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 Background: The mechanism of how intermittent fasting (IF) improves metabolism is not fully understood. Our study aimed 
to explore the effect of IF on lipid metabolism in obese mice, specifically on the intestinal flora.

 Material/Methods: Diet-induced obese (DIO) mice were subjected to ad libitum (AL) feeding or IF (alternate-day fasting) for 30 
days. We examined the lipid metabolism, fat distribution, gene expression of lipid metabolism, and intestinal 
flora in the mice.

 Results: Despite having access to the same high-fat diet as the AL-fed groups, IF mice displayed pronounced weight 
loss, and their lipid metabolism significantly improved, mainly reflected in lower serum lipid levels and ame-
liorated liver steatosis. IF also reduced metabolic endotoxemia in DIO mice. The 16S ribosomal deoxyribonu-
cleic acid gene amplicon sequencing suggested that IF did not change the community richness but had a ten-
dency to increase community diversity in the intestinal flora. In addition, IF significantly reduced the ratio of 
Firmicutes to Bacteroidetes and increased the relative abundance of Allobaculum in the intestinal flora.

 Conclusions: IF can improve fat metabolism, reduce fat accumulation, promote white fat conversion to beige, and improve 
gut microbiota.
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Background

The increasing prevalence of obesity is a serious threat to glob-
al public health [1,2]. The obesity epidemic is a result of gene 
and environmental interactions as well as long-term imbalanc-
es in energy intake and consumption [3,4]. Intermittent fast-
ing (IF) is a diet strategy [5,6] that has been shown to improve 
metabolism, regulate immunity, reduce oxidative stress, and 
prolong life [7–9]. There are many forms of IF, including fast-
ing every other day, fasting for 2 consecutive days every week 
(also known as 5: 2 diet), time-limited eating, and fasting in 
Ramadan. However, no matter what form, its basic premise 
is periodic fasting during the diet [5,10]. Stekovic et al. [11] 
found that healthy adults who received fasting intervention 
every other day for more than 6 months had no adverse re-
actions, which further confirmed the safety of IF intervention.

The mechanism by which IF reduces obesity and improves me-
tabolism has not been clarified. Recent research has shown 
that IF may occur through the gut microbiota-beige fat axis to 
rebuild energy balance and reduce obesity [12]. Nevertheless, 
the effect of IF on gut microbiota in obese mice induced by a 
high-fat diet (HFD) is less clear. Demonstrating the beneficial 
effects of IF on gut microbiota disorders in obese individuals 
and identifying specific bacteria contributing to this process 
will provide a new target for the treatment of obesity.

In this study, 30 days of IF intervention (15 cycles of alternate-
day fasting) was performed on diet-induced obese (DIO) mice 
to demonstrate the beneficial effects of IF on weight loss and 
lipid metabolism. Furthermore, the 16S ribosomal deoxyribo-
nucleic acid (rDNA) gene amplicon sequencing was applied to 
verify our hypothesis that IF could reverse gut microbiota dys-
biosis in DIO mice.

Material and Methods

Experimental animals and diets

This research was approved by the Experimental Animal Ethics 
Committee of Anhui Medical University. Sixty 3-week-old male 
C57BL/6J mice were collected from Beijing Vital River Laboratory 
Animal Technology Co., Ltd. (China). All mice were housed in 
cages under controlled environmental conditions (temperature 
23±2°C, 12-h light/dark cycle) and had unlimited access to wa-
ter throughout the experiment. Low-fat diets (LFDs) (TP23302, 
Trophic Animal Feed High-Tech Co., Ltd., China) provided 3.6 
kcal/g, consisting of 10% fat, 19% protein, and 71% carbohy-
drate. HFDs (TP2300, Trophic Animal Feed) provided 5.1 kcal/g, 
consisting of 60% fat, 19% protein, and 21% carbohydrate.

