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Abstract

Cafeteria (CAF) diet is known to accurately mimic the human Western diet in modern societies, thereby inducing severe obesity accompanied by dras-
tic alterations on the gut microbiome in animal models. Notably, the dietary impact in the gut microbiota composition might be influenced by genetic
factors, thus distinctively predisposing the host to pathological states such as obesity. Therefore, we hypothesized that the influence of strain and sex on
CAF-induced microbial dysbiosis leads to distinct obese-like metabolic and phenotypic profiles. To address our hypothesis, two distinct cohorts of male
Wistar and Fischer 344 rats, as well as male and female Fischer 344 animals, were chronically fed with a standard (STD) or a CAF diet for 10 weeks. The
serum fasting levels of glucose, triglycerides and total cholesterol, as well as the gut microbiota composition, were determined. CAF diet triggered hyper-
triglyceridemia and hypercholesterolemia in Fischer rats, while Wistar animals developed a marked obese phenotype and severe gut microbiome dysbiosis.
Furthermore, CAF diet-induced changes on gut microbiota were related to more profound alterations in body composition of female than male rats. We
revealed that distinct rat strains and genders chronically consuming a free-choice CAF diet develop distinct and robust microbiota perturbations. Overall,
we showed that genetic background might have a key role in diet-induced obesity, thus distinguishing the suitability of different animal models for future

nutritional studies focused on gut microbiota dysbiosis induced by a CAF dietary model.

© 2023 The Authors. Published by Elsevier Inc.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Key words: Gut microbiota; cafeteria diet; rat strain; sexual dimorphism; diet-induced obesity.

1. Introduction

The gut microbiota plays a crucial role in the maintenance of
a healthy metabolic and physiologic phenotype in the host by ex-
erting a wide range of functions such as regulating gut integrity,
host immunity and energy homeostasis. Several factors including
genetics and environmental conditions are known to impact on the
establishment of gut microbes. Among them, diet has been recog-
nised as the main agent influencing the composition and activity
of the gut microbial ecosystem [1], while host genetics also have
a determinant impact on the microbiome [2,3]. For this reason,
recent findings raised the importance of controlling for ethnicity
when establishing relationships between gut microbiota alterations
and the onset of a disease [4]. In this sense, host genetics might in-
fluence gut microbiota responses to environmental challenges, thus
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distinctively predisposing the host to certain pathological states
under a given dietary intervention. Unfortunately, only few stud-
ies have examined gut microbial differences among distinct rodent
strains and how diet is able to differentially modulate their bacte-
rial ecosystems [5,6].

Sexual dimorphism is characteristic of different common dis-
eases including obesity and related complications [7]. Accordingly,
hormonal status exerts an important modulatory role on the gut
microbiota-host interaction. For instance, the preventive role of es-
trogens in the development of obesity-related metabolic disorders
such as endotoxemia and low-grade chronic inflammation is tightly
mediated by gut microbiome [8]. Overall, the interaction between
diet, gut microbiota and host homeostasis lastly depends on the
genetic background.

Importantly, changes on dietary habits promote rapid shifts in
the gut microbial populations [9]. In this sense, cafeteria (CAF) diet
induce severe obesity-associated dysbiosis in rats [10]. Despite that
CAF model is known to closely reflect the modern human condi-
tion of obesity [11], the influence of genetics in the CAF-induced
microbial dysbiosis and metabolic alterations has not been eval-
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uated so far. In such situation, we hypothesized that strain and
sex influence on CAF-induced microbial dysbiosis leads to distinct
obese-like metabolic and phenotypic profiles. To address this hy-
pothesis, we aimed to characterize the impact of chronic CAF feed-
ing on the gut microbiota composition and host phenotype of dis-
tinct rat strains (Wistar or Fischer 344) and sexes (male or female
Fischer 344).

2. Materials and methods
2.1. Animal procedures

Twelve 6-weeks-old male Wistar rats, sixteen 7-weeks-old male Fischer 344
(F344) rats and sixteen 7-weeks-old female F344 rats were supplied from Charles
River Laboratories (Wilmington, MA, USA). Animals were individually housed in
three different temperature-controlled rooms (22°C) according to sex and strain un-
der a 12:12-h light-dark cycle. After 1 week of adaptation with free access to food
and water, the animals within each strain and sex were randomly distributed de-
pending on the diet: (A) standard (STD) nonpurified chow diet (Teklad Global 18%
Protein Rodent Diet 2018, Harlan, Barcelona, Spain), and (B) CAF diet composed of
energy-dense and highly palatable foods including biscuits with paté and cheese
(14-15 g), bacon (5-7 g), and pastries (6-8 g), standard chow pellets ad libitum
(same pellets offered to STD group), and sugared milk (220 g/L; 50 mL per day).
Both STD and CAF had free access to water during all the experimental period.
The energetic density and the macronutrient composition of the diets used in this
study have been previously characterized by our research group [10] (Supplemen-
tary Table 1). The experimental groups were composed as follows: (1) STD diet-fed
male Wistar rats (n=6), (2) CAF diet-fed male Wistar rats (n=6), (3) STD diet-fed
male F344 rats (n=8), (4) CAF diet-fed male F344 rats (n=8), (5) STD diet-fed fe-
male F344 rats (n=8), and (6) CAF diet-fed female F344 rats (n==8). Decision on
sample size was made based on previous similar research work. No animals were
excluded from the analyses. Food intake and body weight were recorded weekly.
Macronutrient intake (g) was calculated as total food intake (grams) x macronutri-
ent content (g)/100. Macronutrient intake of CAF diet-fed groups was calculated as
the sum of macronutrient intake from each individual ingredient included in this
diet. Total food intake and macronutrient intake are presented in Kcal/d. Food effi-
ciency was calculated as the body weight gain (grams) per each 100 Kcal ingested
following the formula: FE. = average daily body weight gain (g)/average daily food
intake (kcal) x 100. One week before the end of the study, serum samples were
obtained by saphenous venepuncture and processed by centrifugation (2 000 g, 15
min). At 17-weeks-old, Wistar rats were euthanized by exsanguination through car-
diac puncture under anaesthesia (pentobarbital sodium, 80 mg/kg body weight),
whereas F344 rats were sacrificed by decapitation according to the requirements
of independent purposes of this study. Liver; white adipose tissue depots, includ-
ing mesenteric (MWAT), retroperitoneal (RWAT), inguinal (IWAT) and epididymal
(EWAT) or periovarian (OWAT); and cecum were collected, weighed and immedi-
ately frozen in liquid nitrogen. All the samples were stored at -80°C until further
analyses.

The Animal Ethics Committee of the Technological Unit of Nutrition and Health
of EURECAT (Reus, Spain) and the Generalitat de Catalunya approved all procedures
(DAAM 8865). The study followed the "Principles of Laboratory Animal Care,", com-
plied with the ARRIVE guidelines and was carried out in accordance with the EU
Directive 2010/63/EU for animal experiments.

2.2. Body composition and serum analysis

Fat and lean mass were determined on d 0 and 70 by nuclear magnetic reso-
nance (NMR) using an EchoMRI-700 device (Echo Medical Systems, L.L.C., Houston,
TX, USA). Adiposity Index was calculated as the sum of the EWAT, IWAT, MWAT and
RWAT depots weight and expressed as percentage of body weight. Serum levels of
glucose, triglycerides and total cholesterol were assessed using enzymatic colori-
metric kits (QCA, Barcelona, Spain) according to the manufacturer’s instructions.

2.3. Assessment of cecal microbiota composition

For microbiota analyses, DNA from the cecal content samples was extracted
using a QIAamp DNA stool mini kit (Qiagen Inc., Hilden, Germany) in accordance
to the manufacturer’s instructions. DNA purity and integrity were evaluated using
spectrophotometry (NanoDrop, Thermo Fisher Scientific, MA, USA). V3 and V4 re-
gions from 16S rRNA gene were amplified and purified as described previously [12].

