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Abstract

Background: Calorie restriction (CR) and intermittent fasting (IF) can promote metabolic health through a process
that is partially mediated by gut microbiota modulation. To compare the effects of CR and IF with different dietary
structures on metabolic health and the gut microbiota, we performed an experiment in which mice were subjected
to a CR or IF regimen and an additional IF control (IF*") group whose total energy intake was not different from
that of the CR group was included. Each regimen was included for normal chow and high-fat diet.

Results: We showed that in normal-chow mice, the IF"" regimen had similar positive effects on glucose and lipid
metabolism as the CR regimen, but the IF regimen showed almost no influence compared to the outcomes
observed in the ad libitum group. IF also resulted in improvements, but the effects were less marked than those
associate with CR and IF*" when the mice were fed a high-fat diet. Moreover, CR created a stable and unique gut
microbial commmunity, while the gut microbiota shaped by IF exhibited dynamic changes in fasting-refeeding cycles.
At the end of each cycle, the gut microbiota of the IF*" mice was similar to that of the CR mice, and the gut
microbiota of the IF mice was similar to that of the ad libitum group. When the abundance of Lactobacillus murinus
OTU2 was high, the corresponding metabolic phenotype was improved regardless of eating pattern and dietary
structure, which might be one of the key bacterial groups in the gut microbiota that is positively correlated with
metabolic amelioration.

Conclusion: There are interactions among the amount of food intake, the diet structure, and the fasting time on
metabolic health. The structure and composition of gut microbiota modified by dietary regimens might contribute
to the beneficial effects on the host metabolism.
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Background

Calorie restriction (CR) refers to reducing the daily cal-
orie intake by 15 to 40% without leading to malnutrition.
CR has shown numerous beneficial effects on health and
metabolism in various model organisms and humans,
and these effects include attenuating the inflammatory
state, preventing the occurrence of metabolic syndrome
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and extending the lifespan [1-3]. In a mouse model of
CR, a reduction in energy intake can cause food to be
consumed within a short period after it is provided,
which leads to a longer fasting period until the next sup-
ply of food becomes available [4]. Since the aforemen-
tioned study on CR was conducted, many researchers
have introduced different types of intermittent fasting
(IF). In contrast to traditional CR paradigms, IF refers to
a variety of eating patterns in which no or few calories
are consumed for time periods that range from 12h to
several days on a recurring basis, and these patterns
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include daily time-restricted feeding, alternate-day fast-
ing and 5:2 intermittent fasting (fasting for 2 days each
week) [5—10]. Based on a meta-analysis of previous stud-
ies, IF exerts metabolic effects similar to those of CR,
such as improving glucose metabolism by lowering insu-
lin resistance [5, 11-14]. To effectively apply CR and IF
in clinical practice, a strict comparison of the impacts of
these dietary regimens with different dietary composi-
tions is needed.

Although preclinical studies and clinical trials have
shown that IF has broad-spectrum benefits for many
health conditions, following CR or IF for long periods is
a major challenge in the application of fasting-based in-
terventions for the treatment of metabolic syndromes in
humans [11, 15]. Further understanding the processes
that link IF with broad health benefits might help us de-
velop targeted pharmacologic therapies that mimic the
effects of IF without the need to substantially alter an in-
dividual’s feeding habits. The mechanisms underlying
the metabolism-modifying efficacy of CR and/or IF in-
volve complicated pathways, and the gut microbiota is
considered one of the important mediators of interaction
between these dietary regimens and host metabolism
[16]. It has been established that the total amount of
food consumed, the dietary composition, and the eating
pattern affect metabolism by regulating the gut
microbiome. Previous studies have revealed that both
short- and long-term CR significantly change the gut
microbiota structure, and only 2 weeks of CR interven-
tion induced the establishment of a Lactobacillus-dom-
inant microbial community in the mouse gut, which
decreased the levels of circulating microbial antigens
and systemic inflammatory markers such as tumor
necrosis factor alpha (TNF-a) [17-20]. In obese human
adolescents, a 1-year CR period significantly reduces the
Firmicutes to Bacteroidetes ratio and enriched beneficial
microorganisms such as Bacteroides, Roseburia, Faecali-
bacterium, and Clostridium XIVa [21]. As an alternative
to CR, recent studies have shown that IF also exerts a
significant effect on the gut microbiota. The results from
a study on the prevention of retinopathy in db/db mice
showed an increased level of Firmicutes and reduced
Verrucomicrobia and Bacteroidetes after IF intervention
[22]. Another study revealed that IF increases the gut
bacterial richness and altered its composition and related
metabolic pathways [23]. Microbiota-depleted mice
treated with antibiotics show resistance to the body
weight loss and decrease in the blood glucose level in-
duced by CR [24]. Under an every-other-day fasting regi-
men, white adipose tissue exhibited beigeing in the
control group and not in the microbiota-depleted groups
[24, 25]. The above-mentioned findings indicate that the
gut microbiota is a key intermediary factor. Therefore,
the specific similarities and differences in the impact on
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the gut microbiota between these two dietary regimens
with similar health effects need to be further studied.