Experimental design

The DIO mouse model was used for the first time. All mice 
were randomly divided into 2 groups: one group was fed an 
LFD (n=30) and the other group was fed a HFD (n=30). Mice 
had unrestricted access to food during this time. The body 
weights were measured every other day. At the end of the 
12th week, mice were randomly divided into an ad libitum (AL) 
group or an IF group, with 15 mice in each group for 30 days. 
AL-fed mice continued to have unlimited access to food. IF-
fed mice had alternating 24-h periods of free access to food, 
followed by 24-h fasting. The body weights and food intake 
were recorded daily. Fecal samples were collected during the 
last week of the experiment. At the end of the study, all mice 
were anesthetized with isoflurane after a 12-h fasting peri-
od. Blood samples were collected from the inferior vena cava.

Biochemical tests

Commercial kits were purchased from Nanjing Jiancheng 
Biological Research Institute to detect total cholesterol (TC), 
triglyceride (TG), low-density lipoprotein (LDL), high-density li-
poprotein (HDL), and liver TG concentrations. Serum levels of 
lipopolysaccharide (LPS) were measured using commercially 
available enzyme-linked immunosorbent assay (ELISA) kits from 
Wuhan Colorful Gene Biological Technology Co., Ltd. (China).

Real-time	quantitative	polymerase	chain	reaction	
(RT-qPCR)

Total ribonucleic acid (RNA) was extracted using the TRIzol 
method from tissues weighing 50-100 mg. The complemen-
tary DNA (cDNA) was synthesized using the RevertAidTM First 
Strand cDNA synthesis kit (Thermo Scientific, USA). The fluo-
rescence quantitative PCR reaction system was prepared us-
ing cDNA as a template. Reaction conditions were set at 95°C 
for 1 min, followed by 40 cycles of reaction at 95°C for 20 s 
and 60°C for 1 min. Table 1 lists the primers used in this study. 
The results were calculated by the 2–DDCt method.

Hematoxylin	and	eosin	(H&E)	and	immunohistochemistry	
(IHC)	staining

For histologic analysis, fixed mouse liver and adipose tissues 
were dehydrated, paraffin embedded, and sectioned at 3 μm. 
H&E staining was performed in accordance with the standard 
procedure. For IHC staining, the thick slides from adipose tis-
sues were deparaffinized and rehydrated. Antigen retrieval was 
carried out in citrate buffer (pH 6.0) using high temperature 
and pressure. H2O2 (3%) was dripped onto the sections; they 
were incubated at room temperature for 20 min to block en-
dogenous peroxidase activity. Then the primary antibody (UCP1, 
1: 4000, Ab209483, Abcam, USA) was added and incubated 
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at 37°C for 1 h, followed by incubation with a secondary an-
tibody at 37°C for 20 min. Immunovisualization was carried 
out with 3,3’-diaminobenzidine (Zsbio, China). Slide digital im-
ages were collected at ×5–40 magnification with an Olympus 
CX41 microscope (Japan).

Gut	microbiota	analysis

Fresh fecal samples from mice were collected for gut micro-
biota analysis. The cetyltrimethylammonium bromide meth-
od was used to extract genomic DNA from samples. The vari-
able region 4 (V4) of the bacterial 16S rDNA genes was PCR 
amplified using specific primers (515F-806R) with the bar-
code. PCR products were used to generate sequencing librar-
ies with the Ion Plus fragment library kit (48 rxns). Then, the 
library was sequenced on the Ion S5™XL platform to produce 
400-600 base-pair single-end reads. Single-end reads were as-
signed to samples on the basis of their unique barcode and 
truncated by cutting off the barcode and primer sequence. 
The raw reads were cut and filtered, and chimeric sequenc-
es were removed to obtain the final clean reads. Uparse soft-
ware (Uparse v7.0.1001) was used to cluster all clean reads 
of all samples. By default, the sequences were clustered into 
operational taxonomic units (OTUs) with 97% consistency. 
Representative sequences for each OTU were screened for fur-
ther species annotation. For a diversity analysis, we selected 
abundance-based coverage estimator (ACE) indices to identi-
fy community richness and Simpson indices to identify com-
munity diversity. Both were calculated using QIIME (Version 
1.7.0). The Wilcoxon rank-sum test was used for comparison 
between groups. The rarefaction curve and OTU rank curve 
were displayed using R software. For b diversity analysis, non-
metric multidimensional scaling (NMDS), on the basis of Bray-
Curtis, was performed to analyze differences in gut microbiota 
structure within and between groups. Multiresponse permu-
tation procedure (MRPP) analysis, a parameter test based 
on Bray-Curtis, was used to analyze whether the differences 
in the microbial community structure between groups were 
significant. At different levels, we applied the Kruskal-Wallis 
rank-sum test to analyze the differences in species between 
groups. Furthermore, linear discriminant analysis effect size 

