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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/ ) 
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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-
der the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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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). 

. 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 ºC) 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 pâté 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 0 0 0 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 Ion 530 Kit-Chef (Life Technologies, Carlsbad, CA, USA) according to

the manufacturer’s instructions. Prepared samples were loaded on Ion 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: 24.07 ±0.67 g/d;

F344: 33.91 ±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: 3.22 ±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: 47.1 ±1.43 mL/d, F344-CAF: 42.1 ±1.60

mL/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 ± 1.44 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 ± 0.45 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 4.93 ± 0.18 3.46 ± 0.10 3.35 ± 0.08 2.24 ± 0.21 S, D 

Biometric parameters 

Body weight gain (g) 234 ± 13.3 331 ± 15.3 128 ± 3.29 225 ± 17.1 S, D 

Fat mass (%) 11.0 ± 0.87 24.8 ± 1.96 12.0 ± 0.51 24.2 ± 1.73 D 

Lean mass (%) 84.2 ± 0.94 70.9 ± 1.94 78.3 ± 0.78 69.7 ± 1.67 S, D 

Lean/fat ratio 7.16 ± 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 2.43 ± 0.10 3.90 ± 0.24 D 

IWAT (%) 2.08 ± 0.20 3.22 ± 0.21 1.34 ± 0.08 2.33 ± 0.26 S, D 

Cecum weight (g) 6.55 ± 0.46 4.18 ± 0.29 5.58 ± 0.30 4.36 ± 0.21 D 

Serum parameters 

Glucose (mg/dL) 147 ± 12.3 176 ± 10.9 150 ± 5.97 202 ± 10.9 D 

Triglycerides (mg/dL) 97.1 ± 23.2 136 ± 12.4 134 ± 8.21 358 ± 24.3 ∗ S ∗D 

Total cholesterol (mg/dL) 73.7 ± 8.65 71.2 ± 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 22.5 ± 0.35 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 43.7 ± 2.33 6.99 ± 0.11 34.4 ± 1.93 s, D 

Protein intake 14.6 ± 0.23 18.2 ± 0.52 9.32 ± 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 1.48 ± 0.12 s, D 

Biometric parameters 

Body weight gain (g) 128 ± 3.29 225 ± 17.1 ∗ 51.1 ± 2.04 109 ± 3.74 ∗ s ∗D 

Fat mass (%) 12.0 ± 0.51 24.2 ± 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 5.18 ± 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 1.42 ± 0.18 2.45 ± 0.07 D 

RWAT (%) 2.26 ± 0.09 3.20 ± 0.16 ∗ 1.47 ± 0.22 3.32 ± 0.18 ∗ s ∗D 

EWAT (%) 2.43 ± 0.10 3.90 ± 0.24 ∗ - - - 
OWAT (%) - - 4.76 ± 0.37 7.12 ± 0.23 ∗ - 

IWAT (%) 1.34 ± 0.08 2.33 ± 0.26 1.01 ± 0.08 2.19 ± 0.19 D 

Cecum weight (g) 5.58 ± 0.30 4.36 ± 0.21 4.17 ± 0.25 2.25 ± 0.23 s, D 

Serum parameters 
Glucose (mg/dL) 150 ± 5.97 202 ± 10.9 133 ± 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). 

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. 1 A). 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. 1 B). 

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. 2 A). 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. 2 B). 

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. 3 A). 

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 

dots represent standard (STD) and cafeteria (CAF) diet-fed animals, respectively. Different colors discriminate between (A) Wistar (green) and F344 (red) rat strains, or between 

(B) male (blue) and female (pink) F344 rats. PC, principal component. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 

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. 3 B). 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 ( i.e., 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). 
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