sample size. Additionally, we did not conduct sex-stratified analyses
due to concerns that further stratification would underpower the
results given the relative small sample size. While previous studies
have reported positive response to timing of calorie loading for both
males and females. Further long-term, multi-center trials with larger
sample sizes are needed to validate our findings. Secondly, fecal
samples were collected at a fixed time at baseline and post-interven-
tion, additional studies are required to assess the diurnal oscillation of
the gut microbiome and its response to intake timing and types of
USFA. Furthermore, future animal studies are pivotal in elucidating the
precise mechanisms by which the timing of USFA intake affects the
dynamic rhythmicity of the gut microbiome and fecal metabolites,
thereby influencing metabolic health.

In conclusion, our study demonstrates that advancing the timing
of USFA intake improves insulin sensitivity and reduces serum SFAs in
participants with prediabetes. This beneficial effect is consistent
across different types of USFA consumed. The gut microbiome and
bile acidmetabolism were identified as key factors contributing to the
beneficial effects of USFA intake timing on insulin sensitivity.

Methods
Study design
This trial was registered at Chinese Clinical Trial Registry website
(ChiCTR2100045645). The study protocol was approved by the Ethics
Committee of Harbin Medical University. All participants who met
eligibility criteria have signed written informed consent. This study
was conducted in accordance with the tenets of the Declaration of
Helsinki and Good Clinical Practice guidelines. The study was con-
ducted according to the 2 × 2 factorial-design. For the investigation of
intake timing, subjects consumed a USFA-rich diet either at lunch or at
dinner. The amount of the cooking oil used in lunch and dinner was
distributed as 18 g and 9 g for USFA-rich diet at lunch (HU-L) group,
and 9 g and 18 g for USFA-rich diet at dinner (HU-D) group, respec-
tively, with the amount of oil used in breakfast fixed at 3 g. Regarding
the type of dietary USFA, a PUFA-rich diet (based on the ratios
observed in the daily eating habits of Chinesepopulation) and aMUFA-
rich diet (according to the WHO recommendation 202349) were
designed. Based on the above design, enrolled participants were

Fig. 5 | Changes in fecal metabolites. A Difference in overall changes of fecal
metabolome after timing and type of unsaturated fatty acid intake, Log2-trans-
formed fold-change profile for all individual metabolites were used in partial least-
squaresdiscriminant analysis (PLS-DA).BPartial Spearmancorrelations (two-sided)
between significant differential metabolites and clinical phenotypes with baseline
age, sex andBMI adjusted andBenjamini-Hochberg correction. *P <0.05, **P <0.01,
***P <0.001, #FDR <0.20. C Abundance and Log2-transformed fold-change of sig-
nificant differential bile acids between HP-L and HP-D (upper), HM-L and HM-D
(lower) as determined by wilcoxon test (two-sided). *P <0.05, #FDR <0.20.
D Partial Spearman correlations (two-sided) between significant differential bile
acids and significant differential species with baseline age, sex and BMI adjusted
and Benjamini-Hochberg correction. *P <0.05, **P <0.01, ***P <0.001, #FDR <0.20.
E BA ratios for each group at week 12. Data are shown as box-and whisker plots,

centre line, box boundaries, lower and upper whisker represent the median,
quartile, minimum and maximum range respectively. Analysis was done using
General linear model (two-sided) with post hoc Bonferroni correction. Number of
participants: n = 15 for each group. HP-L: high polyunsaturated fat diet at lunch; HP-
D: high polyunsaturated fat diet at dinner; HM-L: high monounsaturated fat diet at
lunch; HM-D: high monounsaturated fat diet at dinner. CAR:carnitine; LPC: Lyso-
phosphatidyl choline; HDL-c: high-density lipoprotein cholesterol; LDL-c: low-
density lipoprotein cholesterol; TCHO: total cholesterol; TG: triglyceride; SFA:
saturated fatty acid; BMI: body mass index; AUCglucose: area under the curve of
glucose; AUCinsulin: area under the curve of insulin; Log2FC (L/D): Log2 transformed
fold change of HP-L/HP-D or HM-L/HM-D; BA: bile acid; CA:cholic acid; CDCA:-
chenodeoxycholic acid; LCA:lithocholic acid; GLCA:glycocholic acid. Source data
are provided as a Source Data file.
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randomly assigned to 4 groups: MUFA-rich diet at lunch (HM-L),
MUFA-rich diet at dinner (HM-D), PUFA-rich diet at lunch (HP-L), and
PUFA-rich diet at dinner (HP-D) after sex stratification. Sex was defined
based on self-report. The habitual dietary intake of participants was
collected to analyze their daily energy intake and macronutrient
intake. All participantswere fed an energy balanceddiet for 7 days, and
then an all-food-supplied diet for 12 weeks.