(LEfSe) analysis, with a linear discriminant analysis (LDA) score 
>4, was performed to identify biomarkers with statistical dif-
ferences among groups. LEfSe analysis was performed using 
the nonparametric factorial Kruskal-Wallis rank-sum test and 
then the Wilcoxon rank-sum test.

Statistical	analysis

Data are presented as mean±SD. Statistical analysis was per-
formed using SPSS (Version 16.0). Two independent sample t 
tests were used to compare the mean between the 2 groups, 
and 1-way analysis of variance (ANOVA) was used to com-
pare the mean among the 4 groups. Statistical significance 
was set at P<0.05.

Results

IF	reduced	body	weight	but	did	not	change	cumulative	
energy	intake	in	DIO	mice

Over the 12 weeks, the weight difference between HFD-fed and 
LFD-fed mice was over 20% (P<0.001, Figure 1A), which indi-
cated that the DIO mice model was successful. After 30 days 
of IF intervention, the weight of mice in the HFD+AL group was 
significantly higher than that in the LFD+AL group (P<0.001, 
Figure 1B). IF significantly reduced body weight in DIO mice 
(P<0.001). However, it is interesting that IF mice fed HFD were 
able to ingest enough energy on the diet day to compensate 
for the loss on the fasting day. Thus, the final cumulative en-
ergy intake did not decrease (P>0.05, Figure 1C, 1D).

IF improved lipid metabolism in DIO mice

Blood lipid tests suggested that the serum TC, TG, and LDL 
levels in the HFD+AL group were higher than those in the 
LFD+AL group, and the HDL levels were reduced (all P<0.01, 
Figure 2A). IF notably reversed these trends (all P<0.01). The 
liver is the major organ for lipid synthesis, so we also measured 
TG concentration in the liver. IF also significantly reduced liv-
er TG levels in DIO mice (P<0.001, Figure 2B). Consistent with 

Primer Amplicon	size	(base	pairs) Forward	primer	(5’®3’) Reverse	primer	(5’®3’)

b-actin 120 AGTGTGACGTTGACATCCGT TGCTAGGAGCCAGAGCAGTA

Ucp1 191 CACGGGGACCTACAATGCTT ACAGTAAATGGCAGGGGACG

Fas 96 CTGCCTCTGGTGCTTGCT TTCACGAACCCGCCTCCTC

Cd36 173 GGCTGTGTTTGGAGGCATTC CCACGTCATCTGGGTTTTGC

PPARg 128 CTCACAATGCCATCAGGTTTGG CAAATGCTTTGCCAGGGCTC

PPARa 96 ACCTTGTGTATGGCCGAGAA CTGGCAGCAGTGGAAGAATC

Table 1. Primers used for real-time polymerase chain reaction.
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the biochemical results, liver histologic analysis showed that 
mice in the HFD+AL group developed marked hepatic steato-
sis (Figure 2C). IF significantly ameliorated the severity of liv-
er steatosis in DIO mice. Of note, although the liver TG con-
tent of mice in the LFD+IF group was higher than that in the 
LFD+AL group (17%, P<0.001), we did not identify any fatty liv-
er in the morphologic examinations. The results showed that 
the relative gene expression of Fas (a key enzyme for de novo 
fatty acid synthesis), Pparg (promotes liver lipid uptake and 
lipid droplet formation), Cd36 (a transmembrane protein that 
accelerates fatty acid uptake), and Ppara (regulating fatty acid 
breakdown and mitochondrial b oxidation) were all significant-
ly increased in the HFD+AL group mice (all P<0.001, Figure 2D). 
IF reversed these trends (all P<0.01).

