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Long Term Weight Cycling Affects Fecal Microbiota of Mice

Christèle Humblot,* Yohannes Seyoum, Williams Turpin, Rachida Mrabt, Edward O. List,
Darlene E. Berryman, Elizabeth A. Jensen, Elahu G. Sustarsic, John J. Kopchick,
and Jean-Marc Ricort

Scope: Fighting obesity and associated comorbidities through dieting is not
always sustained and results in a subsequent weight gain, a phenomenon
referred to as weight cycling. Diet is among the most important factors in
modifying the composition of gut microbiota. The objective of this work is to
determine whether weight cycling affects the composition and the predicted
function of mouse fecal bacteria on a long-term basis.
Methods and results: Mice fed for 40 weeks with either high fat (HF), low fat
(LF), or cycled diets (starting and ending by one of the two diets, and the
reverse) exhibit a bacterial profile specific to each of the four groups. A higher
proportion of Firmicutes and Bacteroidota phyla are observed in mice on Hf
and LF diet, respectively. The proportion of functions dedicated to amino acid
metabolism is higher in mice on HF or LF/HF diets, whereas the mice on LF
or HF/LF diets have a higher proportion of functions involve in carbohydrate
metabolism and vitamin B biosynthesis.
Conclusion: Compared to continuous HF or LF diets, cyclic diet specifically
alters the composition and function of the mouse fecal microbiota, suggesting
that fight against weight gain should be considered on a long-term basis.

1. Introduction

The worldwide prevalence of obesity has nearly tripled over the
last 40 years. In 2016, 39% of adults aged 18 years and over
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were overweight while about 13% of the
world’s adult population was obese.[1]

Overweight and obesity are critical pub-
lic health issues worldwide and are as-
sociated with increased risk of many
non-communicable diseases, including
non-insulin dependent diabetesmellitus,
coronary heart disease and stroke, and
different types of cancer.[2] The etiology
of obesity illustrates the complex interac-
tions between genetic and environmen-
tal factors, including a sedentary lifestyle
and an energy-rich diet.
Diet is considered as one of most im-

portant factors that modify the composi-
tion of the gut microbiota.[3] Indeed, the
human gut microbiome contains more
than five million genes, thus outnum-
bering the genetic potential of the host
by two orders of magnitude.[4] This ar-
senal of gene products causes a wide
range of biochemical andmetabolic activ-
ities that complement host physiology.[5]

The majority of bacteria found in human microbiota belong
to five phyla (Firmicutes, Bacteroidota, Actinobacteriota, Pro-
teobacteria, and Verrucomicrobiota), while the less common be-
long to the phyla Cyanobacteria, Fusobacteriota, Lentisphaerota,
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and Spirochaetota.[6] Studies of the intestinal microbiota have
helped understand how gut bacteria influence the risk of devel-
oping several diseases related to overweight or obesity, such as
hypertension[7] and cardiovascular diseases,[8] and identified a re-
lationship between microbiota, on the one hand, and obesity and
associated co-morbidities, on the other.[9]

It is now accepted that a high fat diet has a major impact on
the composition of fecal microbiota, in both the long term[9–11]

(several weeks) and the short term (within 1 day).[12] In general,
being overweight is associatedwith a decrease in the overall diver-
sity and in the proportion of the Bacteroidota phylum and an in-
crease in Firmicutes phylum.[13] However, these general assump-
tions have to be considered with caution since each individual fe-
cal microbiota is composed of 500 to 1000 species, of which only
a few dozen comprise a phylogenetic core shared by all humans.
Thus, individual variability exceeds the differences observed be-
tween obese and lean people.[14] In the human population, the
number of confounding factors such as genetic background, liv-
ing environment, initial microbial composition, or characteriza-
tion of diet have led to some differences between studies.[14] Ani-
mal models such as mice have regularly been used to avoid these
confounding factors, while enabling a better understanding of
the relationship between gut microbiota and obesity.[9,14]