Multiplexed pools were diluted to 50 pM DNA concentration prior to clonal am-
plification. Clonal amplification and sequencing were performed by employing the
Ion 520 and lon 530 Kit-Chef (Life Technologies, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Prepared samples were loaded on lon 530 chips
and sequenced using the Ion S5 System (Life Technologies, Carlsbad, CA, USA). The
individual sequence reads were filtered by the Ion Torrent Suit software to remove
low-quality and polyclonal sequences and finally analyzed using QIIME [13]. The

sequence similarity threshold for both OTU picking and taxonomy assignment was
97%, and Greengenes was utilized as the taxonomy database.

2.4. Statistical analyses

All results are expressed as the mean =+ standard error of the mean (SEM). The
Grubbs test was applied to remove significant outliers. Two-way ANOVA was ap-
plied to evaluate differences on food intake, biometric and serum parameters (Diet
and Strain or Diet and Sex, separately). If significant interactions emerged from the
two-way ANOVA, differences between STD and CAF diet-fed groups within each sex
or strain were assessed by a Student’s t-test. The statistical power of the test was
80%, and the two-sided significance level was 0.05. Pearson’s correlation analysis
was employed to analyse the correlations among variables of interest. Statistical
analyses were performed using SPSS Statistics 22 software (SPSS, Inc., Chicago, IL,
USA).

For metagenomic analyses, microbial genera present in at least two samples
with >0.1% abundance were previously selected. Overall dissimilarities of cecal mi-
crobiota composition between pairs of groups were assessed using one-way PER-
MANOVA based on Bray-Curtis distances. The microbial diversity was assessed
through the Shannon’s diversity index. The contributory role for each factor to the
observed differences was assessed using two-way ANOSIM at genus level, with diet
nested within strain or sex. The phyla relative abundances were statistically com-
pared using the nonparametric U-Mann Whitney test. Changes on specific microbial
genera were assessed through the non-parametric Welch’s t-test. P-values were ad-
justed for multiple comparisons according to the Benjamini-Hochberg method with
a 5% false discovery rate (FDR). Finally, principal component analyses (PCA) based
on genera proportions were performed to identify clusters according to the micro-
biome composition.

3. Results
3.1. CAF diet promotes obesity independently of rat strain and sex

Food intake, biometric and biochemical parameters in male
Wistar and F344 rats are presented in Table 1. The two-way
ANOVA revealed that energy intake was increased in both CAF-fed
rat strains, although this increment was higher in F344 animals.
Accordingly, total food consumption was higher in F344 than in
Wistar animals under a CAF feeding (Wistar-CAF: 24.074-0.67 g/d;
F344: 33.914+1.19 g/d). These results indicate that the hyperpha-
gia promoted by CAF diet was more evident in F344 than in Wis-
tar rats. Surprisingly, these differences were due to a significantly
higher chow intake in F344 than Wistar rats in our free-choice
CAF model (Wistar-CAF: 3.224+0.61 g/d, F344-CAF: 10.6+0.37 g/d).
These observations were in line with a more pronounced reduc-
tion of fibre intake in Wistar than F344 animals when compared
to their respective STD-fed controls, although total fibre intake was
significantly lower in CAF than STD-fed rats within both strains.

Interestingly, a higher protein intake was observed in CAF-fed
F344 rats compared to their STD-fed controls while, on the con-
trary, protein intake was lower in CAF- than STD-fed Wistar ani-
mals. Moreover, a higher increment of simple carbohydrates intake
was observed in Wistar than F344 rats when fed with our CAF diet.
These results might be mostly explained by differences on sug-
ared milk intake (Wistar-CAF: 47.14+1.43 mL/d, F344-CAF: 42.1+1.60
mlL/d), but distinct preferences for different ingredients included in
the CAF diet observed between Wistar and F344 might also have
an impact on their physiological and microbial responses to this
CAF model.

Body weight gain, total fat mass, adipose tissues weights
(MWAT, EWAT and IWAT), adiposity index and visceral fat percent-
age were higher in both F344 and Wistar rats under CAF feed-
ing, whereas body lean mass percentage and lean-to-fat mass ratio
were reduced. Interestingly, CAF-fed Wistar rats showed a higher
increase in the percentage of RWAT mass than F344 animals when
compared to their respective STD-fed controls. Moreover, F344 rats
presented a significantly lower body weight gain, percentages of
lean mass and visceral fat, and adiposity index than Wistar an-
imals independently of the diet. These results are in accordance
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Table 1
Food intake, biometric and serum parameters in male Wistar and Fischer 344 rats fed standard (STD) and cafeteria (CAF) diets.
Wistar F344 Two-way ANOVA
STD CAF STD CAF
Food intake (kcal/d)
Total energy intake 67.8 + 2.52 136 + 3.14* 60.6 + 0.97 159 + 3.55* S*D
Total carbohydrates intake 38.7 +£ 144 76.7 + 2.66* 35.2 £ 0.56 92.8 + 2.71* S*D
Simple carbohydrates intake 0.00 + 0.00 67.6 + 1.34* 0.00 &+ 0.00 52.7 £ 2.27* S*D
Lipid intake 12.2 + 045 46.3 + 0.85 10.9 + 0.17 43.7 £2.33 D
Protein intake 16.3 + 0.60 13.8 + 0.47* 14.6 + 0.23 18.2 + 0.52¢ S*D
Fiber intake (g/d) 3.18 +£ 0.12 0.90 + 0.09* 2.88 + 0.05 1.88 + 0.06* S*D
Food efficiency 493 + 0.18 3.46 + 0.10 3.35 + 0.08 2.24 £+ 0.21 S,D
Biometric parameters
Body weight gain (g) 234 + 133 331 £ 153 128 + 3.29 225 + 171 S,D
Fat mass (%) 11.0 + 0.87 24.8 + 1.96 12.0 + 0.51 242 + 1.73 D
Lean mass (%) 84.2 + 0.94 709 + 1.94 78.3 £ 0.78 69.7 + 1.67 S,D
Lean/fat ratio 716 + 0.38 3.00 + 0.35 6.60 + 0.25 3.00 + 0.34 D
Visceral fat (%) 6.93 + 0.57 12.1 £+ 0.66 6.24 + 0.17 9.66 + 0.43 S,D
Adiposity Index 9.01 + 0.75 16.0 + 1.03 7.63 + 0.21 12.0 + 0.63 S,D
MWAT (%) 1.61 £ 0.12 2.78 £ 0.26 1.51 + 0.08 2.56 £ 0.13 D
RWAT (%) 2.80 £ 0.28 5.25 + 0.36* 2.26 + 0.09 3.20 + 0.16* S*D
EWAT (%) 2.52 £ 0.26 4.07 £ 0.35 243 £ 0.10 3.90 + 0.24 D
IWAT (%) 2.08 + 0.20 3.22 + 0.21 1.34 + 0.08 233 £0.26 S,D
Cecum weight (g) 6.55 + 0.46 418 +£ 0.29 5.58 + 0.30 4.36 + 0.21 D
Serum parameters
Glucose (mg/dL) 147 £ 123 176 + 109 150 + 5.97 202 + 109 D
Triglycerides (mg/dL) 971 + 23.2 136 + 124 134 + 8.21 358 + 24.3* S*D
Total cholesterol (mg/dL) 73.7 &+ 8.65 712 + 2.87 59.0 + 3.82 94.8 + 7.29* S*D

Values: Male Wistar (n=6 per group) and Fischer 344 (n=8 per group) rats were fed with STD or CAF diet. Data are expressed as the
mean + SEM. D, the effect of diet type; S, the effect of strain; S*D, the interaction of strain and diet type (two-way ANOVA, P<.05).
Abbreviations: EWAT, epididymal white adipose tissue; IWAT, inguinal white adipose tissue; MWAT, mesenteric white adipose tissue;

RWAT, retroperitoneal white adipose tissue.
* The effect of diet within each strain (Student’s t-test, P<.05).

with decreased food efficiency (body weight gain per unit of en-
ergy consumed) observed in F344 rats compared to Wistar animals
regardless the diet. On the other hand, cecum weight was lower
in CAF-fed animals independently of rat strain, which could be ex-
plained by the reduced fiber intake. Concerning the metabolic phe-
notype, both Wistar and F344 rats exhibited higher serum glucose
levels under CAF diet. In contrast, hypertriglyceridemia and hyper-
cholesterolemia were only observed in F344 rats consuming a CAF
diet.