IF	promoted	conversion	of	white	adipose	tissue	(WAT)	into	
beige fat in DIO mice

Different parts of the adipose tissue were separated and 
weighed. Fat/body weight ratio was calculated and normal-
ized against the LFD+AL group. As shown in Figure 3A, the 
mass of adipose tissue in the HFD+AL group, including ingui-
nal WAT (Ing-WAT), epididymal WAT (Epi-WAT), and interscapu-
lar brown adipose tissue (Int-BAT), were all significantly higher 
than those in the LFD+AL group (P<0.001). IF notably reduced 

fat accumulation in DIO mice, especially WAT (P<0.05). By ob-
serving the H&E-stained slides of the Ing-WAT under a micro-
scope, it was determined that the HFD+IF group had smaller 
adipocytes than the HFD+AL group, and an increase in multi-
locular adipocytes, a typical characteristic of beige adipocytes 
(Figure 3C). In addition, the relative messenger (m)RNA expres-
sion level of Ucp1 mRNA, a marker gene of beige fat, in the 
HFD+IF group was significantly higher than that in the HFD+AL 
group (P<0.05) (Figure 3B). IHC staining also showed that the 
Ucp1 signal in the HFD+IF group was stronger than that in 
the HFD+AL group (Figure 3D). These results suggested that 
IF promoted the conversion of Ing-WAT to beige in DIO mice.

IF	reduced	serum	LPS	levels	and	improved	gut	microbiota	
dysbiosis	in	DIO	mice

ELISA findings showed that the level of serum LPS in the 
HFD+AL group mice was 1.38 times that of the LFD+AL group 
mice (P<0.001, Figure 4A). Serum LPS is mainly from the gut 
and its increase is related to gut microbiota dysbiosis. In ad-
dition, this study examined the effect of IF on the intestinal 
flora of mice. High-throughput sequencing generated 85 145 
raw reads per sample. After removing the chimera, 80 132 
clean reads were obtained for each sample for the following 
analysis. On the basis of the 97% similarity level, all effective 
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Figure 1.  Effects of intermittent fasting on body weight and food intake in mice. (A) Weight change during the whole experiment 
(n=15). (B) Final body weight (n=15). (C) Cumulative energy intake over the course of the experiment (n=15). (D) Cumulative 
energy intake during 30 days of intermittent fasting or ad libitum intervention. Data were presented as mean±SD. 
Differences between groups were statistically analyzed using 1-way analysis of variance. * P<0.05, ** P<0.01, *** P<0.001.
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reads were clustered into 1176 OTUs. After comparing the re-
sults with the reference database, 613 OTUs (52.13%) were 
annotated at the genus level. Figure 4B and 4C show the rar-
efaction curves and OTU rank curves, respectively. As shown 
in the figures, the sequencing depth of the 4 groups was rea-
sonable, and the species richness and evenness in HFD+IF 
were higher than those in the other groups. ACE index, an in-
dicator of community richness, did not differ among groups 
(P>0.05, Figure 4D). The Simpson index in the LFD+IF group 
was significantly higher than that in the LFD+AL group (P<0.01, 
Figure 4E), which was used to indicate community diversity. 
Compared with the HFD+AL group, the HFD+IF group showed 
an upward trend, but the difference was not statistically signif-
icant (P>0.05). The NMDS plot showed that the gut microbiota 
structure of the HFD+IF group was closer to the LFD+AL group 
and the LFD+IF group (Figure 4F). MRPP analysis showed signif-
icant differences in community structure between the HFD+IF 
group and the HFD+AL group (P=0.016). These results sug-
gested that IF reshaped gut microbiota in DIO mice. However, 

further analysis is required to determine the species contrib-
uting to these differences.