Although the relationship between obesity and fecal micro-
biota composition has been the subject of several studies, analy-
ses of the functional traits of this complex bacterial compartment
are rare. Since one of the main causes of obesity is a chronic im-
balance between excessive caloric intake and energy expenditure,
some studies suggest that differences in gut microbial ecology
between humans of different weights may be linked to energy
homeostasis. Considering the metabolic aspects of the micro-
biota, the hypothesis is thus that obese and lean individuals have
distinct microbiotas that differ in their ability to extract energy
from food and store that energy as fat.[9]

The alarming increase in the prevalence of obesity has led
to continuous medical and scientific efforts to promote weight
loss. Although many dietary approaches have proven their effec-
tiveness, in the vast majority of cases, weight loss is not main-
tained but is even followed by weight regain that exceeds the
initial weight.[15] In humans, the metabolic disturbances associ-
ated with overweight and obesity can be worse in subjects with
alternating cycles of weight loss and gain.[15] This cycle of weight
gain and loss is referred to as the yo-yo effect, and it was recently
shown in a short term trial in rodents that post-diet weight re-
gain is controlled by the identity of the gut microbiota, in which a
microbial signature persists even after successful dietary restric-
tions in obese mice.[16] When high fat (HF) and low fat (LF) di-
ets alternate, ensuingmarked fluctuations in body weight and fat
mass are associated with changes in glucose metabolism and al-
tered secretion of endocrine and cytokine factors (e.g., resistin,
IGF-1, IL6).[17] Nevertheless, weight cycled mice and mice fed a
LF diet had a comparable lifespan that far exceeded the lifespan
of HF obese mice.[17] Taken together, these results underline the
importance of studying the gutmicrobiota in animalmodels sub-
jected to diet-induced weight cycling on a long term basis.[16]

The objective of this work was thus to characterize the compo-
sition of the fecal bacteria of weight-cycled mice in a long term,
i.e., 40-week experiment, and to compare it with the composition
of fecal bacteria in corresponding HF and LF diet controls.[17]

Figure 1. Changes in body weight over time in mice on a high fat (HF)
diet (in red), low fat (LF) diet (in orange), HF/LF cyclic diet (in blue), and
a LF/HF cyclic diet (in green). Data are shown as means ± SEM.

The potential functional characteristics of the microbiota were
inferred using Phylogenetic Investigation of Communities by Re-
construction of Unobserved States (PICRUSt2).[18]

2. Results

2.1. Body Weight of Mice on the HF, LF, or Cyclic Diets

To study the influence of a cyclic diet on the composition of the
fecal microbiota, we fed mice for 40 weeks with either a contin-
uous high fat (HF) or low fat (LF) diet or a cyclic diet consist-
ing in 4 weeks on a HF diet followed by 4 weeks on a LF diet.
The last group was divided into two subgroups, one started with
the HF diet and ended with the LF diet and the other started
with the LF diet and ended with the HF diet. First, the weight
of the mice in each group was monitored over time. As expected,
the weight gain over 40 weeks was significantly higher in mice
on the HF diet (+40 g) than in mice on the LF diet (+19 g)
(Figure 1). Over the first 20 weeks, the weight loss fully compen-
sated for the weight gain and enabled the weight-cycled mice to
recover a comparable mass to that of mice fed the chronic LF
diet. However, after 20 weeks, regardless of the weight loss dur-
ing their period on the LF diet, mice fed the cyclic diet weighed
more than mice fed the chronic LF diet. On the other hand, over
the study period, mice subjected to a cyclical diet never grew as
fat as mice subjected to a chronic HF diet (Figure 1).

2.2. Fecal Bacterial Composition of Mice on HF, LF, or Cyclic
Diets

The bacterial composition of fecal samples was analyzed by high
throughput sequencing of the V4 hypervariable region of bac-
terial 16S rRNA coding gene. An almost ideal distinction be-
tween groups of mice on the different diets was observed with se-
quencing, where PCoA of weighted Unifrac distances of fecal mi-
crobiota composition clustered almost perfectly according to the
diet of the mice (Figure 2A). Since the first principal coordinate

Mol. Nutr. Food Res. 2022, 66, 2200439 2200439 (2 of 8) © 2022 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.mnf-journal.com


www.advancedsciencenews.com www.mnf-journal.com

Figure 2. Beta diversity of fecal sample of mice on HF, LF, LF/HF, or HF/LF diets. Principal coordinate analysis (PCoA) of A) Bray-Curtis distances (R2