Alterations on food intake, biometric and biochemical parame-
ters induced by CAF feeding were observed in both male and fe-
male F344 rats (Table 2). CAF-fed animals showed an increased
intake of total energy, carbohydrates, lipids and proteins as com-
pared to STD-fed counterparts. As expected, energy, macronutri-
ents and fiber intake were lower in females than in males inde-
pendently of the dietary model. In accordance, cecum weight was
lower in females than males regardless the diet, and significantly
reduced by CAF feeding independently of sex. Interestingly, fiber
intake and cecum weight were positively correlated (Pearson’s cor-
relation, r(43)=0.797, P<.001). Despite that energy intake was sim-
ilarly higher in CAF-fed males and females compared to STD con-
trols (Diet effect), body weight changes were more pronounced in
males than females (Diet x Sex interaction), thus suggesting that
males were more susceptible to body weight gain under CAF diet.
These results were not translated into diet-dependent differences
on food efficiency between both genders. However, the percent-
age of body fat mass, adiposity index and visceral fat was higher
in CAF-fed animals independently of sex. Notably, a higher drop
on lean mass percentage and a higher increment of RWAT per-

centage was observed in females than males fed a CAF diet, thus
supporting distinct vulnerabilities to diet-induced obesity (DIO). In
addition, both male and female F344 rats fed a CAF diet showed
higher fasting blood glucose, triglycerides and total cholesterol lev-
els, while hypertriglyceridemia was more pronounced in male than
in female F344 rats.

Finally, we conducted correlation analyses between food in-
take parameters and metabolic and physiological markers includ-
ing data from all study animals. Total energy intake, carbohy-
drates intake and lipid intake were positively correlated with body
weight gain, body fat mass, adipose tissues weights and circulat-
ing TAG, and negatively correlated with body lean mass and ce-
cum size. Simple carbohydrates consumption strongly and posi-
tively correlated with visceral fat mass and adiposity index. On
the other hand, protein intake was especially associated with high
body and liver weights. Fiber intake presented positive correlations
with lean body mass and cecum weight, while negatively corre-
lated with body fat mass, visceral fat mass and adiposity index.
Overall, food consumption patterns, concomitantly related to dis-
tinct animal strains and sexes, were highly related to changes ob-
served at physiological and metabolic levels, as expected.

3.2. CAF diet distinctively altered major phyla and microbial diversity
in different rat strains and sexes

Overall, two-way PERMANOVA revealed a significant interaction
between strain and diet (P<.001) as factors determining the ce-
cal microbiota composition. Specifically, one-way PERMANOVA re-
vealed that genera populations were significantly altered by CAF
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Table 2

Food intake, biometric and serum parameters in male and female Fischer 344 rats fed standard (STD) and cafeteria (CAF) diets.

Male Female Two-way ANOVA

STD CAF STD CAF
Food intake (kcal/d)
Total energy intake 60.6 + 0.97 159 + 3.55 38.8 + 0.60 122 £ 9.35 s,D
Total carbohydrates intake 35.2 £ 0.56 92.8 +£ 2.71 225 £ 035 76.3 + 6.87 s,D
Simple carbohydrates intake 0.00 &+ 0.00 52.7 £ 2.27 0.00 &+ 0.00 60.8 + 6.52 D
Lipid intake 10.9 £+ 0.17 437 + 233 6.99 + 0.1 344 + 1.93 s,D
Protein intake 14.6 + 0.23 18.2 + 0.52 932 £ 0.14 12.0 + 0.64 s,D
Fiber intake (g/d) 2.88 + 0.05 1.88 + 0.06 1.84 + 0.03 0.80 + 0.02 s,D
Food efficiency 3.35 + 0.08 2.24 + 0.21 2.09 + 0.08 148 + 0.12 s,D
Biometric parameters
Body weight gain (g) 128 + 3.29 225 + 17.1* 511 & 2.04 109 + 3.74* s*D
Fat mass (%) 12.0 &+ 0.51 242 + 1.73 15.8 + 1.26 32.0 +£ 0.70 s,D
Lean mass (%) 78.3 + 0.78 69.7 + 1.67* 77.7 £ 1.10 62.8 + 0.75* s*D
Lean/fat ratio 6.60 + 0.25 3.00 + 0.34 518 + 0.47 1.97 + 0.07 s,D
Visceral fat (%) 6.24 + 0.17 9.66 + 0.43 7.81 + 0.83 13.0 £ 0.29 s,D
Adiposity Index 7.63 + 0.21 12.0 + 0.63 8.88 + 0.88 15.3 + 0.38 s,D
MWAT (%) 1.51 + 0.08 2.56 + 0.13 142 + 0.18 245 + 0.07 D
RWAT (%) 2.26 + 0.09 3.20 + 0.16* 147 + 0.22 3.32 + 0.18* s*D
EWAT (%) 2.43 £ 0.10 3.90 + 0.24* - - -
OWAT (%) - - 476 + 0.37 712 + 0.23* -
IWAT (%) 1.34 + 0.08 233 £ 0.26 1.01 £+ 0.08 219 +£ 0.19 D
Cecum weight (g) 5.58 + 0.30 436 + 0.21 417 + 0.25 2.25 + 0.23 s,D
Serum parameters
Glucose (mg/dL) 150 + 5.97 202 + 109 133 + 6.18 178 + 8.45 s,D
Triglycerides (mg/dL) 134 + 8.21 358 + 24.3* 76.6 &+ 6.95 170 £ 22.7¢ s*D
Total cholesterol (mg/dL) 59.0 + 3.82 94.8 + 7.29 85.8 £ 2.17 105 + 5.23 s,D

Values: Male and female Fischer 344 rats (n=8 per group) were fed with STD or CAF diet. Data are expressed as the mean + SEM. D,
the effect of diet type; s, the effect of sex; s*D, the interaction of sex and diet type (two-way ANOVA, P<.05).
Abbreviations: EWAT, epididymal white adipose tissue; IWAT, inguinal white adipose tissue; MWAT, mesenteric white adipose tissue;
OWAT, periovarian white adipose tissue; RWAT, retroperitoneal white adipose tissue.

* The effect of diet within each sex (Student’s t-test, P<.05).
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Fig. 1. Differences in alpha-diversity among groups assessed through the Shannon Index. (A) Microbial diversity determined in male Wistar and F344 rats fed with a standard
(STD) or a cafeteria (CAF) diet. (B) Microbial diversity determined in F344 male and female rats fed with a STD or a CAF diet. Data are expressed as the mean & SEM. D, the
effect of diet type; sxD, the interaction of sex and diet type (two-way ANOVA, P<.05). * The effect of diet within female rats (Student’s t-test, P<.05).

diet within both Wistar (P=.002) and F344 (P<.001) rats (Supple-
mentary Fig. S1), while this diet decreased the bacterial diversity in
both Wistar and F344 rats compared to STD diet (two-way ANOVA,
P=.04) (Fig. 1A). Interestingly, we identified significant differences
in the microbiota composition between F344 and Wistar animals
fed with a STD diet (One-way PERMANOVA, P=.003), while bacte-
rial diversity did not differ (Student’s t-test, P=.867).