The gut microbiota responds rapidly to dietary
changes. In both rodents and humans, modifying the in-
take of dietary macronutrients significantly altered the
gut microbiome within a single day [26—28]. Our previ-
ous research found that the gut microbiota of mice be-
came markedly different from that of the mice in the
normal chow group after only 2 days of reduced calorie
intake [17]. In the case of the IF regimen, the metabol-
ism of the host is different in the fasting and refeeding
stages. Ketogenesis occurs during the fasting period,
while glucose level rises after eating resumes, and thus,
the energy supply shifts from ketones to glucose [7].
However, there have been a very limited number of
studies that have focused on differences in gut micro-
biota between fasting days and refeeding days in the
cycle of IF [23, 25, 29].

To compare the health improvement effects of CR and
IF and their effects on the gut microbiota and to identify
the specific members in the microbial community that
respond to these dietary interventions, we designed ex-
periments in which mice were subjected to the CR or IF
regimen with normal chow or a high-fat diet. In humans,
the three most widely studied intermittent-fasting regi-
mens are alternate-day fasting, 5:2 intermittent fasting,
and daily time-restricted feeding [6, 7]. We then used
the classic 5:2 IF regimen, which refers to 2-day fasting
followed by 5-day free feeding [30]. Because previous
studies have shown that mice consume too much food
during the refeeding days in IF, an additional IF control
(IFCth group was established to further control the cal-
oric intake in our study. The total energy intake of the
IF“"! group was not different from that of the CR group.
We showed that among mice given normal chow, the
IFS"! regimen exerted similar positive effects on glucose
and lipid metabolism as the CR regimen, but the IF regi-
men had almost no influence compared with the out-
comes observed in the ad libitum group. However, when
the mice were fed a high-fat diet, IF also resulted in im-
provements, but these improvements were less marked
than those observed in the CR and IF“™ groups.
Moreover, CR created a stable and unique gut micro-
bial community in the mice fed the normal chow and
those fed the high-fat diet, whereas the gut micro-
biota shaped by IF exhibited dynamic changes during
the fasting-refeeding cycles. At the end of each cycle,
the gut microbiota of the IFS™ mice was similar to
that of the CR mice, and the gut microbiota of the IF
mice was similar to that of the ad libitum group. We
also identified the members of the gut microbiota
that respond to the various dietary regimens, which
might be associated with the observed improvements
in metabolic phenotypes.
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Results

The effect of the three dietary regimens on the
physiology and metabolism of normal chow-fed mice

To investigate the effect of the three dietary regimens on
physiology and metabolism in normal chow-fed mice, 8-
week-old male C57BL/6] mice were randomly assigned
to four groups: (1) the control group (NC + AL) received
a normal chow diet ad libitum, (2) the calorie-restricted
group (NC + CR) was fed 70% of the ad libitum intake
every day, (3) the group subjected to the IF regimen
(NC +IF) had a 2-day (days 1-2) fasting period followed
by a 5-day (days 3-7) ad libitum feeding period weekly,
and (4) the group subjected to the IF™ regimen (NC +
IFS™) had a 2-day fasting period followed by a 5-day
daily feeding period in which they consumed the NC +
AL daily intake amount (normal amounts of food)
weekly to prevent overeating on refeeding days
(Additional file 1).
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On average, in the 11-week trial, compared with the
NC + AL group, NC +IF mice consumed dramatically
more energy in the first 4 days after refeeding (days 3—-6)
and ate slightly less on the last refeeding day (day 7;
Fig. 1a, b). In all eleven fasting-refeeding cycles, the total
energy consumption in NC + IF mice was 92.7% of that
in the NC + AL group, and the total energy intakes of
the NC + CR group and NC + IF"™ group were approxi-
mately equivalent, which were approximately 75% of that
in NC + AL mice (Fig. 1c). Compared to their ad libitum
counterparts, the NC+CR and NC + IF*™" mice had
significantly lower body weights (Fig. 1d and Add-
itional file 2), decreases in the weight of epididymal
white adipose tissue (EpiWAT) and the mean size of
lipid droplets in EpiWAT, and lower serum cholesterol
levels (Fig. 2a—e and Additional file 3, 4). However, there
was no significant difference in body weight, adipose tis-
sue, or serum cholesterol between the NC + IF and NC +
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Fig. 1 Energy intake and body weight in NC-fed mice. a Daily energy intake of NC-fed groups. W, week. b Average energy intake of the NC + IF
group during the 11-week intervention compared with that of the NC + AL group. ¢ Cumulative energy intake and d body weights of NC-fed
groups after 11 weeks of intervention on day 7 of week 11. Data are presented as the mean + S.EM. For each group, n =6-7. Data were analyzed
using the unpaired t test (two-tailed) in b and c. Data were analyzed using one-way ANOVA followed by Tukey post hoc test in d. *P < 0.05,
**P <001, **P <0001, ****P < 0.0001
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Fig. 2 Metabolic parameters of NC-fed mice. a Epididymal fat mass as a percentage of body weight in NC-fed mice. b Mean lipid droplet area of
adipocytes and representative HE-stained histological sections of EpiWAT. ¢ Inguinal fat mass as a percentage of body weight in NC-fed mice. d
Mean lipid droplet area of adipocytes and representative HE-stained histological sections of IngWAT. e Serum cholesterol level. f Serum
adiponectin level. g Serum leptin level. h Fasting blood glucose. i Areas under the curve (AUC) of serum glucose in the oral glucose tolerance
test (OGTT). j Fasting serum insulin. k AUC of serum insulin in the OGTT. Mice were tested after 11 weeks of intervention on day 7 of week 11.
Data are presented as the mean + S.EM. For each group, n=6-7. Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test.
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AL mice. Furthermore, NC + CR and NC + IF"™ mice
had significantly reduced fasting blood glucose levels
and enhanced glucose tolerance, while the NC +IF
group had similar levels of these parameters as the NC +
AL mice (Fig. 2h-i and Additional file 5). Unlike the
above parameters, the level of serum adiponectin was
significantly increased in all the mice from the NC + CR,
NC + IF, and NC + IF°" groups compared to the ad libi-
tum control group (Fig. 2f). None of the three dietary in-
terventions based on normal chow affected serum leptin
or insulin secretion (Fig. 2g, j and k and Additional
file 5). In previous studies, glucose and lipid metabolism
in mice with 30% caloric restriction of normal chow was
significantly improved compared to that in their ad