= 0.61, p-value = 0.001). B) Jaccard distance (R2 = 0.47, p-value = 0.01), C) unweighted unifrac (R2 = 0.34, p-value = 0.02), D) weighted unifrac (R2 =
0.72, p-value = 0.04).

explained 38% of the variance, our results showed that the com-
position of the fecal microbiota of mice fed the chronic HF diet
and the cyclic LF/HF diet differed considerably from the fecal mi-
crobiota of mice fed the chronic LF diet and the cyclic HF/LF
diet. Moreover, the second principal coordinate, which explained
16% of variance, made it possible to distinguish the composition
of fecal microbiota between groups of mice fed the chronic di-
ets and groups fed the cyclic diets. Similar results were obtained
using Jaccard, weighted and unweighted Unifrac distances (Fig-
ure 2B–D). These results showed that the kinetics of exposure to
the four different diets had a huge influence on—and differently
affected—fecal bacterial composition.
Measurement of bacterial species diversity within each dietary

group (alpha-diversity) clearly showed that mice on HF chronic
diets displayed significant lower diversity than mice on the LF
diet, whereas the alpha-diversity of mice on the cyclic LF/HF and
HF/LF diet was intermediate between that of mice on the two
chronic diets (Shannon and Simpson indexes, Figure 3A,B, re-
spectively). Chao and ACE indexes were not significantly differ-
ent among dietary groups (data not shown).
To identify the main bacteria responsible for the differences

in each dietary group, a cladogram was performed (Figure 3C).
Over-representation of the phylum of Firmicutes (class Bacilli,
genus Faecalibaculum) compared to other phyla was character-
istic of mice on the HF diet. By contrast, mice on the LF diet
were characterized by a higher proportion of the genus Acetat-
ifactor. Interestingly, the fecal bacterial composition of mice on
cyclic HF/LF diets displayed an increased proportion of the phy-
lum Bacteroidota (family Muribaculaceae), whereas mice on the
cyclic LF/HF diet were characterized by an increase in the pro-
portion of the genus Ileibacterium (phylum Firmicutes).

To examine the phylogeny of the microbiota of mouse fecal
samples in more detail, the proportion of the bacteria at different
taxonomic levels was analyzed (Figure 4, Table S3, Supporting
Information). At the phylum level, Firmicutes and Bacteroidota
accounted for the majority of bacteria present in mouse feces.
However, their respective proportion varied markedly depend-
ing on the diet. The fecal microbiota of mice on the LF and
HF/LF diets contained a high proportion of Bacteroidota (55%
and 67%, respectively), while mice on the HF and LF/HF diets
had a higher proportion of Firmicutes (16% and 23%, respec-
tively). The Firmicutes/Bacteroidota ratios were 8.4, 0.9, 0.5, and
3.7 for mice on HF, LF, HF/LF, and LF/HF diets, respectively.
The average ratios were significantly different between, the two
continuous diets, but not between the two cyclic diets (data not
shown).
The proportion of the class Bacilli (order Erysipelotrichales,

family Erysipelotricaceae) was higher in mice on the HF and
LF/HF diets, while the proportion of the class Bacteroidia (or-
der Bacteroidales, family Muribaculaceae) was higher in mice
on the LF and cyclic HF/LF diets (Figure 4). The proportion
of the Clostridia class remained similar across the different di-
etary groups. Within the order Lactobacillales, higher proportions
of the Lactobacillaceae family were detected in mice fed the LF
and HF diets, while the proportions of Streptococcaceae and Pep-
tostreptococcaceae were higher in mice fed the HF diet. Higher
proportions of the genera Lactobacillus and Ligilactobacillus were
detected in mice on LF or cyclic HF/LF diets. A higher propor-
tion of the genus Dubosiella was detected in mice on HF and
cyclic LF/HF diets. The genus Akkermansia (phylum Verrucomi-
crobiota) was detected only in fecal samples frommice on the LF
diet (data not shown).
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Figure 3. Microbial diversity of fecal sample of mice on HF, LF, LF/HF, or HF/LF diets. A) Shannon, B) Simpson, C) Cladogram of microbiota analysis
(LEfSe). **—p ≤ 0.01, ***—p ≤ 0.001, ****—p ≤ 0.0001 used for Shannon and Simpson indices.