We also revealed an interaction between diet and sex factors
within F344 strain (two-way PERMANOVA, P=.02). Microbial pop-
ulations were significantly altered by CAF diet within both males
and females (one-way PERMANOVA, P<.001) (Supplementary Fig.

S2). Importantly, bacterial diversity was reduced in female rats un-
der CAF feeding compared to STD-fed counterparts (Student’s t-
test, P<.001), but not in males (Fig. 1B).

Firmicutes was the most abundant phylum present in both Wis-
tar (79.3%) and F344 (89.9%) rat strains fed with a STD diet, show-
ing a significantly higher relative abundance in F344 than Wistar
group (U-Mann Whitney, P=.005). In contrast, Bacteroidetes rel-
ative abundance was significantly higher in Wistar (19.8%) when
compared to F344 (8.7%) animals (U-Mann Whitney, P=.003). In
this line, Bacteroidetes-to-Firmicutes ratio was higher in Wistar
than F344 animals (Student’s t-test, P = 0.01) under STD diet. In-
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Fig. 2. The two major phyla composing the microbiome expressed as the Bacteroidetes-to-Firmicutes ratio. (A) B/F ratio assessed in male Wistar and F344 rats fed with a
standard (STD) or a cafeteria (CAF) diet. (B) B/F ratio assessed in F344 male and female rats fed with a standard STD or a CAF diet. Data are expressed as the mean + S.E.M.
SxD, the interaction of strain and diet type; sxD, the interaction of sex and diet type (two-way ANOVA, P<.05). * The effect of diet within male Wistar and female F344 rats

(Student’s t-test, P<.05).

terestingly, CAF-induced increase of Bacteroidetes-to-Firmicutes ra-
tio was 10 times higher in Wistar than F344 rats when compared
to their respective controls (Student’s t-test, P=.005 and P=.08, re-
spectively), (Fig. 2A). Thus, our CAF model disrupted the domi-
nance of Firmicutes only in Wistar rats, where Bacteroidetes be-
came the major phylum representing the 68.8% of total bacteria.
Concerning sex comparison, the Bacteroidetes-to-Firmicutes was
markedly raised after chronic CAF consumption, especially in fe-
male F344 animals when compared to their lean counterparts (Stu-
dent’s t-test, P=.002) (Fig. 2B).

Verrucomicrobia occurrence was significantly higher in CAF-
fed Wistar, but not F344 rats, compared to STD controls (U-Mann
Whitney, P=.01), whereas Proteobacteria was significantly raised
within both Wistar and F344 groups by CAF diet (U-Mann Whit-
ney, P=.004 and P = 0.001 vs. STD, respectively) (Supplementary
Fig. S3A). When assessing the sex contributory role to the CAF-
induced changes on these major phyla (Supplementary Fig. S3B),
a higher occurrence of Verrucomicrobia (U-Mann Whitney, P=.03)
was only described in F344 females compared to STD-fed con-
trols, while significant changes on Proteobacteria relative abun-
dance were only identified in F344 males.

We also found that low-abundant phyla representing less
than 1% of the microbiome such as Actinobacteria (P=.02),
Lentisphaerae (P=.007) and TM7 (P=.002) were higher in F344
compared to Wistar under STD feeding, while Deferribacteres rel-
ative abundance was lower in F344 rats (P=.002). CAF diet caused
a decrease in TM7 (P<.050) and Tenericutes (P<.050) occurrence,
and a raise of Actinobacteria (P<.010) in both Wistar and F344 rats.
Indeed, a reduced Deferribacteres relative abundance (P=.004) was
only observed in CAF-fed Wistar animals (U-Mann Whitney test).

Interestingly, up to 14 genera statistically differed between Wis-
tar and F344 rats fed with STD diet (Welch’s t-test following FDR
correction). Importantly, STD-fed Wistar animals showed higher
relative abundances of genera belonging to Bacteroidetes phylum
including Bacteroides (P=.02) and Prevotella (P=.04), as well as
increased Oscillospira (P=.02) occurrence than STD-fed F344 rats.
On the other hand, certain Firmicutes genera such as Lactobacil-
lus (P=.03), unclassified Lachnospiraceae (P=.03) and Ruminococcus
(P=.01) were mainly found in F344 rats.

3.3. CAF feeding induced profound changes on genera abundance,
especially in Wistar rats

Two-way ANOSIM revealed strong influences of both strain
(R = 0.876, P<.001) and diet (R = 0.801, P<.001) on the es-

tablishment of microbial populations at genus level. Nevertheless,
some of these diet-induced alterations were similarly described
for both Wistar and F344 rat strains (Supplementary Fig. S4). In
this sense, we detected a highly reduced occurrence of unclassified
Clostridiales (P<.010), Oscillospira (P<.010) and Dehalobacterium
(P<.050), accompanied by an increment of Bacteroides (P<.050),
Parabacteroides (P<.050), Prevotella (P<.050) and Phascolarctobac-
terium (P<.050) in both Wistar and F344 CAF-fed rats compared
to their respective STD-fed groups. In Wistar animals chronically
exposed to CAF diet, Bacteroides relative abundance was higher
(STD: 1.5%; CAF: 28.0%), essentially to the detriment of unclassified
Clostridiales (STD: 47.5%; CAF: 6.3%). However, Bacteroides repre-
sented only 1% of total bacteria in CAF-fed F344 rats, whereas un-
classified Clostridiales relative abundance was not as reduced as
in Wistar rats (STD:54.5%; CAF: 34.1%), thus evidencing that di-
etary changes on microbial abundances strongly depended on rat
strain. On the other hand, Prevotella occurrence increased in CAF-
fed animals up to 0.42% (in F344) and 34.7% (in Wistar) compared
to their STD-fed controls. Interestingly, several genera were only
influenced by the dietary intervention within a particular strain
(Supplementary Fig. S5). For instance, CAF diet significantly de-
creased Bacteroidales S24-7 (P=.02) and unclassified Ruminococ-
caceae (P=.02) only in Wistar animals. On the other hand, only
F344 rats showed an increased occurrence of unclassified Lach-
nospiraceae (P=.05), Roseburia (P=.05), Desulfovibrio (P=.05), Blau-
tia (P=.04), Anaerostipes (P=.04), Ruminococcus (P=.03), Bilophila
(P=.03), Allobaculum (P=.009) and rc4-4 (P=.002) under a CAF diet,
while Odoribacter (P = .02) relative abundance was decreased.

Principal component analysis (PCA) revealed that CAF distinc-
tively influenced the cecal microbiota composition at the genus
level according to strain. The first and second principal compo-
nents explained up to 48.1% of the overall variation (PC1= 26.4%,
PC2=21.7%), where groups were clearly separated according to
strain and diet (Fig. 3A).

3.4. CAF diet induced distinct gut microbiota alterations in male and
female F344 animals

Both diet and sex significantly contributed to the establishment
of gut microbiota profiles in F344 rats as revealed by two-way
ANOSIM analysis (Sex: R=0.273, P=.003; Diet: R=0.758, P<.001).
Remarkably, CAF diet increased S24-7 relative abundance in fe-
males (P=.005), and caused a more dramatic drop of unclassified
Clostridiales (P<.001) in female than male rats. Similar to our ob-
servations in male F344 rats, F344 females also showed raised rel-
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Fig. 3. Principal component analyses constructed from the relative abundance of genera representing more than 1% of bacteria at least in two samples. Circular and squared
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version of this article.)

ative abundances of Blautia (P=.05), Parabacteroides (P=.03), Phas-
colarctobacterium (P=.02) and rc4-4 (P=.02) when chronically ex-
posed to a CAF diet. However, previously described changes on
Oscillospira and Ruminococcus occurrences in male rats were not
identified in females (Supplementary Fig S6).