libitum counterparts [17, 19, 31]. Here, we showed that
the NC + IF“™ regimen had similar positive effects on
glucose and lipid metabolism as NC + CR, but the NC +
IF regimen only significantly increased the level of serum
adiponectin and enhanced glucose tolerance compared
to the outcomes observed in the ad libitum group.

Dynamic changes in the gut microbiota during the
fasting-refeeding cycle

To determine how the gut microbiota was modulated by
these three interventions, fecal samples were collected
from all the mice at day 7 of week 9 and day 2, day 3,
day 7 of week 10, and the gut microbiota was analyzed
through 16S rRNA gene V3-V4 region sequencing.
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Principal coordinate analysis (PCoA) based on Bray-
Curtis distance showed changes in the overall structure
of the gut microbiota during the week (Fig. 3a). The gut
microbiota in the NC + AL or NC + CR group was rela-
tively stable during the week, and the gut microbiota of
the CR group diverged significantly from that of the AL
group mainly along the axis of the first principal compo-
nent (PC1) (P <0.01, permutational multivariate analysis
of variance (PerMANOVA) test with 9999 permutations,
Additional file 6). At day 7 of week 9 (the beginning of
the fasting-refeeding cycle), the structure of the gut
microbiota in the NC + IF group was very similar to that
in the NC+ AL group, while that in the NC +IF“™
group was close to that in the NC + CR group. Notably,
fasting had a dramatic influence on the gut microbiota
in both the NC+IF and NC +IF“™ groups. The gut
microbiota was not significantly different between these
two groups after two days of fasting (day 2) and was
much closer to that of the NC + AL group along the axis
of PC1 (Fig. 3a and Additional file 6, 7). After 1 day of
refeeding (day 3), the gut microbiota greatly changed in
these two groups and was similar to that in the NC + CR
group. After a 5-day refeeding period (day 7), the gut
microbiota in the NC + IF and NC + IF“"! groups chan-
ged back to that observed at day 7 of the last week.
Based on the PCoA and PerMANOVA test, the gut
microbiota of the NC-fed mice could be separated into 4
clusters: (1) the “AL cluster” included all time points of
the NC + AL group and day 7 for the two consecutive
weeks of the NC+IF group; (2) the “CR cluster” in-
cluded all time points of the NC + CR group and day 7
for the two consecutive weeks of the NC + IF“™ group;
(3) the “Fasting cluster” included day 2 of the NC +IF
and NC + IF“" groups; (4) the “Refeeding cluster” in-
cluded day 3 of the NC+IF and NC +IF“™ groups,
which was confirmed by the Sparse Partial Least Squares
Discriminant Analysis (sPLS-DA) model (classification
error rate is 0.02, Fig. 3b and Additional file 8). Forty-six
operational taxonomic units (OTUs) were identified as
features that discriminated the samples among 4 clusters
in the sPLS-DA model (Fig. 3¢, Additional file 9). Then,
we constructed a coabundance network of these 46 key
OTUs based on the Spearman correlation coefficients
across all groups and time points and clustered them
into seven coabundance groups (CAGs) (Fig. 3c—e).
Compared to the NC + AL group, CAG5 was signifi-
cantly enriched and CAG3, CAG4, CAG6, and CAG7
were significantly reduced in NC + CR mice (Fig. 3c, e,
Additional file 10). OTU2 in the genus Lactobacillus was
the predominant phylotype in CAG5 and showed a
strongly negative correlation with the four CAGs that
decreased in the CR mice (Fig. 3c—e). Most of the OTUs
in CAG3 and CAG4 were in Muribaculaceae and
belonged to Bacteroidetes, while most of the OTUs in
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CAG6 and CAG7 were in Ruminococcaceae and Lach-
nospiraceae from Firmicutes. These OTU-level alter-
ations induced by CR are consistent with the findings of
previous studies [17, 19]. On day 7 of the last week, the
characteristics of these bacteria in NC + IF mice were
similar to NC + AL mice, while those in NC + IF*"™! mice
were similar to the NC + CR group (Fig. 3¢, e). The 2-
day fasting changed all of the CAGs in both the NC + IF
and NC + IF"! groups, including an increase in CAGI,
CAG2, CAG4, and CAG7 and a decrease in CAGS3,
CAGS5, and CAG6 (Fig. 3¢, e). In these two fasting
groups, CAG2 mainly contained Bacteroides OTUS3,
CAG4 was mainly constructed by Alloprevotella OTU11,
and Muribaculacea OTU16 became the most abundant
bacterial group, while CAGS5, containing Lactobacillus
OTU2, was dramatically reduced to a level significantly
lower than that in NC + AL mice. After 1 day of refeed-
ing, most of the seven CAGs decreased, but CAG5 sig-
nificantly increased in the NC+IF and NC+IF"
groups, even reaching a similar level as that in the NC +
CR group (Fig. 3c, e). After a 5-day refeeding period
(day 7), the relative abundance of all the CAGs in the
NC + IF and NC + IF*™! groups changed back to that at
day 7 of the last week (Fig. 3¢, e).