Figure 4. Top 10 taxa of bacteria from feces from mice on HF, LF, HF/LF or LF/HF diets. A) Phylum. B) Class. C) Order. D) Family. E) Genus.
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Figure 5. PICRUSt2 analysis of microbiota composition of mice on the on the HF or LF diets A) and on the cyclic diets B).

2.3. Functional Analysis of Fecal Bacterial Microbiota

Since phylogeny and biomolecular functions are strongly corre-
lated, we predicted the functional potential of fecal bacterial com-
munities from phylogeny, using techniques such as PICRUSt2
(Figure 5).[18] Compared to mice on the LF diet, microbiota from
mice on the HF diet had a higher proportion of functions ded-
icated to amino acid synthesis (Figure 5A). By contrast, micro-
biota from mice on the LF diet had a higher proportion of gene
coding functions involved in the metabolism of carbohydrates
(rhamnose, pentoses, etc.) and in the biosynthesis of vitamins
from group B (B1, B5).
Similar differences between the two groups were found in the

microbiota of mice on cyclic diets (HF/LF and LF/HF) and in the
microbiota of mice on chronic diets (Figure 5B). Thus, the pro-
portion of functions dedicated to amino acid synthesis was higher
in the fecal microbiota of mice on the LF/HF diet than in the fe-
cal microbiota of mice on HF/LF diet, whereas the proportion of
gene coding functions involved in carbohydrate metabolism and
biosynthesis of vitamins from group B was higher in mice on the
HF/LF diet than in mice on the LF/HF diet.
Mice on the chronic LF diet had a similar proportion of the

different functional groups as mice that received the LF diet at
the end of the cycle (i.e., HF/LF). This was also true for HF and
LF/HF mice (data not shown).

3. Discussion

In this work, we showed that, compared to chronic high fat (HF)
or low fat (LF) diets, a cyclic diet consisting of alternating periods
of 4 weeks of HF diet with 4 weeks of LF diet, specifically affected

the composition of mouse fecal bacteria. We also confirmed that
consumption ofHF and LF diets had amajor impact on the diver-
sity as well as on the proportion of the different bacterial groups
in the mice fecal microbiota.
Attempts to lose weight are often accompanied by the use of

diets with alternating phases of low-calorie intake, and “escape”
phases characterized by high-calorie input. Compared to chronic
HF or LF diets, we showed that, over our 40-week experiment,
the cyclic diets significantly affected overall weight gain, which
was lower than that of mice on the chronic HF diet. These re-
sults are consistent with some previously published data[17] but
disagree with other data indicating that mice on cyclic diets have
an overall higher[19] or a similar weight gain[16] to mice on HF di-
ets. Such discrepancies may be due to differences in the models
used (composition of the diet and mouse strains), in the dura-
tion of the experiments, and in the number of diet/weight regain
cycles. Nonetheless, as previously observed,[16,17] the net weight
gain,measured over identical periods of high calorie feeding, was
found to be consistently higher in the weight cycling group than
in mice fed a chronic HF diet. The notable weight gain observed
during the high-calorie diet stages of mice on a cyclic diet sug-
gests the subsequent appearance of significant metabolic alter-
ations or pathologies. However, the lifespan of mice on the cyclic
diets was similar to that of mice on the LF diet (114 weeks) and
much longer than that of the mice on the HF diet (77 weeks)[17]

indicating that the deleterious effects of HF diet can be mitigated
when the diet is regularly reversed to LF.[17,20]

Althoughmany studies have shown that the nature of the diet,
such as an HF diet, can shape the diversity and proportion of the
gut microbiota, the reported variations differ from one study to
another and are sometimes contradictory.[21] This is particularly
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the case in studies in humans in whom there is great variabil-
ity in many parameters, including genetic background, environ-
ment, and the specific nature of the diet.[22] But this has also been
the case in studies in rodent models, even though confounding
factors such as genetic background, diet, and environment were
better controlled.[21] Whatever the impact of diets on the micro-
biota, changes were found to take place extremely rapidly. Thus,
germ free mice inoculated with human fecal microbiota under-
went changes associated with consumption of western type diet
(i.e., high fat and high sucrose) within only 1 day and were still
stable after 7 days.[23]