Focusing on sex differences of gut microbiota composition, PCA
revealed that genera were mainly influenced by diet, but showing
an overlapped clustering between genders (Fig. 3B). Up to 41.4%
of the overall variation was explained by both the first and the
second principal components (PC1=26.7%, PC2=13.8%). Here, males
and females belonging to the same dietary group (STD or CAF)
were partially overlapped, even though males clustered closer to
each other than females in both diets.

4. Discussion

In this study we showed that the alterations on physiologic and
metabolic phenotypes induced by the chronic intake of an obeso-
genic CAF diet might vary according to rats’ sex and strain. It is
critical to understand that diet plays a major role in the devel-
opment and regulation of host’s health status, and therefore any
differences in diet consumption between groups could be partially
responsible for the changes observed. In our scenario, differences
on food consumption might be related to genetic factors (i.e., male
rats normally eat more than females), thus generating controversy
about the proper interpretation of the results. For this reason, both
genetic factors (strain or sex) and dietary differences have been
carefully pointed out when drawing conclusions.

Globally, similar obese phenotypes were observed within both
rat strains despite that energy intake was higher in CAF diet-fed
F344 than Wistar rats. However, only F344 animals developed hy-
pertriglyceridemia and hypercholesterolemia. Long-term sugar con-
sumption is known to have a major impact on rising triglycerides
levels in plasma. In our study, F344 animals consumed lower
amounts of simple carbohydrates than their Wistar counterparts
under a CAF diet, suggesting that sugar intake was not responsi-
ble for the increment in triglycerides, especially observed in F344
rats. On the other hand, abnormal high complex carbohydrates in-

take, representing around 58% of total energy consumption in CAF
diet-fed F344 rats, might induce a rise in blood triglycerides, a
phenomenon known as carbohydrate-induced hypertriglyceridemia
that may occur when carbohydrates represent >55% of energy in-
take [14]. Conversely, selective genetic conditions (ie., different
metabolic adaptation capacities to dietary challenges) might deter-
mine the establishment of disparate phenotypes even under the
same dietary model, as previously reported [15]. In addition, dis-
tinct diet-induced microbiota alterations should be also considered
given its important role in the maintenance of host homeostasis as
further discussed. On the other hand, energy intake was increased
by the consumption of a CAF diet similarly in both sexes. Nev-
ertheless, CAF-induced changes on body composition were more
markedly observed in females than males, while an exacerbated
increment in serum lipids of male rats indicated the establishment
of a metabolically unhealthier profile in males than females. There-
fore, F344 males and females, as well as male Wistar and F344
rats, distinctively responded to the same dietary model, which
could be partially explained by differences on pre-established gut
microbiota or even to divergent microbial responses to this chal-
lenging dietary model. However, it is crucial to point out that
particular microbial changes induced by our free-choice CAF diet
might be the response to distinct food preferences and macronu-
trients intake intrinsically linked to each strain or gender. Beyond
the action of gut microbiota and differences in food consumption,
several factors could have contributed to distinct metabolic and
phenotypic responses to the same dietary model including differ-
ences in hormonal states, basal energy expenditure, physical ac-
tivity levels, nutrients absorption and utilization or overall host
metabolism. Particularly, we took a deep look into the role of gut
microbiota, whose composition and activity might be distinctively
altered when CAF diet is chronically offered to Wistar, F344, male
or female rats.

Bacterial diversity was highly altered by our CAF diet within
both F344 and Wistar rats, independently of both genetic back-
ground and phenotype. In this sense, the CAF-induced reduction of
microbial diversity seems not to be linked to certain strain-specific
metabolic alterations such as hypertriglyceridemia (only observed
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in F344 rats). Despite that the gut microbiome can explain a sub-
stantial proportion of blood lipid levels [16], bacterial diversity has
not been identified as a crucial contributor to this feature. Ad-
ditionally, differences in macronutrient consumption between rat
strains did not seem to modify the chronic impact of CAF diet in
reducing bacterial diversity. On the other hand, we showed for the
first time that CAF diet more pronouncedly altered the bacterial
diversity and Bacteroidetes-to-Firmicutes ratio in female than male
F344 rats. In this situation, reduced fiber consumption was ob-
served in CAF diet-fed males and females compared to their lean
counterparts. However, fiber intake was still much lower in females
than males under CAF diet, even positively correlating with re-
duced cecum sizes, which could help to explain these differences
in microbial diversity. In this scenario, the complex interaction be-
tween estrogens, bile acids and gut microbiota could be also poten-
tially involved. The gut microbiota is known to affects the systemic
levels, potency and activity of estrogens metabolites by facilitating
its reabsorption [17]. Hence, CAF diet, and lastly microbial dysbio-
sis, might strongly disrupt the hormonal control that estrogens ex-
ert upon bile acid metabolism. In such situation, dysregulation of
bile acids metabolism may contribute to alter the own microbial
ecosystem, thus entering in a vicious circle. Alternatively, the pro-
portionally greater sugar consumption observed in CAF diet-fed fe-
males in relation to their body weight could contribute to the on-
set of a deeper microbial dysbiosis than males, where high-sucrose
diets are widely known to promote a loss of microbial diversity
[18].

Healthy human gut microbiota has been widely characterized
by an elevated Bacteroidetes-to-Firmicutes ratio [19,20], with Fir-
micutes prevailing in obese individuals. Thus, this ratio has been
postulated to act as a promising biomarker of obesity susceptibility
[21]. However, a meta-analysis concluded that this ratio do not dif-
fer between obese and lean people [22], thus evidencing that the
evaluation of microbiota profiles at lower phylogenetic levels (gen-
era, species) are essential to decipher its association with obesity.
In our study, the Bacteroidetes-to-Firmicutes ratio markedly raised
in CAF-fed Wistar rats, as previously reported [23], while this in-
crease was not significant in CAF-fed F344 animals. Once explor-
ing microbial genera, the important CAF diet-induced increment
of obesity-related taxa such as Bacteroides, mainly in Wistar rats,
might be due to a lower chow intake, the main dietary source of
protein and fiber, and a higher sucrose intake in Wistar than F344
rats. Accordingly, Bacteroides abundance in rodents is linked to the
long-term consumption of a diet rich in animal protein, sugar, and
fat and low in fiber [24] and of a high-sucrose diet [18]. Interest-
ingly, Bacteroides have been identified as one of the main bacte-
rial taxa involved in the intestinal conversion of cholesterol into
coprostanol [25]. Given the inverse relationship between serum
cholesterol levels and coprostanol/cholesterol ratio in human feces
[26], we hypothesize that the low relative abundance of Bacteroides
in CAF diet-fed F344 rats (1%) could partially explain the develop-
ment of hypercholesterolemia, a feature that was absent in CAF-
fed Wistar rats showing an elevated Bacteroides occurrence (27%).
On the other hand, Prevotella was specially favoured by CAF diet in
Wistar animals. This genus has been linked to the consumption of
simple sugars [24] and protein deficient diet in mice [27], while
showing a reduced occurrence in rats fed low sugar-containing
high-fat (HF) diets [28]. In line with previous studies [24], we have
reported a bloom in Prevotella especially in Wistar rats consuming
higher amounts of simple carbohydrates under CAF feeding than
F344 rats. In addition, the reduced protein intake observed in CAF-
fed Wistar rats, could also be favouring Prevotella prevalence.