Considered together, our results showed alterations in
the structure and components of the gut microbiota in-
duced by three dietary interventions, suggesting that the
gut microbiota in NC + IF and NC + IF°" mice exhibited
dynamic cyclical changes. Moreover, at the end of the
fasting-refeeding cycle (also the beginning of the next
cycle), the characteristics of the gut microbiota was just
in parallel with the similar positive effects of NC + CR
and NC + IF“™ but the rare effect of NC + IF on health-
improving.

The effect of three dietary regimens on physiology and
metabolism in mice fed a high-fat diet
To evaluate the effect of various eating regimens on the
intake of different dietary components, we performed
the same dietary treatments in mice fed a high-fat diet
(60% energy from fat). Eight-week-old male C57BL/6]
mice were then subjected to one of four eating regimens
(HF + AL, HF + CR, HF + IF or HF + IFCtd) for 11 weeks.
The change in food consumption and energy intake in
HF + CR, HF + IF or HF + IF“*! mice on each day of 1-
week fasting-refeeding cycle was similar to that in mice
with normal chow compared to their respective ad libi-
tum groups (Fig. 4). Remarkably, the reduction in total
calorie intake in HF + IF mice was approximately 17.5%,
which was more than twice that in NC + IF mice. At the
end of the trial, the body weight of three intervention
groups was significantly lower than that in the HF + AL
group, while those in the HF + CR and HF + IF“™ groups
were also significantly lower than that in the HF +IF
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group (Fig. 4d and Additional file 11). Moreover, all
three dietary interventions also attenuated the excessive
accumulation of white adipose tissue and the disruption
of glucose and lipid metabolism caused by HF feeding,
while the effect of HF + IF was less notable than those of
the HF + CR and HF + IF“" conditions (Fig. 5 and Add-
itional file 12, 13).

Three intervention regimens with a high-fat diet altered
the gut microbiota

The overall structure of the gut microbiota of HF-fed
mice at day 7 in week 9 and day 2, day 3, and day 7 in
week 10 was also profiled. The PCoA score plot of the
Bray-Curtis distance based on OTU data showed that
the overall structures of the gut microbiota in the HF +
AL and HF + CR groups were relatively stable and that
the gut microbiota in the HF+CR group was

significantly different from that in the HF + AL group
(Fig. 6a and Additional file 14). Moreover, the gut
microbiota in HF + IF and HF + IF*"™ mice exhibited dy-
namic cyclical changes, but the trajectory was different
from that in NC+IF and NC+IF“" mice. The gut
microbiota of the HF + IF and HF + IF“™ groups at day
7 of week 9 was very similar to that of the HF + CR
group and then dramatically changed in the same direc-
tion during fasting (day 2). After refeeding, their gut
microbiota gradually shifted back to that at day 7 of the
last week. The gut microbiota of HF + IF and HF + IF<*
mice at all time points was more similar to that of HF +
CR mice than that of HF + AL mice (Additional file 15).
Then, we also used sPLS-DA models to identify the
features of the gut microbiota in HF + AL and HF + CR
mice or HF +IF and HF + IF™ mice on fasting days
(classification error rate is 0.01, Fig. 6b and
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Additional file 16), and 42 OTUs were identified as fea-
tures of the sPLS-DA model (Fig. 6¢, Additional file 17).
We next constructed a coabundance network of these
42 key OTUs based on the Spearman correlation coeffi-
cients across all groups and time points and clustered
them into six coabundance groups (CAGs) (Fig. 6¢c—e).
Compared with the HF + AL group, the HF+CR
group exhibited a decreased abundance of CAG1 and
CAG2 and an increased abundance of CAG3, CAGS5,
and CAG6 (Fig. 6e, Additional file 18). In the fasting
period, the abundance of CAG1, CAG2, and CAG3 sig-
nificantly decreased in the HF+IF and HF + IF"
groups, while CAG4, CAG5, and CAG6 increased. Not-
ably, compared to the gut microbiota in mice fed with
normal chow, the OTUs in CAGl and CAG2 were