The ingredients used in each group were completely identical.
MUFA-rich blended oil (SFA: MUFA: PUFA was 13%: 58%: 29%) and
PUFA-rich soybean oil (SFA: MUFA: PUFA was 16%: 26%: 58%) were
used. The proportions of energy provided by carbohydrate, fat and
protein were 49%, 33% and 18%, respectively (according to dietary fat
intake recommendation for adults with diabetes in China50). The
energy distribution for USFA-rich diet at lunch (HU-L, including HM-L
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andHP-L) groupswas 25% at breakfast, 40% at lunch and 35% at dinner.
The energy distribution for USFA-rich diet at dinner (HU-D, including
HM-D and HP-D) groups was 25% at breakfast, 36% at lunch and 39% at
dinner. The total USFA (food and oil) counts for 4%: 11%: 7% versus 4%:
8%: 10% of TE at breakfast, lunch, and dinner, respectively. The ratio of
saturated fat (SFA):MUFA: PUFAwas5%: 9%: 11%of total energy (TE) for
high PUFA groups and 5%: 13%: 8% TE for high MUFA groups, respec-
tively. Detailed information on nutrient distribution and the menu of
provided diet were provided in Supplementary data file.

Participants were asked to finish their meals within 30min. Par-
ticipants were encouraged to eat all the dishes provided. In rare cases,
if ameal was not fully consumed, the actual amount of food consumed
was calculated by subtracting the remaining portion from the target
meal. Throughout the study, participants were instructed to abstain
from consuming alcohol and caffeinated energy drinks. In addition,
they were instructed to maintain their regular physical activity levels
during the trial.

Participant recruitment
This randomized, controlled, factorial-designed, feeding trial was
conducted in Qiqihar, China between September 2021 and November
2021 (prospectively registered on ClinicalTrials.gov as
ChiCTR2100045645, all the participants were recruited on 10 August
2021). A total of 475 participants were recruited from the same work-
place for physical examination to evaluate their suitability to the trial.
To be included, the participants should be at prediabetic status and
altered serum fatty acid profile (elevated SFA percentage, decreased
USFA percentage). To be qualified as at prediabetic status, participants
should have elevated fasting glucose (100–126mg/dL) or postprandial
glucose (140–199mg/dL). Participants were excluded if they met any
of the following criteria: 1) belonged to the lowest quintile of serum
saturated fatty acid percentage, or the highest quintile of serum
monounsaturated fatty acid percentage or serum polyunsaturated
fatty acid percentage; 2) having fever, infectious diseases, gastro-
intestinal diseases; 3) had comorbid hepatobiliary disease, malignant
tumor, endocrine diseases or other autoimmune diseases, or severe
organ damage such as heart, liver, brain and kidney; 4) had taken
antibiotics, probiotics or prebiotics, or blood lipid-regulating drugs
within 4 weeks prior to enrollment; 5) being unable to commit suffi-
cient time to participate in this trial. Additionally, four participants
who were diagnosed with diabetes during this physical examination
were also enrolled. Following an evaluation by endocrinologists and
considering theparticipants’opinions, these newly diagnoseddiabetes
participants were also included in the randomized allocation process.
The results were not changed if the four newly diagnosed diabetes
participants were not included (Ptiming = 0.0001, Ptype = 0.5264 for
postprandial insulin levels; Ptiming < 0.0001, Ptype = 0.1209 for Gutt
index; Ptiming = 0.0003, Ptype = 0.3323 for Stumvoll index).