The reduction of Firmicutes in CAF-fed animals was mainly
due to the dramatic drop of an unclassified Clostridiales in both
Wistar and F344 rats, as previously shown in HF diet-fed rats

[29] and in people with obesity [30]. In parallel, our results sug-
gest that the low fiber content present in our CAF diet partially
drives the strain-independent depletion of Oscillospira abundance,
which primarily utilizes plant polysaccharides as energy source
[31]. In light of our suspicions, both unclassified Clostridiales and
Oscillospira abundance were positively correlated with fiber intake
(Pearson’s correlation, r(43)=0.654, P<.001; r(43)=0.636, P<.001;
respectively). Other less abundant genera distinctively altered by
CAF diet according to rat strain included: unclassified S24-7, a
core component of the normal mouse microbiome with the ca-
pacity to digest both complex carbohydrates and host-derived gly-
cans [32] and found increased in mice fed with a high-starch diet
rich in plant polysaccharides [33]; unclassified Ruminococcaceae,
linked to the utilization of plant polysaccharides and decreased in
HF diet-fed mice [34]; Roseburia, a butyrate-producer bacteria con-
sidered an essential member for a beneficial flora, even proposed
to act as a health marker [35]; and Lachnospiraceae-related mi-
crobes such as Roseburia, Blautia, Dorea and Coprococcus, associated
with an increased risk of obesity, elevated BMI, waist circumfer-
ence and blood pressure [36]. Particularly, a clear association was
identified between Blautia, Dorea and Ruminococcus and obesity-
related plasma metabolites in humans [37], pointing to the poten-
tial role of these Lachnospiraceae-belonging genera in obesity de-
velopment.

Finally, the role of Akkermansia Muciniphila in regulating host
health has been widely declared, showing a negative correlation
with obesity and related metabolic disorders [38,39]. However,
previous studies reported an increase of Akkermansia in HF diet-
induced obese rats [40]. In our study, its abundance was not al-
tered after CAF feeding. Therefore, discriminating between the di-
etary impact and health status (i.e., lean vs obese) on the composi-
tion of gut microbiome could help to understand the role of Akker-
mansia, which remains uncertain and should be further studied.
These results altogether suggest that strain seems to be a determi-
nant factor to the establishment of gut microbiota dysbiosis in DIO
models, since we have seen that Wistar rats were more susceptible
than F344 rats to the impact of a CAF diet on gut microbiota.

The role of sex differences in shaping gut microbial commu-
nities has been previously reported [41]. In our study, we evalu-
ated the sex differences observed in gut microbiome due to chronic
CAF feeding. Our results support the establishment of an unhealth-
ier microbial phenotype in males than females F344 rats. In this
sense, the term “unhealthy microbiota” refers to microbial popu-
lations that have widely observed in the development, establish-
ment or course of pathology, such as obesity. For instance, the oc-
currence of beneficial bacteria such as Oscillospira was strongly de-
pleted in males, while unclassified S24-7 abundance was increased
in females after a chronic exposure to CAF diet. In addition, we
found a positive correlation between Ruminococcus abundance and
circulating lipid levels (Pearson’s correlation, r(26)=0.720, P<.001),
as previously reported in humans [42,43]. Particularly, we found
that both hypertriglyceridemia and high Ruminococcus abundance
co-occurred in male, but not in female rats, under CAF feed-
ing, thereby possibly explaining the differences observed on their
metabolic profiles. Importantly, while an elevated Bacteroidetes-
to-Firmicutes ratio and a drop on bacterial diversity observed in
F344 females might be indicating a marked microbial dysbiosis,
the analysis of specific genera occurrences suggested a less detri-
mental response to the CAF feeding in females compared to F344
males.

Given the nature of our dietary model (free-choice based diet),
the differences in both chow and CAF ingredients intake, as well
as total food consumption, observed between Wistar and F344 an-
imals constitute a limitation when discriminating between dietary
or genetic contributions to the onset of microbial dysbiosis un-
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der a CAF feeding. However, gut microbiota from male and female
F344 rats was distinctively altered by CAF diet even in the ab-
sence of differences on food preferences. Therefore, variations in
choice of CAF ingredients and their intake seem unlikely to be
the main cause of such strong and distinctive alterations of gut
microbial ecosystems observed in our study. Further studies us-
ing pair-fed animal models could help to validate our findings. On
the other hand, we chose to individually house the rats to con-
trol CAF diet intake, which allowed correlations analyses between
food intake data and physiologic, metabolic or microbial outcomes.
However, social isolation can lead to increased stress levels that
has been linked to changes in gut permeability, gut motility and
secretion of hormones, such as corticosterone, which can lastly
affect the gut microbiota composition [44,45]. Individual housing
avoided any potential interference of other animals on the gut mi-
crobiota and metabolism due to their coprophagic habits, which
would have made difficult to interpret the results of our study.
Finally, our study design aimed to identify the presence or the
absence of strain and sex (genetic background) influence on host
and microbial responses to CAF diet. However, the absence of ad-
ditional groups such as female Wistar rats partially limits the char-
acterization of the exact influence of strain and sex factors to each
diet-induced microbial variation. Further explorations of these con-
tributions are encouraged, especially in this these particular animal
models spready used in the field of nutrition and obesity.

In conclusion, our results provide non-previously available in-
formation about the intrinsic differences of gut microbial popula-
tions between Wistar and F344 rats, and demonstrate that feeding
a CAF diet, a Western-like energy-dense and highly palatable diet,
to different rat strains and sexes distinctively alters the gut mi-
crobiome and host phenotype. F344 rats developed hypertriglyc-
eridemia and hypercholesterolemia, while Wistar animals devel-
oped a marked obese phenotype and severe gut microbiome dys-
biosis under CAF feeding. CAF-induced changes on gut microbiota
suggested the establishment of an unhealthier microbial pheno-
type in males than females F344 rats. Importantly, strain- and sex-
specific preferences to the ingredients included in the CAF diet, a
free choice-based dietary model, are crucial to explain the differ-
ences on food intake, gut microbiota dysbiosis and host phenotype.
Overall, diet is the factor that preferably, but not uniquely, deter-
mines the microbial phylogenetic profiles and its impact on host
phenotype, while robust microbiota perturbations promoted by our
CAF model are distinct depending on rat strain and sex (even if
partially explained by differences in food choices). Remarkably, re-
searchers must take into account that distinct genders and strains
might have different food preferences when including free-choice
diets (i.e., CAF diet), thus finally impacting on the study results.
Our results should be considered in future studies evaluating the
impact of diets on the gut microbiota composition in animal mod-
els, especially to prevent global statements that might be only val-
idated under certain conditions (i.e., specific strain or sex).

Declaration of competing interest

The authors declare that there are no conflicts of interest.

CRediT authorship contribution statement

Andreu Gual-Grau: Methodology, Validation, Formal analysis,
Investigation, Writing - original draft, Writing - review & editing.
Maria Guirro: Methodology, Formal analysis, Investigation, Writ-
ing - original draft. Noemi Boqué: Conceptualization, Validation,
Data curation, Writing - original draft, Writing - review & editing,
Supervision, Project administration. Lluis Arola: Conceptualization,

Validation, Supervision, Project administration, Funding acquisition,
Writing - review & editing.

Acknowledgments

We gratefully acknowledge the aid of Niurka LI6piz, Rosa Maria
Pastor, Dr. Héctor Palacios, Dr. Miguel Martin, Dr. Juan Maria Al-
caide, Dr. Helena Torrell, Dr. Rosa Ras, Dr. Adria Cereto, Dr. Nria
Canela. This study was performed with the cooperation of Unique
Scientific and Technical Infrastructures (ICTS) of the Centre for
Omic Sciences (COS), EURECAT-Technology Centre of Catalonia,
Reus, Spain.

Funding

This work was financially supported by the Centre for the De-
velopment of Industrial Technology (CDTI) of the Spanish Ministry
of Science and Innovation under grant agreement: TECNOMIFOOD
project. CER-20191010.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jnutbio.2023.109338.