As obesity is a real public health issue, most of the studies that
analyzed the impact of a diet on the composition of the micro-
biota mainly focused on HF diets. However, this does not accu-
rately reflect the behavior of obese individuals who are subject
to the “yo-yo effect”, i.e., alternate cycles of weight loss and re-
gain. By studying variations in the composition of the microbiota
over a long-term period alternating phases of weight gain and
loss, our study came closer to the real physio-pathological con-
ditions encountered. We showed that, whatever the nature of the
diet (LF or HF) that ends the cycle, the composition ofmicrobiota
of the mice on a cyclic diet differed from that of mice on a contin-
uous diet. However, despite these differences, we observed that
the composition of the microbiota at the end of a cycle resembled
that of the corresponding continuously fed mice. Thus, the com-
position of the microbiota of mice ending their cycle with a LF
diet resembled that of mice continuously fed a LF diet, while the
reverse was true in mice that ended their cycle with a HF diet.
Taken together, these results suggest that, at the end of the 10 cy-
cles, the last 4 weeks on a given diet did not give the microbiota
sufficient time to recover the same composition as that ofmice on
continuous diets. The composition of fecal bacterial has already
been shown to be similar 7 days and 2 months after shifting to
the HF diet.[23] The composition of the fecal microbiota changed
dramatically after three weeks on the HF diet and did not return
to the initial composition following the consumption of the LF
diet.[16] The neat separation on the PCoA representation of the
microbiota composition of the mice from the four dietary groups
is similar to the one obtained by Thaiss et al.[16] after two cycles.
These results thus suggest that a cyclic diet results in a specific
intermediate microbial composition.
Microbiota originating from obese donors has been consid-

ered to be obesogenic.[13,21,24] Thus, even before the onset of obe-
sity, HF diet-induced alteration of microbiota composition could
lead to a series of metabolic alterations in the host that con-
tribute to obesity.[25] Therefore, the microbiota of obese mice
could favor the development of metabolic complications upon
second exposure to a HF diet.[16] Alternating phases of weight
gain and weight loss are associated with profound metabolic al-
terations and subsequent increases and decreases in leptin, re-
sistin, glucose-dependent insulin releasing polypeptide, IGF-1,
glucose, insulin, and glucose tolerance, respectively.[17,20] How-
ever, our study showed that, even after a long period of cyclic
feeding comprising 10 cycles, these mice weighed less than
mice on the HF diet. Moreover, the lifespan of mice on cyclic
diets was similar to that of mice on the LF diet, despite the
fact they were overweight and had consumed a HF diet for
half of their life.[17] Taken together, these results suggest that
the metabolic alterations that occur during the HF diet phases

are largely counterbalanced during the LF diet phases. Thus,
monitoring gut microbial composition after each cycle period
should provide a better understanding of the events that ex-
plain the overall positive effect of the cyclic diet compared to the
HF diet.[17,20]

The Firmicutes/Bacteroidota ratio is already considered to be
an important factor linked with obesity. Even if it remains to
be formally demonstrated, this ratio can increase in the case of
overweight.[9,14,26] In fact, an increase in Firmicutes has been reg-
ularly linked with facilitated extraction of energy from ingested
foods and increased energy storage in adipose tissue, resulting
in more efficient absorption of calories.[13,24,27] In our study, a
marked increase in the proportion of Firmicutes was observed
in mice on either the HF diet or on LF/HF diets. More precisely,
the classes Erysipelotrichi and Bacilli were more represented in
the microbiota of mice on the HF and LF/HF diets. Such an in-
crease in the proportion of Erysipelotrichi (Firmicutes) has also
been reported in mice fed a Western-type diet (enriched in fat
and carbohydrate).[23]

The proportions of the Bacteroidota phylum and of all the fol-
lowing phylogenetic levels were higher in mice on the LF and
HF/LF diets. Even if the contribution of Bacteroidota to the lean
phenotype remains to be proven,[14] many studies have shown
that an increase in the proportion of this phylum has a positive
effect on health. This could be the consequence of its super abil-
ity to use polysaccharides, such as mucosal glycans, in the diet or
in the host.[28,29]