Figure 5A shows the top 10 bacteria at the phylum level. 
The HFD+AL group significantly increased the relative abun-
dance of Firmicutes (48.7%®84.7%, P<0.01) and decreased 
Bacteroidetes (33.8%®7.4%, P<0.01) compared with the 
LFD+AL group. However, IF restored these levels: decreased 
Firmicutes (84.7%®63.8%, P<0.05) and increased Bacteroidetes 
(7.4%®22.4%, P>0.05). Thus, the ratio of Firmicutes to 
Bacteroidetes (F/B ratio), a widely used marker of gut micro-
biota dysbiosis, was decreased significantly (11.44%®2.84). 
At the family level, HFD+IF notably reduced the relative abun-
dance of Enterobacteriaceae compared with the HFD+AL group 
(P<0.05, Supplementary Figure 1). Figure 5B and 5C show the 
top 30 bacteria at the genus level. Compared with the HFD+AL 
group, the HFD+IF group significantly increased the relative 
abundance of Allobaculum (P<0.01), and also increased the 
levels of Bifidobacterium and Alloprevotella, but the difference 
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Figure 2.  Effects of intermittent fasting on lipid metabolism in mice. (A) Levels of serum lipid include total cholesterol (TC), 
triglycerides (TG), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) (n=12). (B) Concentration of liver 
TG (n=15). (C) Liver hematoxylin and eosin stained sections. Scale bar: 50 μm. (D) Expression of genes involved in lipid 
synthesis, transport, and lipolysis in the liver (n=3). Data were presented as mean±SD. Differences between groups were 
statistically analyzed using 1-way analysis of variance. * P<0.05, ** P<0.01, *** P<0.001.
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was not statistically significant (P>0.05). All these are benefi-
cial bacteria that produce short-chain fatty acids (SCFAs). The 
relative abundance of Alistipes and Bacteroides presented an 
increasing trend in the HFD+IF group, which has been shown 
to help reduce obesity.

Furthermore, LEfSe findings showed that Lactobacillus was 
the key microbiota in the LFD+IF group, whereas Allobaculum 
was considered the dominant microbiota in the HFD+IF 
group (Figure 6A–6C). Surprisingly, the relative abundance of 
Allobaculum was notably increased in all samples of the HFD+IF 
group, whereas it was extremely low in the other groups. 
Therefore, we speculated that Allobaculum might be the key 
bacteria responsible for the beneficial effects of IF on DIO mice.

Discussion

In recent years, IF, as a nondrug intervention measure to treat 
obesity, has aroused widespread concern in the scientific com-
munity and even the public. It has been shown to bring the 
same health benefits as continuous energy limitation, and is 
as easy to control as alternative means of continuous ener-
gy limitation [13–15].

In our study, IF reduced the weight of mice and reduced ab-
dominal obesity, but did not reduce energy intake, which was 
highly consistent with previous research [12]. In addition, Kim 
et al. [16] designed an IF strategy with equal calories. The re-
sults showed that IF can promote metabolic balance and fight 
against diet-induced obesity and metabolic dysfunction, which 
were not dependent on the reduction of energy intake. Our 
findings showed that IF significantly ameliorated the lipid me-
tabolism disorder in DIO mice. This was mainly reflected in the 
improvement of dyslipidemia and liver steatosis. Mice fed a 
HFD showed a tendency to develop fatty liver degeneration. 
The expression of some genes involved in lipid synthesis and 
transport in their livers increased, which was reversed by IF. 
The research results of Chung et al. [17] are similar to ours. 
They conducted a time-limited feeding intervention on post-
menopausal obese mice and found that although the time-
limited feeding mice ingested the same amount of high-fat 
forage as the free-diet mice, their liver lipid deposition was 
significantly reduced. They proposed that the prolonged fast-
ing period prompted mice to take lipid oxidation metabolism 
as the main energy source, causing the liver to stop lipid syn-
thesis, increase lipid oxidation, and then effectively eliminate 
and prevent liver steatosis [17]. However, our results were not 
consistent with their findings. IF did not significantly increase 
the expression of lipolysis-related genes in the liver, which 
may be due to the lack of detected gene types. In subsequent 
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Figure 3.  Effects of intermittent fasting on fat in mice. (A) Standardized fat/body weight ratios for different parts of fat, including 
inguinal white adipose tissue (Ing-WAT), epididymal white adipose tissue (Epi-WAT), and interscapular brown adipose tissue 
(Int-BAT) (n=10). (B) Ucp1 messenger ribonucleic acid (mRNA) expression in Ing-WAT (n=3). (C) Representative hematoxylin 
and eosin stained sections. Scale bar: 20 μm. (D) Representative Ucp1 immunohistochemically stained section. Scale bar: 
20 μm. Data were presented as mean±SD. Differences between groups were statistically analyzed using 1-way analysis of 
variance. * P<0.05, ** P<0.01, *** P<0.001.
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experiments, gene detection in other pathways related to li-
polysis in the liver should be increased.