significantly promoted by a high-fat diet, and treatment
with CR, IF, or IF™ could decrease these bacteria.
Moreover, consistent with its behavior in mice fed with
normal chow, the Lactobacillus OTU2 (belonging to
CAG3) was the predominant bacterium in the HF + CR,
HEF +IF, and HF + IF"! groups but was almost eradi-
cated after fasting. The most abundant OTUs in CAG5
were Bacteroides OTU3, Alloprevotella OTU11, and
Muribaculacea OTU16, which were the main members
of CAG2 and CAG4 in mice fed with normal chow. Al-
though this CAG in high-fat-fed mice was significantly
enriched by fasting, refeeding with a high-fat diet did
not reduce its abundance rapidly, indicating that the
change tendency of this CAG was different between
mice fed with high-fat and normal chow diets.
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Overall, these results indicated distinct changes in the
gut microbiota in HF-fed mice in response to our three
types of interventions. For HF + CR mice, calorie restric-
tion created a stable and unique gut microbial commu-
nity. For HF+IF and HF+IF“" mice, their gut
microbiota had a similar trajectory that changes with the
fasting-refeeding cycle.

Discussion

In the current study, we showed that CR and IFS™ had
similar positive effects on glucose and lipid metabolism in
mice fed normal chow, but compared to the ad libitum
group, the IF group only exhibited improvements in blood
glucose control and adiponectin levels. In the context of a
high-fat diet, IF also resulted in improvements, but these
improvements were not as obvious as those in the CR and
IF“"! groups. CR molded a stable and unique gut micro-
bial community, while the microbiome shaped by IF and
IF“"! had dynamically periodical changes associated with
the fasting-refeeding cycles. Moreover, at the end of the
fasting-refeeding cycle, the characteristics of the gut
microbiota in CR and IF“™ mice were similar, while that
in ad libitum and IF mice were same, which were just in
parallel with the effects on health-improving.

The current study showed that the amount of food in-
take, the diet structure, and the fasting time had mutual
impacts on glucose and lipid metabolism. Previous studies
have found that reducing food intake could notably im-
prove the metabolic status and physiological phenotype in
mice, such as increasing glucose-insulin homeostasis and
reducing serum levels of proinflammatory factors [17, 19,
32-34]. In a recent study, it was noteworthy that a de-
crease in energy intake caused food to be consumed in a
short time, followed by longer daily fasting periods, imply-
ing that the health effects of CR may be partly attributed
to prolonged fasting periods [4]. Other mouse experi-
ments also found that IF significantly improved fat loss
and insulin sensitivity, accompanied by a reduction in
total calorie intake of at least 50% [35, 36]. Among mice
fed a high-fat or high-fructose diet, but not a control bal-
anced diet, IF improved glucose and lipid metabolism
[35], that is, diet structure may affect the effectiveness of
the IF intervention. Since there is an interaction among
the effects of food intake, diet structure, and fasting time
on metabolic health, it is essential to consider these factors
comprehensively in future studies.

There is growing evidence that the quantities of food
consumed could regulate gut microbiota [18, 21, 37],
and the metabolites produced by the altered microbial
community play an important role in promoting nutri-
ent metabolism in the host [38-40]. Implicit in the
present findings is that the microbiome shaped by IF
and IF“™ changed dynamically during the fasting-
refeeding cycles and responded very quickly to the
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dietary changes. Recently, several studies reported the
mediating effect of the gut microbiota in the health-
promoting effects of IF, such as enrichment of anti-
inflammatory related microorganisms, upregulation of
short-chain fatty acid production, enhancement of anti-
oxidant microbial metabolic pathways, and increase in
ketogenesis in the liver during fasting [23, 41, 42]. How-
ever, the above studies did not report the changes in the
microbiota during fasting and refeeding periods and did
not specify when the samples were collected. In these
studies, the postintervention microbiota was used to ex-
plain the metabolic changes, but for future studies, it
would be meaningful to consider the different profiles of
gut bacterial metabolites during fasting and refeeding
periods.