Experimental procedures
Participants were required to visit the laboratory for physical mea-
surements and blood sampling after the 7-day balanced diet and every

4 weeks thereafter until the last intervention. Standardized procedures
were followed tomeasure body weight, height, fat mass ratio. BMI was
calculated by dividing weight (in kilograms) by the square of height (in
meters). After fastingblood sampling, participants consumeda200mL
solution containing 75 g glucose. Additional blood samples were taken
at 30, 60 and 120min after the first consumption to monitor the
dynamic glucose and insulin levels. Fasting serum samples were used
to analyze triglycerides, LDL cholesterol, HDL cholesterol, total cho-
lesterol. Fastingwhole blood sampleswere collected tomeasureHbA1c
levels. Participants were also fitted with a continuous glucose monitor
(CGM, Abbott Freestyle Libre) at the beginning and the last two weeks
of the intervention to record their glycemic response. Fecal samples
were collected before and at the end of the intervention. The detailed
procedures of continuous glucose monitoring, blood and fecal sample
collection are reported in Supplementary Material.

Main outcomes measurement
Postprandial serum glucose was the first primary outcome, which was
used to calculate sample size and the power of the test. Insulin levels
and insulin sensitivity indices (Gutt index and Stumvoll index) were
second co-primary outcomes. Serum glucose was measured using an
automatic biochemistry analyzer (Hitachi 7100, Japan). Serum insulin
level was measured using an automatic immunoanalyzer (Beckman
UniCel Dxl 800, USA). The Gutt index was calculated as
[75000 + (fasting glucose-2-h glucose) ×0.19×weight] / (120×log
[(fasting insulin+2-h insulin)/2] × [(fasting glucose+2-h glucose)/2]51.
Stumvoll index was calculated as 0.222-(0.0033×BMI)-
(0.0000779×7.175×2-h insulin)-(0.000422 × age)52.

Secondary outcomes measurement
Serum lipid profile (including triglycerides, LDL cholesterol, HDL
cholesterol, total cholesterol levels) was measured using an automatic
biochemistry analyzer. Whole-blood HbA1c levels were measured
using an automatic glycosylated hemoglobin analyzer (HA-8380;
ARKRAY, Tokyo, Japan). Area under the time concentration curve
(AUC) of glucose and insulin in OGTT was calculated using the trape-
zoidal methods. Glucose parameters, such as mean glucose, standard
deviation (SD), estimated HbA1c, mean amplitude of glycemic excur-
sion (MAGE), and area under the curve (AUC) were calculated from the
CGM data. The serum free fatty acid profile was determined using gas
chromatography-mass spectrometry (GC-MS, Thermo Fisher Scien-
tific, USA). Analysis of the gut microbiome was performed using
metagenomic sequencing (Metware, Wuhan, China). Fecal targeted
metabolites were quantified using platforms combining LC-MS/MS
with GC-MS/MS (Metware, Wuhan, China). For more detailed infor-
mation regarding CGMmonitoring, fatty acid detection, metagenomic
sequencing, fecal metabolites quantification, please refer to the Sup-
plementary Material.

Mouse model design of the fecal microbial transplantation
The animal study was approved by Ethics Committee of Harbin Med-
ical University. In the 8-week high-fat modeling period of the mouse

Fig. 6 | Fecal microbiota transplantation experiment. A Brief work flow of FMT
experiment and the evidence of the high-fat modeling (Created in BioRender. Wei,
C. (2025) https://BioRender.com/502ohcd). Comparisons between two groups
were performed using Student’s t-test (two-sided) for normally distributed data or
the Mann-Whitney U test (two-sided) for non-normally distributed data. Data are
presented as mean± SD. Number ofmice: n = 7 in NC group and n = 28 in HF group
in modeling period, n = 7 in each group in FMT period. *P <0.05,
**P <0.01,***P <0.001. B Changes in blood glucose tolerance after 4-week FMT
experiment. Comparisons between two groups were performed using Student’s t-
test (two-sided). Data are presented as mean ± SD. Number of mice: n = 6 in each
group. *P <0.05, **P < 0.01. The exact p valueswere AUC(RPD vs RPL): 0.004, AUC(RMD