References

[1] Moschen AR, Wieser V, Tilg H. Dietary factors: major regulators of the Gut's
microbiota. Gut Liver 2012;6:411-16. doi:10.5009/gnl.2012.6.4.411.

[2] Elderman M, Hugenholtz F, Belzer C, Boekschoten M, van Beek A, de

Haan B, et al. Sex and strain dependent differences in mucosal immunology

and microbiota composition in mice. Biol Sex Differ 2018;9:26. doi:10.1186/

$13293-018-0186-6.

Santos-Marcos JA, Haro C, Vega-Rojas A, Alcala-Diaz JF, Molina-Abril H, Leon-

Acufia A, et al. Sex differences in the gut microbiota as potential determinants

of gender predisposition to disease. Mol Nutr Food Res 2019;63:e1800870.

doi:10.1002/mnfr.201800870.

Brooks AW, Priya S, Blekhman R, Bordenstein SR. Gut microbiota diversity

across ethnicities in the United States. PLoS Biol 2018;16:e2006842. doi:10.

1371/journal.pbio.2006842.

Marques C, Meireles M, Faria A, Leite ], Freitas ], Norberto S, et al. High-fat

diet-induced obesity Rat model: a comparison between Wistar and Sprague-

Dawley Rat. Adipocyte 2015;5:11-21. doi:10.1080/21623945.2015.1061723.

[6] Ericsson AC, Akter S, Hanson MM, Busi SB, Parker TW, Schehr R], et al. Differ-
ential susceptibility to colorectal cancer due to naturally occurring gut micro-
biota. Oncotarget 2015;6:33689-704. doi:10.18632/oncotarget.5604.

[7] Ren C, Sylvia K. Sexual dimorphism in the gut microbiome. IU ] Undergrad Res
2018;4:12-16. doi:10.14434/iujur.v4i1.24491.

[8] Kaliannan K, Robertson RC, Murphy K, Stanton C, Kang C, Wang B,

et al. Estrogen-mediated gut microbiome alterations influence sexual dimor-

phism in metabolic syndrome in mice. Microbiome 2018;6:205. doi:10.1186/
s40168-018-0587-0.

David LA, Maurice CF, Carmody RN, Gootenberg DB, Button JE, Wolfe BE,

et al. Diet rapidly and reproducibly alters the human gut microbiome. Nature

2014;505:559-63. doi:10.1038/nature12820.

[10] Gual-Grau A, Guirro M, Mayneris-Perxachs ], Arola L, Boqué N. Impact of dif-
ferent hypercaloric diets on obesity features in rats: a metagenomics and
metabolomics integrative approach. J Nutr Biochem 2019;71:122-31. doi:10.
1016/j.jnutbio.2019.06.005.

[11] Sampey BP, Vanhoose AM, Winfield HM, Freemerman AJ, Muehlbauer M]J,
Fueger PT, et al. Cafeteria diet is a robust model of human metabolic syn-
drome with liver and adipose inflammation: comparison to high-fat diet. Obe-
sity 2011;19:1109-17. doi:10.1038/0by.2011.18.

[12] Guirro M, Costa A, Gual-Grau A, Mayneris-Perxachs ], Torrell H, Herrero P,
et al. Multi-omics approach to elucidate the gut microbiota activity. Metapro-
teomics and metagenomics connection. Electrophoresis 2018;39:1692-701.
doi:10.1002/elps.201700476.

[13] Caporaso ]G, Kuczynski ], Stombaugh J, Bittinger K, Bushman FD, Costello EK,
et al. QIIME allows analysis of high-throughput community sequencing data.
Nat Methods 2010;7:335-336¢. doi:10.1038/nmeth.f.303.

[14] Parks EJ. Effect of dietary carbohydrate on triglyceride metabolism in humans.
J Nutr 2001;131:2772S-2774S. doi:10.1093/JN/131.10.2772S.

[15] Mn M, Smvk P, Battula KK, Nv G, Kalashikam RR. Differential response
of rat strains to obesogenic diets underlines the importance of genetic
makeup of an individual towards obesity. Sci Rep 2017;7:9162. doi:10.1038/
s41598-017-09149-6.

[3

[4

[5

[9


https://doi.org/10.1016/j.jnutbio.2023.109338
https://doi.org/10.5009/gnl.2012.6.4.411
https://doi.org/10.1186/s13293-018-0186-6
https://doi.org/10.1002/mnfr.201800870
https://doi.org/10.1371/journal.pbio.2006842
https://doi.org/10.1080/21623945.2015.1061723
https://doi.org/10.18632/oncotarget.5604
https://doi.org/10.14434/iujur.v4i1.24491
https://doi.org/10.1186/s40168-018-0587-0
https://doi.org/10.1038/nature12820
https://doi.org/10.1016/j.jnutbio.2019.06.005
https://doi.org/10.1038/oby.2011.18
https://doi.org/10.1002/elps.201700476
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1093/JN/131.10.2772S
https://doi.org/10.1038/s41598-017-09149-6

A. Gual-Grau, M. Guirro, N. Boqué et al./Journal of Nutritional Biochemistry 117 (2023) 109338 9

[16] Fu ], Bonder M], Cenit MC, Tigchelaar EF, Maatman A, Dekens JAM, et al. The
gut microbiome contributes to a substantial proportion of the variation in
blood lipids. Circ Res 2015;117:817-24. doi:10.1161/CIRCRESAHA.115.306807.

[17] Cross TWL, Kasahara K, Rey FE. Sexual dimorphism of cardiometabolic dys-
function: gut microbiome in the play? Mol Metab 2018;15:70-81. doi:10.1016/
j-molmet.2018.05.016.

[18] Kong C, Gao R, Yan X, Huang L, Qin H. Probiotics improve gut micro-
biota dysbiosis in obese mice fed a high-fat or high-sucrose diet. Nutrition
2019;60:175-84. doi:10.1016/j.nut.2018.10.002.

[19] Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, Ley RE, et al. A
core gut microbiome in obese and lean twins. Nature 2009;457:480-4. doi:10.
1038/nature07540.

[20] Bervoets L, Van Hoorenbeeck K, Kortleven I, Van Noten C, Hens N, Vael C, et al.
Differences in gut microbiota composition between obese and lean children: a
cross-sectional study. Gut Pathog 2013;5:10. doi:10.1186/1757-4749-5-10.

[21] Sivamaruthi BS, Kesika P, Suganthy N, Chaiyasut C. A review on role of micro-
biome in obesity and antiobesity properties of probiotic supplements. Biomed
Res Int 2019;11:e7940. doi:10.1155/2019/3291367.

[22] Walters WA, Xu Z, Knight R. Meta-analyses of human gut microbes associated
with obesity and IBD. FEBS Lett 2014;588:4223-33. doi:10.1016/j.febslet.2014.
09.039.

[23] Kaakoush NO, Martire SI, Raipuria M, Mitchell HM, Nielsen S, Westbrook RF,
et al. Alternating or continuous exposure to cafeteria diet leads to similar
shifts in gut microbiota compared to chow diet. Mol Nutr Food Res 2017;61:1-
9. doi:10.1002/mnfr.201500815.

[24] Wu GD, Chen ], Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, et al.
Linking long-term dietary patterns with gut microbial enterotypes. Science
2011;334:105-8. doi:10.1126/science.1208344.

[25] Gérard P, Lepercq P, Leclerc M, Gavini F, Raibaud P, Juste C. Bacteroides sp.
strain D8, the first cholesterol-reducing bacterium isolated from human feces.
Appl Environ Microbiol 2007;73:5742-9. doi:10.1128/AEM.02806-06.