Based on the OTU-level analysis of the gut microbiota,
we found dynamic changes in the structure of the gut
microbiota and identified specific bacterial members
whose abundance varies during the fasting-refeeding
cycle. In the current work, when the abundance of
Lactobacillus murinus OTU2 in the gut was high, the
corresponding metabolic phenotype at the end of the ex-
perimental period was improved, regardless of dietary
pattern and structure. Our previous studies showed that
a unique Lactobacillus-predominated microbial commu-
nity is attained in mice administered lifelong or short-
term CR, and this effect is strongly correlated with an
increase in multiple metabolic improvements and a de-
crease in the levels of circulating microbial antigens and
systemic inflammatory markers [17, 18]. Moreover,
Lactobacillus murinus is more likely to be enriched by
CR in a normal rhythm, and simultaneously, the mice
exhibited a better metabolic status than those who ate
during the day (abnormal rhythm) [19]. We then iso-
lated a Lactobacillus murinus strain (named CR147) that
represented the most abundant Lactobacillus OTU
enriched by CR from the feces of mice in the CR group.
This Lactobacillus murinus CR147 downregulated
interleukin-8 production in TNF-a-stimulated Caco-2
cells and significantly increased the lifespan and the
brood size of the nematode Caenorhabditis elegans. In
gnotobiotic mice colonized with the gut microbiota from
old mice, this strain decreased the intestinal permeability
and serum endotoxin load, which consequently attenu-
ated the inflammation induced by the old microbiota.
Data obtained using various experimental systems
showed that the L. murinus strain isolated from the feces
of mice in the CR group was one of the key members
contributing to the protection of the gut barrier and the
attenuation of chronic systemic inflammation. The rep-
resentative sequence of OTU2 showed 100% similarity
to the V3-V4 regions of the 16S rRNA gene sequence of
L. murinus CR147, which suggested that OTU2 might
be a key bacterium in the gut microbiota and that it
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vitally contributes to metabolic amelioration. If a core
bacterium such as L. murinus can be identified in the
human gut, it might have the potential to improve me-
tabolism and be a target for metabolic intervention.

Conclusions

Due to the terrible compliance of humans with respect
to interventions regarding diet and feeding habits, their
application is a very complicated issue, and there is no
simple dietary regimen protocol that is recommended
with respect to health, metabolism and weight loss, par-
ticularly based on the current animal studies. The im-
portance of our work is to highlight that the amount of
food intake, the diet structure, and the fasting time
should be integrated when evaluating the effect of CR
and IF on human health, when attempting to understand
the mechanisms of CR and IF, or when elucidating the
relationship between dietary intervention and the gut
microbiota. Moreover, identification of the key bacterial
group in the gut microbiota affected by the three
regimens and positively correlated with metabolic ameli-
oration, such as L. murinus, might help us to develop
targeted therapies to prevent and treat obesity and meta-
bolic diseases and further solve global public health
problems such as metabolic syndrome.

Methods

Animal trial and samples

Specific-pathogen-free, 7-week-old C57BL/6 male mice
(n=55) were purchased from SLAC Inc. (Shanghai,
China). All mice were housed individually and main-
tained under a 12-h light/dark cycle (lights on at 7:00
AM and off at 7:00 PM) at a temperature of 22 °C + 3 °C.
All animal experimental procedures were approved by
Institutional Animal Care and Use Committee of
Shanghai Jiao Tong University (No. 2017013). Mice were
randomly separated into two groups and subjected to
either a normal chow diet (12% energy from fat, Mice
maintain diet, ShukeBeita, China) or a high-fat diet (60%
energy from fat, D12492, Research Diets, USA) prior to
the initiation of the experiments. After 1 week of
acclimatization, within each diet group (NC or HF), mice
were randomly allocated into one of the following four
intervention groups: (1) fed ad libitum (NC + AL or HF +
AL), (2) fed with 30% calorie restriction (70% of the ad
libitum intake daily) (NC+ CR or HF + CR), (3) sub-
jected to the 5:2 IF regimen, which was 2-day (days 1-2)
fasting followed by a 5-day (days 3-7) ad libitum period
(NC +IF or HF +IF), or (4) subjected to the 5:2 [Fetl
regimen that was 2-day (days 1-2) fasting followed by a
5-day (days 3-7) feeding period with the average daily
intake of the AL group (NC + IF™ or HF + IF“"™). Food
consumption and body weight were measured every day,
and food allotments for the CR and IF“™ groups were
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adjusted accordingly. Each group had 6-7 individually
caged mice, and the intervention lasted for 11 weeks. We
weighed and recorded daily consumption of food
between 6:00 PM and 7:00 PM each day, as well as the
provided and refused food except in the AL groups.
Fresh feces were collected at day 7 of week 9 and day 2,
day 3, and day 7 of week 10. All fecal samples were
stored at —80°C until analysis. At day 7 of week 11,
mice were humanely euthanized after 6h of food
deprivation, and epididymal white adipose tissue
(EpiWAT), inguinal white adipose tissue (IngWAT), and
vastus lateralis muscles were collected and weighed.
Blood samples were collected from the orbital vascular
plexus, and serum samples were isolated by centrifuga-
tion at 3000g at 4 °C for 15 min and stored at — 80 °C.

Oral glucose tolerance test (OGTT)

The OGTT was conducted on day 7 of week 10. After 6
h of food deprivation, glucose was administered to the
mice by oral gavage at a dose of 2.0 g/kg of body weight.
Blood glucose levels were determined in samples taken
from the tip of the tail vein before and 15, 30, 60, 90,
and 120 min after glucose administration using a gluc-
ometer (ACCUCHEK® Performa, Roche, USA). Blood
samples collected before and 15 and 60 min after glucose
administration were collected, and serum was isolated
by centrifugation at 3000 g at 4 °C for 15 min and stored
at - 80°C.