vs RML): 0.016,OGTT-120min(RMD vs RML):0.045.CTrends inweight changeduring the

FMTperiod. Data are presented asmean ± SD. Number ofmice: n = 7 in each group.
D Fat weight of recipients in each group after FMT. Data are presented as mean ±
SD. Number of mice: n = 7 in each group. E Serum fatty acids of recipients in each
group. Two-wayANOVA (two-sided) followedby post hocBonferroni test was used.
Number of mice: n = 7 in each group. *Ptiming <0.05. HF: high fat group; NC: normal
diet control group; HFD: high fat diet; FMT: fecal microbiota transplantation; Pre-
FMT:pre-fecal microbiota transplantation; ABX: Antibiotics; RPL, recipient of high
polyunsaturated fat diet at lunch; RPD, recipient of recipient of high poly-
unsaturated fat diet at dinner; RML, recipient of high monounsaturated fat diet at
lunch; RMD, recipient of highmonounsaturated fat diet at dinner; AUC: area under
the curve. Source data are provided as a Source Data file.
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study, 8-week-oldmale C57BL/6Nmice (Beijing Vital River Laboratory
Animal Technology Co., Ltd, China) were randomly divided into 2
groups after one week of acclimatization: normal-control diet group
(referred to as ‘NC group’, N = 7), high-fat diet group (‘HF group’,
N = 28, 60%high-fat diet). The useofmalemicewas specifically chosen
to eliminate the potential influence of estrogen on the gut micro-
biome. The NC group was fed with AIN93M diet, while the HF group
received a modified high-fat diet based on the AIN93M formulation
(Supplementary Table 4). All mice were provided with ad libitum
access to food and water. The animals were housed in a controlled
environment maintained at 22–24 °C with a 12 h light-dark cycle and
relative humidity of 50–60%. An oral glucose tolerance test was per-
formed at the end of the modelling period.

In the fecal microbial transplantation (FMT) period, 28 mice in
the HF group were further randomly divided into 4 groups after
9 weeks of feeding: RA group (N = 7, received stool samples from
feeding trial group HP-L), RB group (N = 7, received stool samples
from feeding trial group HP-D), RC group (N = 7, received stool
samples from feeding trial group HM-L) and RD group (N = 7,
received stool samples from feeding trial group HM-D). All mice were
maintained on a 60% HF diet during the FMT experiment. An oral
glucose tolerance test was performed at the end of the 4-week FMT
period. Details of fecal microbial transplantation are shown in Sup-
plementary material.

Statistical analysis
Sixty participants with completed fecal samples were included in the
final analysis (shown in Supplementary fig. 1).

Sample size estimation
The sample size was calculated using Power Analysis and Sample Size
Software (PASS) 2021 software (UT, USA, https://www.ncss.com/
software/pass/). Glucose (OGTT-2h) was considered as the first pri-
mary outcome. Seventeen subjects per group was determined for an
80% statistical power to detect a difference of 12mg/dL in glucose
levels during an OGTT (two-sided test, α =0.05), assuming the stan-
dard deviation of 10mg/dL and 15% dropout rate. Insulin, Gutt index,
and Stumvoll index were considered as second co-primary outcomes,
and p values of these co-primary outcomes less than 0.0125 (0.05/4)
were defined as significant.

Measurable and biochemical parameters
For measurable and biochemical parameters, analyses were per-
formed using SPSS version 26 (SPSS Inc., USA). P < 0.05 was con-
sidered statistically significant. Baseline data were tested for
normality using Shapiro-Wilk test. Non-normally distributed data
were analyzed using Kruskal-Waillis test followed by Dunn’smultiple
comparison’s test. Normally distributed data were analyzed using
one-way ANOVA for group comparisons followed by post hoc Bon-
ferroni test. According to the factorial design of our study, a three-
way repeatedmeasures ANOVA followed by post hoc Bonferroni test
was performed to analyze biochemical parameters post-interven-
tion, with follow-up timepoint as a within subject factor, and timing
group and type group as between-subject factors (Fig. 1B). Addi-
tionally, to adjust for the influence of baseline levels, main outcome
parameters at week 12 were analyzed using General linear model
(GLM) with Bonferroni correction, adjusting for baseline values
(Supplementary Table 2). The changes of measurable and bio-
chemical parameters at week 12 from baseline were analyzed using
two-way ANOVA followed by post hoc Bonferroni test. Comparisons
between completers and non-completers were performed using
Student’s t-test or Mann-Whitney U test for continuous parameters
after assessing for normality with the Shapiro-Wilk test. The χ2 test
was used for categorical data.