While the role of Bacteroidota remains to be more clearly
determined in both the lean and obese phenotypes, the role
of Akkermansia muciniphila, one of the most abundant single
species in the human microbiota (0.5–5% of the total bacteria),
is better understood. In fact, it has been isolated and character-
ized as a mucin using specialist, and to be inversely associated
with obesity, diabetes, cardiometabolic diseases, and low-grade
inflammation. Moreover, it was also less abundant in the intesti-
nal microbiota of both genetic and diet-induced obese and dia-
beticmice.[30–32] Interestingly, we only identified theAkkermansia
genus in microbiota of mice on the LF diet, thereby supporting
the hypothesis that this genus is closely linked to the lean pheno-
type.
In order to help establish a functional hypothesis on the

changes observed in the fecal bacterial composition, we used
the PICRUSt2 software to predict the functional potential of fe-
cal bacterial communities based on marker gene sequencing
profiles.[18] In contrast to compositional data where each group of
mice had a specificmicrobiota, we found that predicted functions
were similar inmice on high fat/low fat diets or their cyclic coun-
terparts. Indeed, mice on the chronic LF and on cyclic HF/LF di-
ets had a higher proportion of functions dedicated to the biosyn-
thesis of group B vitamins and carbohydrate metabolism. Mice
on the HF or LF/HF diets had a higher proportion of functions
dedicated to amino acid synthesis. This suggests that even if the
fecal bacterial composition was drastically affected by cyclic diet,
their predicted functions were less affected.
Some bacteria are systematically associated with health pro-

moting effects. This is the case of bacteria belonging to the Lac-
tobacillus genera that are widely used as probiotics thanks to
their many beneficial health effects such as reducing diarrheal
episodes in young children or reducing the risk of developing
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allergies.[33,34] In the present study, a higher proportion of the
order Lactobacillales was observed in mice on continuous diets
(HF and LF) than in mice on cyclic diets. In fact, higher pro-
portions of the family Lactobacillaceae (Lactobacillus genus) were
found inmice on the LF diet and lower proportions were found in
mice on cyclic diets, while the family Streptococcaceae was found
more frequently in mice on the HF diet.[33,34]

In conclusion, we have demonstrated alteration in the compo-
sition and function of the intestinal microbiota in all four groups
of mice on both continuous and cyclic diets. While a cyclic diet is
generally considered to be negative due to the increase in weight
gain during the HF period, the results of our study suggest that
in mice, weight cycling is nevertheless more beneficial than con-
tinuous obesity and that the fight against weight gain should be
considered on a long-term basis.

4. Experimental Section
Animals: All experiments involving mice were performed using pro-

tocols and procedures approved by the Ohio University Animal Care and
Use Committee (IACUC12-H-026).Male C57BL/6J (4-week-old)micewere
purchased from Jackson Labs (Bar Harbor, ME, USA) and housed in the
animal facility of the Edison Biotechnology Institute. Rooms were kept
on a 14-h light/10-h dark cycle in a temperature-controlled environment
(23 °C). Mice were provided ad libitum access to food and water (diets
described below).

Diets: Mice (5 weeks of age) were placed on one of the following four
diets: 1) a high-fat (HF) diet (5.21 kcal g−1) in which 60% of energy comes
from fat, 20% from carbohydrates, and 20% from protein (# D12492, Re-
search Diets, New Brunswick, NJ, USA Table S1, Supporting Information)
(n = 10); 2) a standard chow (LF) diet (4.10 kcal g−1) in which 14% of
energy comes from fat, 60% from carbohydrates, and 26% from protein
(ProLab RMH 3000, LabDiet, St. Louis, MO, USA Table S2, Supporting In-
formation) (n = 10); 3) a cycled diet in which mice alternated between 4
weeks on the LF diet followed by 4 weeks on the HF diet (LF/HF) (n = 10);
4) a reverse cycled diet in which mice alternated between 4 weeks on the
HF diet followed by 4 weeks on the LF diet (HF/LF) (n = 9). The 4 weeks
duration was chosen since it allowed to go back to the weight of the mice
on LF diet as described previously.[17] Mice were housed 9–10 per cage in
large 45 cm × 24 cm microisolator cages.