H&E staining of white fat tissue and histopathologic
analysis

Fresh inguinal fat pads and epididymal fat pads were
fixed in 4% paraformaldehyde for 48h and dehydrated
through a series of graded ethanol baths to displace the
water before being embedded in paraffin. Samples were
sectioned at 5 um and stained by hematoxylin and eosin
(H&E). Digital images of H&E-stained sections were ac-
quired using a Leica DMRBE microscope (Leica Micro-
systems GmbH, Germany). Adipocyte lipid droplet size
(cross-sectional area) was counted by Image Pro Plus
6.0. Droplet areas were determined in at least three
histologic sections and 300 total adipocytes for each
mouse.

Serum parameter measurements

Enzyme-linked immunosorbent assay (ELISA) kits were
used to determine the amount of serum fasting insulin
(10-1249-01; Mercodia, Sweden), leptin (MOB00, R&D
Systems, Minneapolis, MN, USA), and adiponectin
(MHSTA50; R&D Systems, Minneapolis, MN, USA). All
the ELISA kits used in the current study were highly
sensitive kits. All operations were performed in accord-
ance with the instructions of the manufacturer.
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Serum cholesterol concentrations were detected using
the total cholesterol assay kit (A111-1, Nanjing Jian-
cheng Bioengineering Institute, China) according to the
instructions of the manufacturer.

Fecal DNA extraction and 16S rRNA gene V3-V4 region
sequencing

Total microbial DNA from fecal samples collected at
day 7 of week 9 and day 2, day 3, and day 7 of week 10
after treatment was extracted, as described previously
[43]. According to the manufacturer’s instructions (Part
# 15044223Rev. B, Illumina Inc., USA) with improve-
ments as previously described [44], a sequencing library
of the 16S rRNA gene V3-V4 region in DNA samples
was constructed and sequenced on the Illumina MiSeq
platform (Illumina, Inc., USA) using MiSeq reagent kit
v3 (600 cycles, catalog no. MS-102-3033; Illumina).

Analysis of 16S rRNA V3-V4 sequencing data

Unique sequences obtained from high-quality sequen-
cing alignments were divided into operational taxonomic
units (OTUs) using the UPARSE algorithm with 97%
similarity [45]. The OTU table was fulfilled by dividing
all high-quality sequences into their corresponding
OTUs at a 97% similarity cutoff with the USEARCH al-
gorithm [46]. A phylogenetic tree was constructed from
representative sequences of all OTUs with FastTree [47].
Each OTU representative sequence was identified based
on the SILVA rRNA database project (Silva 132).

The sequences of all samples were downsized to 10,
000 reads (1000 permutations) to normalize the depth of
sequencing. Two samples with fewer than 10,000 high-
quality reads were excluded. Further analysis of the
microbiota was performed on the QIIME platform
(Quantitative Insight Into Microbial Ecology, v1.8.0)
[48]. The richness and diversity of each sample were cal-
culated with observed OTUs, Shannon index and Faith’s
phylogenetic diversity (PD Whole tree). The whole
structural changes of the gut microbiota in the 10th
week after intervention were shown by principal coord-
inate analysis (PCoA) based on the Bray-Curtis distance
of the OTU level. Permutational multivariate analysis of
variance (PerMANOVA) was applied to test the signifi-
cance of the differences in the gut microbiota between
two groups (9999 permutations).

Sparse partial least squares-discriminant analysis
(sPLS-DA) was used to identify the key OTUs that
respond to different dietary interventions. Centered log
ratio (CLR) transformations were implemented in sPLS-
DA to circumvent spurious results. The optimal classifi-
cation performance of the sPLS-DA model was assessed
with the perf function using 5-fold cross-validation re-
peated 100 times with the smallest error rate. The above
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statistical analysis was performed using the mixOmics
v6.3.1 R package.

The correlations among OTUs were calculated by the
Spearman algorithm. PerMANOVA (9999 permutations,
P <0.05) based on Spearman correlation coefficients was
used to cluster the OTUs into coabundance groups
(CAGs) using the R program.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism
version 7 (GraphPad Software, Inc.). One-way analysis of
variance (ANOVA), followed by a Tukey’s post hoc test,
was used to determine the statistical significance of the
physiological data (Figs. 1, 2, 4, 5, Additional file 2 3, 4,
5, 11, 12, 13). The method to analyze variations between
two group was selected according to data distribution:
unpaired ¢ test (two-tailed) was used for those that obey
the normal distribution (Figs. 1, 4), otherwise Mann-
Whitney U test was used (Additional files 7, 9, 10, 15,
17, 18). Differences were considered statistically signifi-
cant when the P value was < 0.05.
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Additional file 1. Schematic illustration of the 52 IF and 5:2 IF<"!
regimens.