[26] Sekimoto H, Shimada O, Makanishi M, Nakano T, Katayama O. Interrelation-
ship between serum and fecal sterols. Jpn ] Med 1983;22:14-20. doi:10.2169/
internalmedicine1962.22.14.

[27] Navarro G, Sharma A, Dugas LR, Forrester T, Gilbert JA, Layden BT. Gut micro-
bial features can predict host phenotype response to protein deficiency. Physiol
Rep 2018;6:e13932. doi:10.14814/phy2.13932.

[28] Lee SM, Kim N, Yoon H, Nam RH, Lee DH. Microbial changes and host response
in F344 rat colon depending on sex and age following a high-fat diet. Front
Microbiol 2018;9:2236. doi:10.3389/fmich.2018.02236.

[29] Kang JY, Kim HN, Chang Y, Yun Y, Ryu S, Shin H, et al. Gut microbiota
and physiologic bowel 18F-FDG uptake. EJ]NMMI Res 2017;7:72. doi:10.1186/
$13550-017-0318-8.

[30] Verdam FJ, Fuentes S, De Jonge C, Zoetendal EG, Erbil R, Greve JW, et al. Hu-
man intestinal microbiota composition is associated with local and systemic
inflammation in obesity. Obesity 2013;21:E607-15. doi:10.1002/0oby.20466.

[31] Tims S, Derom C, Jonkers DM, Vlietinck R, Saris WH, Kleerebezem M, et al.
Microbiota conservation and BMI signatures in adult monozygotic twins. ISME
] 2013;7:707-17. doi:10.1038/isme;j.2012.146.

[32] Nielsen LK, Daly JN, Morrison M, Wood DLA, Lachner N, Cooper MA, et al.
Genomic characterization of the uncultured Bacteroidales family S24-7 inhab-
iting the guts of homeothermic animals. Microbiome 2016;4:36. doi:10.1186/
s40168-016-0181-2.

[33] Sinani H, Schloss PD, Koropatkin NM, Lesniak NA, Baxter NT. The glucoamylase
inhibitor acarbose has a diet-dependent and reversible effect on the murine
gut microbiome. MSphere 2019;4:1-12. doi:10.1128/msphere.00528-18.

[34] Daniel H, Gholami AM, Berry D, Desmarchelier C, Hahne H, Loh G, et al.
High-fat diet alters gut microbiota physiology in mice. ISME ] 2014;8:295-308.
doi:10.1038/ismej.2013.155.

[35] Tamanai-Shacoori Z, Smida I, Bousarghin L, Loreal O, Meuric V, Fong SB, et al.
Roseburia spp.: a marker of health? Future Microbiol 2017;12:157-70. doi:10.
2217/fmb-2016-0130.

[36] de la Cuesta-Zuluaga ], Corrales-Agudelo V, Veldsquez-Mejia EP, Carmona JA,
Abad ]M, Escobar JS. Gut microbiota is associated with obesity and car-
diometabolic disease in a population in the midst of Westernization. Sci Rep
2018;8:11356. doi:10.1038/s41598-018-29687-x.

[37] Ottosson F, Brunkwall L, Ericson U, Nilsson PM, Almgren P, Fernandez C, et al.
Connection between BMI-related plasma metabolite profile and gut micro-
biota. ] Clin Endocrinol Metab 2018;103:1491-501. doi:10.1210/jc.2017-02114.

[38] Derrien M, Belzer C, de Vos WM. Akkermansia muciniphila and its role in reg-
ulating host functions. Microb Pathog 2017;106:171-81. doi:10.1016/j.micpath.
2016.02.005.

[39] Nagpal R, Mishra SP, Yadav H. Unique gut microbiome signatures depict diet-
versus genetically induced obesity in mice. Int ] Mol Sci 2020;21:3434. doi:10.
3390/ijms21103434.

[40] Zhong Y, Marungruang N, Fak F, Nyman M. Effects of two whole-grain barley
varieties on caecal SCFA, gut microbiota and plasma inflammatory markers in
rats consuming low- and high-fat diets. Br ] Nutr 2015;113:1558-70. doi:10.
1017/S0007114515000793.

[41] Org E, Mehrabian M, Parks BW, Shipkova P, Liu X, Drake TA, et al. Sex differ-
ences and hormonal effects on gut microbiota composition in mice. Gut Mi-
crobes 2016;7:313-22. doi:10.1080/19490976.2016.1203502.

[42] Lahti L, Salonen A, Kekkonen RA, Salojdrvi ], Jalanka-Tuovinen ], Palva A, et al.
Associations between the human intestinal microbiota, Lactobacillus rhamno-
sus GG and serum lipids indicated by integrated analysis of high-throughput
profiling data. Peer] 2013;2013:e32. doi:10.7717/peerj.32.

[43] Vojinovic D, Radjabzadeh D, Kurilshikov A, Amin N, Wijmenga C, Franke L,
et al. Relationship between gut microbiota and circulating metabolites in
population-based cohorts. BioRxiv 2019:617431. doi:10.1101/617431.

[44] De Punder K, Pruimboom L. Stress induces endotoxemia and low-grade inflam-
mation by increasing barrier permeability. Front Immunol 2015;6:15. doi:10.
3389/FIMMU.2015.00223.

[45] Carabotti M, Scirocco A, Maselli MA, Severi C. The gut-brain axis: interactions
between enteric microbiota, central and enteric nervous systems. Ann Gas-
troenterol Q Publ Hell Soc Gastroenterol 2015;28:203.


https://doi.org/10.1161/CIRCRESAHA.115.306807
https://doi.org/10.1016/j.molmet.2018.05.016
https://doi.org/10.1016/j.nut.2018.10.002
https://doi.org/10.1038/nature07540
https://doi.org/10.1186/1757-4749-5-10
https://doi.org/10.1155/2019/3291367
https://doi.org/10.1016/j.febslet.2014.09.039
https://doi.org/10.1002/mnfr.201500815
https://doi.org/10.1126/science.1208344
https://doi.org/10.1128/AEM.02806-06
https://doi.org/10.2169/internalmedicine1962.22.14
https://doi.org/10.14814/phy2.13932
https://doi.org/10.3389/fmicb.2018.02236
https://doi.org/10.1186/s13550-017-0318-8
https://doi.org/10.1002/oby.20466
https://doi.org/10.1038/ismej.2012.146
https://doi.org/10.1186/s40168-016-0181-2
https://doi.org/10.1128/msphere.00528-18
https://doi.org/10.1038/ismej.2013.155
https://doi.org/10.2217/fmb-2016-0130
https://doi.org/10.1038/s41598-018-29687-x
https://doi.org/10.1210/jc.2017-02114
https://doi.org/10.1016/j.micpath.2016.02.005
https://doi.org/10.3390/ijms21103434
https://doi.org/10.1017/S0007114515000793
https://doi.org/10.1080/19490976.2016.1203502
https://doi.org/10.7717/peerj.32
https://doi.org/10.1101/617431
https://doi.org/10.3389/FIMMU.2015.00223
http://refhub.elsevier.com/S0955-2863(23)00071-2/sbref0045

	Physiological, metabolic and microbial responses to obesogenic cafeteria diet in rats: The impact of strain and sex
	1 Introduction
	2 Materials and methods
	2.1 Animal procedures
	2.2 Body composition and serum analysis
	2.3 Assessment of cecal microbiota composition
	2.4 Statistical analyses

	3 Results
	3.1 CAF diet promotes obesity independently of rat strain and sex
	3.2 CAF diet distinctively altered major phyla and microbial diversity in different rat strains and sexes
	3.3 CAF feeding induced profound changes on genera abundance, especially in Wistar rats
	3.4 CAF diet induced distinct gut microbiota alterations in male and female F344 animals

	4 Discussion
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgments
	Funding
	Supplementary materials
	References