In this study, IF reduced the weight of white fat in the groin 
and epididymis of DIO mice. We also found that IF reduced 
the weight of brown fat between the scapula of DIO mice. 
However, Li et al. [12] used the Echo MRI mouse scanner to de-
tect the body composition of nonanesthetized mice, and found 
that IF had a similar trend of increasing brown fat content. 
Our DIO mice were fasted intermittently. The results of H&E 
staining of white adipose tissue in the groin of mice showed 
that the adipocytes presented the structure of multiple vesi-
cles, the number of lipid droplets increased, and the volume 
decreased. UCP1, a key factor in thermoregulation, is specifi-
cally expressed in brown fat cells and beige fat cells [18–20]. 
We used RT-qPCR and IHC gene detection methods to con-
firm the increased expression of UCP1 in white fat tissues of 
mice after IF. Taken together, our results suggested that beige 
fat appeared in the white fat of mice after the IF intervention. 
Kim et al. [16] proposed a potential mechanism by which IF 
upregulates the expression of vascular endothelial growth 
factor in white fat, which can selectively activate the M2-type 
macrophages in white adipose tissue, thus promoting conver-
sion of white adipose to beige. Other research also supported 
the causal role of gut microbiota in the development of beige 

fat [21].Moreover, the white adipose tissue of mice fed a LFD 
had more significant polycystic structure and much more ex-
pression of UCP1, which suggested that LFD might also be the 
way to promote the conversion of white adipose to beige. The 
reason for the low weight of mice fed an LFD compared with 
mice fed a HFD was not only the decrease in food intake, but 
also the increase in energy consumption.

The occurrence of obesity is related to the change in the rela-
tive abundance of the 2 dominant bacteria in the gut microbi-
ota, Firmicutes and Bacteroidetes [22]. In 2006, scientists first 
proposed that the F/B value in the gut microbiota of stout peo-
ple and genetically obese mice (ob/ob) increased [23]. From 
then on, this pattern of composition has also been reported in 
overweight pregnant women, infants who become overweight 
later in childhood, and obese mice fed a HFD [22]. Therefore, 
the increased F/B value can be used as a biomarker of obesity. 
In our study, the F/B value of DIO mice increased significant-
ly, whereas it decreased after IF. Meanwhile, IF significantly 
increased the relative abundance of Allobaculum in DIO mice, 
which is a beneficial bacterium that can produce SCFAs [24]. 
SCFAs greatly affect the intestinal barrier function, immune 
response, intestinal hormone production, and lipid synthe-
sis [25–28]. Additionally, the disorder of gut microbiota is not 
only the decrease of beneficial bacteria and the increase of 
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Figure 5.  Distribution analysis of gut microbiota in each group. (A) Relative abundance of the top 10 bacteria at the phylum level. 
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opportunistic pathogens, but also the decrease in diversity of 
flora. Therefore, in addition to the changes in specific bacteria, 
we also observed the overall changes in gut microbiota. Our 
results showed that IF did not change the richness of flora; 
however, it increased its diversity. Combined with the above 
results, we confirmed that IF could reverse the gut microbiota 
disorder of DIO mice only by changing the feeding time, rather 
than changing the HFD or additional intestinal administration. 
Changes in the intestinal microflora can change some metab-
olites in the intestine, thus causing an overall change in the 
body. It has been shown that IF can improve the antioxidant 
capacity of the intestine, which is closely related to changes 
in the intestinal flora. However, this greatly changed immune 
regulation in mice [29]. At present, the mechanism of IF on 
intestinal microflora has not yet been elucidated. Therefore, 
we only deduced that IF can reduce obesity by changing some 
metabolites (such as LPS) in the intestine of mice.