Additional file 2. Body weight of NC-fed mice under different interven-
tion regimens. (A) Body weight curves of NC-fed groups. (B) Body weight
change curves of NC-fed groups. (C) Body weight changes of NC-fed
groups after 11 weeks of intervention on Day 7 of Week 11. Data are pre-
sented as the mean + SEM. For each group, n=6-7. Data were analyzed
using one-way ANOVA followed by Tukey's post hoc test. *P < 0.05, **P <
0.01, ***P < 0.001, ****P <0.0001.

Additional file 3. Lipid droplet size profiling of adipocytes of NC-fed
mice under three intervention regimens. Lipid droplet size profiling of ad-
ipocytes from (A) EpIWAT and (B) IngWAT of NC-fed mice. Mice were
tested after 11 weeks of intervention on Day 7 of Week 11. Data are pre-
sented as the mean + SEM. For each group, n=6-7. Data were analyzed
using one-way ANOVA followed by Dunnett's multiple comparisons to
compare groups with the NC+ AL group. *P < 0.05, **P < 0.01, ***P <
0.001, ****P < 0.0001.

Additional file 4. Vastus lateralis tissue weights as a percentage of body
weight of NC-fed groups. Mice were tested after 11 weeks of intervention
on Day 7 of Week 11. Data are presented as the mean + S.EM. For each
group, n=6-7. Data were analyzed using one-way ANOVA followed by
Tukey's post hoc test.

Additional file 5. Glucose metabolism parameters of NC-fed mice. (A)
Homeostatic model assessment for insulin resistance (HOMA-IR). (B) Blood
glucose curves during the oral glucose tolerance test (OGTT) of NC-fed
groups. (C) Serum insulin during the OGTT (0-60 min). Mice were tested
after 11 weeks of intervention on Day 7 of Week 11. Data are presented
as the mean + S.EM. For each group, n=6-7. Data were analyzed using
one-way ANOVA followed by Dunnett's multiple comparisons to compare
with the NC+ AL group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Additional file 6. Bray-Curtis distances of gut microbiota between NC-
fed groups at the all time points. Permutational multivariate analysis of
variance (PerMANOVA, 9999 permutations) was used to sequentially de-
termine whether the two groups/time points were significantly different.
*P<0.05, **P <001 (with FDR adjustment).
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Additional file 7. Intraindividual variations in the gut microbiota of
Cluster Fasting and Cluster Refeeding compared with Cluster AL and
Cluster CR. Mean values + SEM are shown. Data were analyzed using the
Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Additional file 8. The overall and balanced error rate (BER) of
classification in the sPLS-DA model of NC-fed groups.

the 46 key OTUs in normal-chow mice.

Additional file 10. The dynamics of the 7 co-abundance groups in
normal-chow mice.

Additional file 11. Body weights in HF-fed mice under different inter-
vention regimens. (A) Body weight curves of HF-fed groups. (B) Body
weight change curves of HF-fed groups. (C) Body weight changes of HF-
fed groups after 11 weeks of intervention on Day 7 of Week 11. Data are
presented as the mean + S.EM. For each group, n=6-7. Data were ana-
lyzed using one-way ANOVA followed by Tukey's post hoc test. *P < 0.05,
**P <001, ***P < 0.001, ***P < 0.0001.

Additional file 12. Lipid droplet size profiling of adipocytes of HF-fed

ipocytes from (A) EpIWAT and (B) IngWAT of HF-fed mice. Mice were
tested after 11 weeks of intervention on Day 7 of Week 11. Data are pre-
sented as the mean + S.EM. For each group, n =6-7. Data were analyzed
using one-way ANOVA followed by Dunnett’s multiple comparisons to
compare with the HF + AL group. *P < 0.05, **P < 0.01, ***P < 0.001,

P < 0.0001.

Additional file 13. Vastus lateralis tissue weights as a percentage of
body weight of HF-fed groups. Mice were tested after 11 weeks of inter-
vention on Day 7 of Week 11. Data are presented as the mean + SEM.
For each group, n=6-7. Data were analyzed using one-way ANOVA
followed by Tukey's post hoc test.

Additional file 14. Bray-Curtis distances of gut microbiota between HF-
fed groups at all time points. Permutational multivariate analysis of vari-
ance (PerMANOVA, 9999 permutations) was used to sequentially deter-
mine whether the two groups/time points were significantly different.
*P<0.05, **P <001 (with FDR adjustment).

Additional file 15. Intraindividual variations in the gut microbiota of
Cluster Day2 (IF Day2/IF" Day2), IF Day3/IF"" Day3, IF Day7 and IF<"
Day7 for the two consecutive weeks compared with Cluster AL and

Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Additional file 16. The overall and balanced error rate (BER) of
classification in the sPLS-DA model of HF-fed groups.

Additional file 17. The taxonomy, co-abundance group and dynamics
of the 42 key OTUs in high-fat-diet mice.

Additional file 18. The dynamics of the 6 co-abundance groups in
high-fat-diet mice.

Additional file 9. The taxonomy, co-abundance group and dynamics of

mice under three intervention regimens. Lipid droplet size profiling of ad-

Cluster CR. Mean values + SEMs are shown. Data were analyzed using the
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