Continuous glucose parameters and serum free fatty acids
Continuous glucose parameters were analyzed using R software53

version4.4.0 andRpackage ‘iglu’54. The effects of intake timing and the
type of USFA, along with their interaction, on continuous glucose and
serum free fatty acidswereanalyzedusingmixedmodelswith post hoc
Bonferroni correction. The models included random effect terms for
participants and fixed effect terms for intake timing, the type of USFA,
and their interaction, with baseline measurements adjusted as cov-
ariates (using the ‘lme4’ package)55.

Metagenomic analysis
Metagenomic sequencing analyses were conducted using the R pack-
age ‘vegan’56. Chao1 and Shannon indexes were calculated based on
species level to represent the richness and evenness of alpha diversity,
and Bray-Curtis dissimilarity was performed to represent beta diver-
sity. Permutational multivariate analysis of variance (PERMANOVA)
with 999 permutations was applied to assess group differences. Dif-
ferential abundance analyses at the family, species and metagenomic
pathways levels were performed using the Multivariate Analysis by
Linear Models (‘MaAsLin2’ package)57, which included covariates such
as baseline age, sex and BMI. The relative abundance of family and
species were arcsine square root transformed, and Metacyc pathways
abundance were analyzed using CPLM with total sum scaling normal-
ization. Differential species were defined as those that:1) differed from
baseline at week 12, or 2) showed no differences at baseline but dif-
fered at week 12. Significance was defined as P <0.05. P values were
further adjusted using the Benjamini–Hochberg correction in MaA-
sLin2, with an FDR cutoff at 0.20 to further filter key species.

Fecal metabolic analysis
Total sixty samples (N = 15 for each group) were measured. We con-
ducted partial least-squares discriminant analysis (PLS-DA) on log2-
transformed fold-change of all individual metabolites (‘mixOmics’
package). Differential metabolite analysis was performed using Wil-
coxon signed-rank test to examine differences between week 12 and
baseline, and Wilcoxon rank-sum test to assess differences between
HU-L andHU-Dgroups atweek 12 (‘dplyr’package)58. Ratio of bile acids
were log10-transformed and analyzed using General linear model with
post hoc Bonferroni correction. P <0.05 was considered significant. P
values were corrected formultiple comparisons (Benjamini–Hochberg
correction) using the ‘stats’ R package, with an FDR cutoff at 0.20 to
further filter key species.

Correlation analysis
Partial Spearman correlations revealing the relationships between
clinical parameters, species and metabolites at the end of the study
wereperformedusing ‘ppcor’package59, adjusting for baseline age, sex
and BMI. P < 0.05 was considered significant. P values were corrected
for multiple comparisons (Benjamini–Hochberg correction) using
‘stats’ R package, with an FDR cutoff at 0.20 to further filter key
species.

Animal experimental data
For animal experiments, all analyses were conducted using SPSS ver-
sion 26 (SPSS Inc., USA). Comparisons between two groups were
performed using Student’s t test for normally distributed data or the
Mann-Whitney U test for non-normally distributed data. For multiple
group comparisons, we employed one-way ANOVA followed by post
hoc Bonferroni test for normally distributed data, and the Kruskal-
Waillis test followed by Dunn’s test for non-normally distributed data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
The metagenomic sequencing data generated in this study have been
deposited in the NCBI database under BioProject accession code
PRJNA1238858 and the Genome Sequence Archive in National Geno-
mics Data Center (BioProject:PRJCA033596). The metabolomics data
are available in MetaboLights under the accession number
MTBLS12353. All individual de-identified participant data supporting
the findings of this study are available under restricted access due to
compliance with data protection regulations and participant consent
agreements. Requests for access can be made by contacting liyin-
g_helen@163.com, and should include a detailed research proposal
and ethical approval documentation. Requests will be promptly
reviewed by Harbin Medical University within 4weeks to assess
potential intellectual property or confidentiality obligations. Access
will be granted only to qualified researchers for non-commercial aca-
demic purposes. Upon approval, access to the controlled data will be
granted for a period of one year. Source data are provided with this
paper. The processed data are available within the Source Data file.
Source data are provided with this paper.

Code availability
The R codes for data analysis are available at zenodo https://doi.org/
10.5281/zenodo.15078756.
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