Fecal Collection: Fecal samples were collected from mice on each diet
(see above) after 40 weeks of feeding, which coincided with the end of
a cycle for both cyclic groups (i.e., at the end of 4 weeks of weight loss
on the LF diet for HF/LF mice and at the end of 4 weeks of weight gain
on the HF diet for LF/HF mice). Mice were placed on a stainless-steel
benchtop cleaned with a 70% ethanol solution. Defecation was expedited
by gently massaging the animal’s back until five to six fecal pellets were
collected. The benchtop and utensils to pick up the fecal pellets were
cleaned after the fecal material was collected from each mouse. Fecal ma-
terial was not included if the mouse urinated in the same area as the fecal
material.

Extraction and Purification of Total Genomic DNA fromMice Feces: Total
DNA was extracted frommice feces using the QIAamp DNA Stool Mini kit
(Qiagen, Courtaboeuf, France) according to the manufacturer’s protocol
with one slight modification: a mechanical lysis step using an amalgama-
tor with zirconium beads (Multi bead-beater, Biospec Products Inc., VWR,
Fontenay sous Bois, France) was added to maximize bacterial lysis. DNA
quality was assessed by separation on agarose gel and ethidium bromide
staining. The amount of DNA was assessed using a Nanovue spectropho-
tometer (GE Health care, Uppsala, Sweden). All DNA extracts were stored
at −20 °C until analysis.

Analysis of Fecal Microbiota using High Throughput Sequencing: The V4
hypervariable region of bacterial 16S rRNA was sequenced in paired-end
mode (2 × 300 bp) on the MiSeq platform (Illumina) using primers 351F
and 926R. Demultiplexed sequences were obtained, and the Divisive Am-

plicon Denoising Algorithm 2 (DADA2) R package was used to remove
low quality reads, to de-noise, and remove chimeric sequences.

Only forward reads were used for the analysis due to the small amount
of overlap between forward and reverse reads following DADA2 trimming
and quality filtering. The outputs from DADA2 Amplicon Sequence Vari-
ants (ASVs) were assigned to taxonomies using the Ribosomal Database
Project, Naïve Bayesian classifier[35] using SILVA 16S rRNA database ver-
sion 138.1.[36,37] Sequences were rarefied at 2535 reads per sample to
determine bacterial 𝛼 and 𝛽-diversity using the phyloseq R package.[38]

All alpha-diversity metrics (Chao, Abundance-based Coverage Estimators
(ACE), Simpson and Shannon) were then plotted and statistically analyzed
by ANOVA with a Tukey post-hoc test (p < 0.05) using GraphPad Prism
software (version 9). Beta-diversity metrics (Bray-Curtis dissimilarity, Jac-
card, weighted and unweighted Unifrac) were created using phyloseq.
Principal coordinate analysis (PCoA) was performed on beta-diversity met-
rics and statistically confirmed by permutational multivariate analysis of
variance using 999 permutations with the Benjamin–Hochberg false dis-
covery rate (FDR, p< 0.05) using phyloseq.[38] The significance of the sep-
aration between study groups in the PCoA space was assessed by a per-
mutation test with pseudo-F ratio using the adonis function in vegan.[39]

Additionally, ASVs with prevalence of <5% were removed before tax-
onomic analysis and linear discriminant analysis effect size (LEfSe) was
used (Wilcoxon p-value <0.05, logarithmic LDA (linear discriminant anal-
ysis) score >2) to identify the biomarker in the treatment groups.[40]

Predictions of Bacterial Function: PICRUSt2 software was used to pre-
dict the functional potential from the 16S r RNA. ASVs with prevalence of
<5% were removed before functional analysis and the default parameters
of the PICRUSt2 pipeline were used.[41] In PICRUSt2, sequence variants
were included in a phylogenetic tree using EPA-NG,[42] gappa,[43] genomic
hidden states were predicted using castor,[44] andMetaCyc pathway abun-
dances were inferred using MinPath.[45] Statistical analysis of metage-
nomic profiles was used to test group significance between the groups.[46]

ANOVA with a Tukey-Kramer post-hoc test was used with Benjamini–
Hochberg FDR (p < 0.05).
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