The relationship among inflammation, oxidative stress, met-
abolic disorder, and intestinal flora induced by a HFD may be 
LPS dependent [13,30,31]. LPS, also known as endotoxin, is the 
main component of the outer membrane of gram-negative bac-
teria. We found that the level of LPS in the plasma of DIO mice 
was slightly increased, defined as metabolic endotoxemia by 
Cani et al. [32]. Our findings suggested that IF could reduce LPS 
levels. LPS mainly originates in the intestine. Previous studies 
have found that increased intestinal permeability aggravates 
metabolic endotoxemia [30]. Alcohol intake, fixed stress, and 
radiation are among some factors that are known to promote 
intestinal leakage, increasing plasma LPS levels and changing 
the gut microbiota [30]. Changes in intestinal flora mediated 
by a HFD can significantly increase intestinal permeability by 
lowering the expression of genes encoding the tight junction 
proteins ZO-1 and tobramycin [30]. Our study found that IF 
tended to increase the abundance of Bifidobacterium, which 
can improve the intestinal mucosal barrier function and pro-
mote a healthy environment for microvilli [30]. We also found 
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that IF increased the relative abundance of Allobaculum pro-
ducing SCFAs. Kelly et al. [33] found that SCFAs could stimu-
late epithelial metabolism and consume intracellular O2, leading 
to the stability of transcription factor HIF-1 and enhancement 
of epithelial barrier function, thus reducing intestinal perme-
ability [33]. In summary, IF may enhance the intestinal barrier 
function, reduce intestinal permeability, and thus reduce the 
leakage of LPS from the intestinal tract by optimizing gut mi-
crobiota. Moreover, the study shows that LPS comes from the 
members of Enterobacteriaceae, whose endotoxin activity is 
1000 times higher than that of Bacteroideae [22]. We revealed 
that the relative abundance of Enterobacteriaceae in the gut 
microbiota of DIO mice increased, but IF reversed this trend. 
When LPS in the intestine enters the blood circulation, it can 
mediate low-level, systemic, and chronic inflammation, which 
is currently considered to increase the risk of obesity and re-
lated metabolic diseases [22,34].

We confirmed that IF can reverse the gut microbiota disor-
der of DIO mice and convert white fat into beige fat, playing 
a role through the gut microbiota-beige fat axis. Furthermore, 
we found that IF can ameliorate metabolic endotoxemia in 
DIO mice. Therefore, we speculated that IF may also maintain 
the integrity of the intestinal barrier function by optimizing 
intestinal flora, reducing intestinal permeability and ensur-
ing the reduction of LPS translocation. The reduction of LPS 
translocation can reduce the low-level, systemic, and chronic 

inflammation mediated by metabolic endotoxemia. This series 
of changes are thought to reduce obesity and improve metab-
olism. However, the above conjecture needs further verifica-
tion. Taken together, our results suggested that Allobaculum 
might be the key bacterium required for effective IF.

A limitation of this study was that only one form of IF (fast-
ing every other day) was studied. Our results cannot be di-
rectly extrapolated to other forms of fasting. Several types of 
IF have been shown to improve obesity and related metabolic 
diseases in animal and human studies [35–39]. However, fur-
ther study is required to understand their influence on gut mi-
crobiota. Even though our findings and previous studies have 
suggested that IF can reshape intestinal flora without requir-
ing dietary changes, further work in elucidating the molecular 
mechanisms involved in such outcomes is warranted.

Conclusions

We confirmed that IF can improve fat metabolism, reduce fat 
accumulation, promote white fat formation, and improve gut 
microbiota disorder. We also found that IF can reduce meta-
bolic endotoxemia and improve gut microbiota disorders in 
obese mice without reducing food intake.
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